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This study was undertaken to determine the nutritional require-

ments and possible ecological significance of Pseudomonas 62 (P62)

and other possible obligate nitrite-type microorganisms in the soil

environment. Throughout the study vaspar-sealed tube, turbido-

metric, respirometric, and gas chromatographic procedures were

employed to evaluate growth and gas production by this type of micro-

organism.

Initial studies on physico-chemical conditions favorable for

activity of P62 revealed that growth and nitrite dissimilation were

optimal at pH values of 7.2 or 7. 3, and at nitrite levels of between

200 to 400 ).A.g/m1 NO2-N. Decreased growth and nitrite dissimilation

were observed with pH values ranging from 6. 5 to 9.3 and nitrite

levels ranging from 10 to 700)1g/rill NO2 -N. During growth and



nitrite dissimilation, the medium pH increased from 7.2 to approxi-

mately 8. 5, presumably due to accumulation of ammonium and hy-

droxyl ions resulted from deamination and dehydroxylation reactions.

Beef extract (3 g/liter) was essential for stoichiometric nitrite

transformation, with all added nitrite accountable as nitrogen gas, by

P62 after completion of growth. Decreased amounts of beef extract,

or peptone alone, allowed only a portion of nitrite to be reduced to

nitrogen gas with nitrous oxide accumulation being observed.

Diauxic growth was observed during P62 growth in a basic pep-

tone medium (medium 3). During the first growth period a portion of

the available nitrite was reduced, while nitrous oxide accumulated.

During the second growth period, less nitrite was utilized and the

accumulated nitrous oxide was reduced further to nitrogen gas.

Xanthine, creatine, riboflavine, and uracil combinations were

found to stimulate growth and nitrite dissimilation in the basic peptone

medium, indicating that these constituents may have been responsible

for the observed effects of added beef extract.

It was possible to isolate three P62-type microorganisms from

manured soils. These isolates tentatively designated as Pseudomonas

195 (P195) and Pseudomonas 196 (P196) were obtained from the ma-

nured field Cloquato silt loam soil, and Pseudomonas 245 (P245) was

isolated from the South feedlot bottom Cloquato silt loam soil.



The addition of manure was considered as a factor governing

P62-type microorganism activities in these soils, as higher numbers

were observed in manured soils than in non-manured soils by use of

dilution-to-extinction techniques.

P195, P196, and P245 were able to transform nitrite stoichio-

metrically to nitrogen gas in the presence of sufficient beef extract,

as did the P62. Increases in medium pH during growth of these

isolates were also observed.

In a basic peptone medium (medium 3), P195 reduced all added

nitrite to nitrogen gas with detectable nitrous oxide as an intermediate.

P196 and P245 did not indicate production of the intermediate nitrous

oxide.

Nitrite dissimilation by the four isolates (P62, P195, P196, and

P245) was more efficient under alkaline than in acidic conditions. In

media with 6000.g/m1 NO-N, P62 and P245 were more active than

isolates P195 and P196. Nitrite dissimilation was completely inhibi-

ted at nitrite levels of 800 (P62), 800 (P195), 800 (P196), and 900

(P245),u.g/m1 NO2-N.

Soil extracts were found to trigger incomplete nitrite dissimila-

tion by all four isolates. The activity observed with extracts from

manured soils, however, was much greater than those with extracts

from non-manured soils, indicating the presence of specific compo-

nents allowing activity of this type of microorganism.



In all cases, nitrite dissimilation by nitrite-grown cells was

more efficient than that observed with oxygen-grown cells. Nitrite

dissimilation by both nitrite- and oxygen-grown cells was not com-

pletely inhibited by oxygen levels (up to 20%) suggesting simultaneous

utilization of both nitrite and oxygen. Nitrous oxide accumulation was

observed with both nitrite- and oxygen-grown cells of P195, P196, and

P245, during dissimilation of nitrite in the presence of high oxygen

levels.

Nitrous, but not nitric oxide, was found to be utilized as an

electron acceptor by all isolates.

Nitrite and nitrous oxide dissimilation by the four isolates was

found to be inhibited by cyanide, azide, and 2,4-dinitrophenol. The

degree of inhibition observed varied with the inhibitor used and the

microbial strains tested. This study indicated the possibility of

similar electron transport systems for nitrite reduction in P62, P195,

and P245, and the electron transport systems allowing nitrous oxide

reduction by P62 and P245 and also between P195 and P196.

Based on this study, nitrite-dissimilating microbes incapable

of efficient nitrate dissimilation should be considered as a vital factor

in further conceptualization and study of the soil nitrogen cycle, and

especially in soils stressed by high nitrogen levels.
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NITRITE DISSIMILATION BY MICROORGANISMS INCAPABLE
OF EFFICIENT NITRATE UTILIZATION: NUTRITIONAL

AND ECOLOGICAL CONSIDERATIONS

INTRODUCTION

Nitrite dissimilation, or biological denitrification of nitrite,

is a process by which nitrite (NO2-) is utilized as an electron acceptor

by microorganisms in anaerobic respiration. The nitrite moiety is,

in turn, transformed to more reduced forms of inorganic nitrogen.

The ultimate products may be either molecular nitrogen (N2) or com-

binations of nitric oxide (NO), nitrous oxide (N20), and molecular

nitrogen. These final products are well recognized as volatile forms

of nitrogen.

Numerous species of microorganisms are capable of carrying

out nitrite dissimilation. The major groups of these microbial spe-

cies are considered as non-specialized nitrite-denitrifiers, e. g. ,

they commonly utilize both nitrite and nitrate (NOS) as electron ac-

ceptors in anaerobic respiration. A specialized nitrite-denitrifier

utilizing only nitrite, but not nitrate, anaerobically in place of oxygen

as an electron acceptor, was first isolated from soil by Youatt (1954).

This isolate was designated as an Achromobacter species. A similar

microorganism, an Achromobacter 62 (A62) was later isolated from

marine sediments by Gawel (1966). Additional specialized nitrite-

denitrifiers, the fungal species Aspergillus flavus 59 and Penicillium
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atrovenetum SM 683, were recently reported by Yoshida and Alex-

ander (1970).

In nature, especially in soils and other environments, it is cer-

tain that relatively high quantities of nitrite can be accumulated either

via incomplete oxidation of ammonium and use of nitrate fertilizers.

Under some circumstances, the accumulation of nitrite is more

pronounced and may persist in the systems from a few days to several

weeks. The accumulated nitrite may undergo several transformations:

nitrification, assimilation and denitrification, The latter process is

known to involve both non-enzymatic (chemo-denitrification) and en-

zymatic (biological-denitrification or dissimilation) reactions. From

an agricultural viewpoint, denitrification of nitrite is generally un-

desirable since it causes the loss of nitrogen (an essential plant nu-

trient) from soils. However, as nitrite can be an agent of environ-

mental pollution due to its toxicity, denitrification of the accumulated

nitrite is a major route by which this can be removed from the envi-

ronment.

In general, little effort has been directed toward ascertaining

the role of the nitrite-type microorganisms (the specialized nitrite-

denitrifiers) in denitrification. This dissertation was initiated to

evaluate nutritional requirements and to study the effect of physico-

chemical conditions on the activity of the nitrite-type microorganisms.
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Studies on ecological aspects, e. g. , the presence and possible activi-

ties in agricultural field soils, of this type of microorganism were

also undertaken. It is hoped that these studies will provide background

information which will lead to better control of soil and water nitrogen

transformations, especially in regard to fertilizer use and avoidance

of environmental pollution.
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REVIEW OF LITERATURE

Nitrite Dissimilation Biochemistry

In nitrite dissimilation processes, the facultative microorgan-

isms utilize nitrite (in place of oxygen), in their anaerobic respira-

tion as an electron acceptor in the conversion of energy from organic

substrates. The nitrite is reduced to lower oxidation states in a

manner similar to oxygen reduction during aerobic respiration. Dis-

similatory-type nitrite reductase and biochemical pathway are criti-

cal in the nitrite dissimilation processes.

Dissimilatory-Type Nitrite Reductase

Dissimilatory-type nitrite reductase, an enzyme catalyzing the

reduction of nitrite to more reduced forms of nitrogen in micro-

organisms was first reported by Yamagata (1939) in cell-free extracts

from Bacillus pyocyaneus (Pseudomonas aeruginosa). It was shown

later that this type of enzyme was also present in the extracts of

other denitrifying organisms, e.g. , Thiobacillus denitrificans (Baals-

rud and Baalsrud, 1954), a strain of Bacillus subtillis(Najjar and

Allen, 1954), Pseudomonas stutzeri (Chung and Najjar, 1956a, 1956b;

Najjar and Chung, 1956), Micrococcus denitrificans (Naik and Nicho-

las, 1966), Pseudomonas denitrificans (Radcliffe and Nicholas, 1968),

and Escherichia coli (Lazzarini and Atkinson, 1961).
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Little information dealing with the biochemical requirements

and chemical nature of this type of enzyme is presently available. Nitrite

reductase from Pseudomonas stutzeri and Bacillus subtillis required

flavin, copper, and iron for its activity (Chung and Najjar, 1956a,

1956b; Najjar and Chung, 1956) as did the 600-fold purified enzyme

from Pseudomonas aeruginosa (Walker and Nicholas, 1961). Yamanaka

et al. (1960), Yamanaka and Okunuki (1963), and Yamanaka (1964)

prepared a crystalline nitrite reductase from Pseudomonas aeruginosa

and found to have a similar cytochrome oxidase system. During ac-

tion of this enzyme with nitrite as a terminal electron acceptor, phos-

phorylation was observed to occur.

Another dissimilatory-type of enzyme was reported by Radcliffe

and Nicholas (1968) who observed that nitrite reductase from Pseudo-

monas denitrificans was a more soluble system requiring NADH

(reduced nicotinamide adenine dinucleotide) and flavin for its activity,

without esterification of inorganic phosphorus being observed. Simi-

lar results were observed by Naik and Nicholas (1966).

Electron Transport Sequence in Nitrite Dissimilation

Using crude enzyme fractions of Pseudomonas stutzeri, Chung

and Najjar (1956a, 1956b) and Najjar and Chung (1956) were able to

show that in the reduction of nitrite to nitric oxide TPNH (reduced

triphosphopyridine nucleotide) and DPNH (reduced diphosphopyridine
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nucleotide) served as electron donors, and FAD (flavin adenine dinu-

cleotide) and FMN (flavin mononucleotide) gave a two-fold stimulation.

They also found that the crude enzyme fractions contained large quan-

tities of cytochrome c and were inhibited by various metalbinding

agents. Enzymatic activity was restored by adding trace amounts of

copper and iron. Najjar and Chung (1956), therefore, postulated an

electron transport sequence yielding molecular nitrogen and nitric

oxide in nitrite reduction, and molecular nitrogen in the reduction of

nitric oxide as follows:

TPNH FAD Cu++--)cytochrome

or or or

DPNH FMN Fe+++

NO2

NO

Iwasaki (1960) purified two inactive fractions from the extracts

of a denitrifying bacterium tentatively identified as Pseudomonas de-

nitrificans, one considered as a c-type cytochrome and the other a

cryptocytochrome c. The first fraction was found to be an electron

carrier to the denitrifying system and the latter a mediating agent of

the enzymatic reaction of nitrite and hydroxylamine to nitrous oxide

and molecular nitrogen. The following diagram shows the electron

transport system as proposed by this worker:
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HNO2 + NH2OH

H donor -->cytochrome c --->cryptocytochrome c
\l/

(e. g. , lactate) N2

In the reduction of nitrite (to nitric oxide) in the presence of

dimethyl-p-phenylenediamine (DMPD), it was found that cytochrome

c-552 and a purified denitrifying enzyme from Pseudomonas denitrifi-

cans were required (Iwasaki, 1960; Suzuki and Mori, 1962; and

Iwasaki et al. , 1963). The DMPD could be replaced by tetramethyl-

p-phenylenediamine (TMPD) (Miyata and Mori, 1968) or p-phenylene-

diamine (PPD) (Iwasaki et al. , 1956). Matsubara (1970) confirmed

these results and suggested that the hydrogen must be transferred from

PPD or DMPD or TMPD through cytochrome c-552 or c-553 to nitrite.

Matsubara (1970) therefore suggested the following electron transport

sequence:

HNO2

PPD - cytochrome c-552 > nitrite reductase
NI/

or or NO

DMPD cytochrome c-553

Or

TMPD
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Enzymatic reduction of nitrite to nitric oxide catalyzed by the

hydrogen donor system of cytochrome c-552, (from Pseudomonas de-

nitrificans) lactate dehydrogenase and lactate was demonstrated by

Miyata and Mori (1969). The electron transport sequence of this

system was considered to involve the following steps:

2
Lactate --> lactate cytochrome

dehydrogenase c-552 reductase
\l/

NO

Radcliffe and Nicholas (1968), working with the purified (160 -

fold) enzyme from Pseudomonas denitrificans (ATCC 13867), found

that the enzyme utilized reduced benzyl or methyl viologen, leucome-

thylene blue, or reduced FMN as a hydrogen donor. They also ob-

served that NADH and NADPH were active only in the presence of a

flavin carrier (riboflavin, FMN, or FAD). They subsequently sug-

gested a scheme for electron transfer for the reduction of nitrite to

nitric oxide based on these observations:

NADH -->Flavin---> metal-protein NO2-

reduced viologen dyes

leucomethylene blue

Asano (1959), using a cell-free extract from halotolerant Micro-

coccus strain 203, reported that the electron transport system



9

functioning in the reduction of nitrite was similar to the electron

transport chain coupled to oxygen. He observed that a DPNH-nitrite

reductase was active in the presence of high sodium chloride concen-

trations and was stimulated by added FAD and menadione. The system

also appeared to include a cytochrome b4 as an electron carrier.

He, therefore, proposed the following electron transport sequence for

Micrococcus nitrite reductase:

DPNH

flavoprotein

vitamin K

antimycin A-sensitive factor
\/cytochrome b4

nitrite reductase

NO
2

The electron transport sequence in nitrite dissimilation appears

to vary from species to species of nitrite dissimilating microorgan-

isms. In Pseudomonas stutzeri the sequence of TPNH (or DPNH),

FAD (or FMN), Cu++ (or Fe+++), and cytochrome was required for

transporting the electron or hydrogen from substrate to nitrite. A

simpler electron transport sequence seemed to active in Pseudomonas

denitrificans, e. g. , only cytochrome c (or c-552 or c-553) was found
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to be essential for transporting the electron from the electron donor

to nitrite. An exception would be that of the electron transport se-

quence of Pseudomonas denitrificans (AT CC 13867) which required

NADH, flavin, and metal-protein. The electron transport sequence

of Micrococcus strain 203 consisted of DPNH, flavoprotein, vitamin

K, unknown components, antimycin A-sensitive factor and cytochrome

b4.

Biochemical Pathway for Nitrite Dissimilation

The hypothetical biochemical pathway for denitrification of ni-

trate proposed by Nason and Takahashi (1958) may be shown in the

following scheme:

No
3

NO-
1

(HNO) 1-12N2(32

or

NO2.
NH2---> N2

NO
H2O wl

> N20

In the above hypothetical pathway, nitrate is first reduced to

nitrite by the action of nitrate reductase. The next step is the reduc-

tion of nitrite, apparently mediated by the dissimilatory-type nitrite

reductase as discussed in the previous section. Nitrite is then

reduced to the hypothetical nitroxyl (HNO) intermediate, perhaps as a
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nitroxyl-enzyme complex. Hyponitrite (H2N202) or nitramide

(NO2' NH2) is presumably formed by spontaneous dimerization from

nitroxyl. This is followed by a spontaneous or enzymatic decomposi-

tion of hyponitrite to yield nitrous oxide. The possibility of enzymatic

nitramide reduction to molecular nitrogen may be eliminated since

Kluyver and Verhoeven (1954) showed that nitramide could be rapidly

decomposed by the phosphate buffer present in the system. Nitric

oxide may also be formed directly from nitrite, and reduced further

to nitrous oxide and, finally, molecular nitrogen.

A different biochemical pathway of nitrite dissimilation was pro-

posed by Iwasaki and Mori (1958). These investigators observed that

extracts of Pseudomonas denitrificans reduced nitrite to molecular

nitrogen in the presence of lactate, and to only nitrous oxide in the

absence of this substrate. Hydroxylamine, but not hyponitrite, was

found to stimulate molecular nitrogen formation from nitrite. They

hypothesized that in the first step of nitrite dissimilation a portion of

nitrite is reduced to hydroxylamine which in turn reacts enzymatically

with: (1) the remaining nitrite to yield nitrous oxide; or (2) nitric

oxide, previously formed from nitrite in the presence of lactate and

lactic dehydrogenases to form molecular nitrogen.



HNO2
4H

NO

>NH2OH
-HNO2

H

V
Nz+2H20

N20

12

Enzymatic reduction of nitrite to molecular nitrogen by nitrite

dissimilating microorganisms may follow two alternative pathways.

In the first, nitric oxide is an intermediate and the second involves

nitrous oxide as an intermediate. According to Walker and Nicholas

(1961) and Radcliffe and Nicholas (1968) nitric oxide was an inter-

mediate in nitrite reduction by nitrite reductase from Pseudomonas

aeruginosa and Pseudomonas denitrificans, respectively. Renner and

Becker (1970), working with resting cells of Corynebacterium nephri-

dii, appeared to support this proposal.

Nitrous oxide as a normal intermediate in reduction of nitrite

was first suggested by Kluyver and Verhoeven (1954). This was

strongly supported by Matsubara and Mori (1968) who observed that

nitrite reduction to molecular nitrogen by Pseudomonas denitrificans

was inhibited by adequate concentrations of azide, cyanide or 2, 4-

dinitrophenol, the final product being nitrous oxide. They also ob-

served that this organism was able to reduce nitrous oxide without

lag to molecular nitrogen, and that reduction was inhibited by low con-

centrations of any of these inhibitors.
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Factors Affecting Nitrite Dissimilation

Many factors have been reported to affect in vitro nitrite

dissimilation. These include: organic substances which serve as

energy and carbon sources, nitrite concentrations, growth factors,

trace elements, pH, temperature, and oxygen level.

Organic Substances

With a few exceptions, most nitrite-dissimilating microorgan-

isms are heterotrophs, i. e. , they require organic substances as

energy and carbon sources for growth and dissimilation. The re-

quired organic substances may vary from simple to complex com-

pounds depending upon the particular microorganism. Starch and

maltose, for example, were found to be the best energy and carbon

sources for Pseudomonas stutzeri (van Niel and Allen, 1952). Ethanol,

succinate, L-tartrate, and sodium sebacate were employed as en-

richment materials to stimulate growth and activities of several

pseudomonad strains from soil and water (Palleroni et al. , 1970).

St. Amant and Beck (1970) added methanol (CH3OH) to agricultural

waste waters to enhance gaseous nitrogen evolution from nitrate and

nitrite accumulated in the waters. They also proposed the following

nitrite-denitrification reaction:

NO2 + 1/2 CH3OH-->1/2 N2 + 1/2 CO2 + 1/2 H2O + OH
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This indicated that the nitrite denitrifiers present in the waste

waters required a half mole of the simple organic compound methanol

for their dissimilation of 1 mole of nitrite. The nitrite was then re-

duced to the gaseous form of nitrogen which was eliminated from the

waste waters through volatilization.

Radcliffe and Nicholas (1968) used peptone and glucose for

growth of Pseudomonas denitrificans (ATCC 13867) in preparing large

quantity of cells for enzyme preparation. Cells of Bacterium denitri-

ficans Chester (NTCC strain 1656) were obtained by use of peptone,

meat extract and sodium succinate (Kefauver and Allison, 1957).

Youatt (1954) harvested Achromobacter, a specialized nitrite-dissimi-

lating bacterium, from a medium contained Difco peptone and Difco

yeast extract.

These studies would indicate that the bacterial species men-

tioned above required complex organic compounds such as peptone,

meat extract, or yeast extract for their growth and/or activities,

Nitrite Concentration

High levels of nitrite have been reported to be one of the most

important factors that affected nitrite dissimilation. Bovell (1967)

reported that 74% of heterotrophic growth of Micrococcus denitrificans

was inhibited by 5 x 10-3M (230 )ig/m1 NO2 -N) nitrite and no growth

was observed with nitrite concentrations of 10-2M (460 )ag/m1 NO2 -N)
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and above. Growth and nitrite dissimilation by the four bacterial

strains (A, D, G, and H), isolated from Hublersburg silt loam soil by

Bollag et al. (1970), have also been reported to be inhibited by high

levels of nitrite. They observed that growth and nitrite reduction by

isolates A, D and G, H, were inhibited by 0. 1% (304)4/m1 NO2 -N)

and 0.2% (608 pg/m1 NO-N) nitrite, respectively. The effects of

nitrite levels on the denitrification rate of Corynebacterium nephridii,

a bacterium which reduces nitrite to nitrous oxide but not to molecular

nitrogen, were recently reported by Renner and Becker (1970). They

observed that when 50, 100, 500, and 1000 p.moles of nitrite were

present in each Warburg flask, 240, 225, 128, and 70 ,uliters /hour

of gaseous nitrogen were produced, respectively. Increasing levels

of nitrite also resulted in the production of nitric oxide in addition to

nitrous oxide, e. g. , nitric oxide increased from 0% to 97% and nitrous

oxide decreased from 100% to 3% as the levels of nitrite increased

from 50pmoles to 1000p.moles (2. 3 to 46. Op.g/m1 NO2-N).

Growth Factors

Little is known about the growth factor requirements of nitrite-

dissimilating microorganisms. These microbial species might re-

quire trace amount of growth factors for growth and nitrite dissimila-

tion. The organisms provided with peptone, yeast extract and/or meat

extract (Radcliffe and Nicholas, 1968; Kefauver and Allison, 1957; and
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Youatt, 1954) might obtain their required growth factors from such

complex materials. In this regard, Bovell (1967) observed that in

nitrite reduction by Micrococcus denitrificans, the growth factors

from yeast extract were required. During nitrate dissimilation in the

absence of yeast extract nitrite accumulated and inhibited growth,

postulated to restric activity of the hydrogenase enzyme. Addition of

yeast extract permitted a resumption of growth, leading to the postu-

lation that yeast extract provided some factor needed for dissimila-

tion of nitrite, or permitted the cells to more rapidly induce a sys-

tem for nitrite dissimilation.

Trace Elements

Trace elements such as copper and iron were reported to be

essential to nitrite reduction by purified nitrite reductase from Pseu-

domonas stutzeri and Bacillus subtillis (Chung and Najjar, 1956a,

1956b; and Najjar and Chung, 1956). These observations were sup-

ported by Walker and Nicholas (1961) who also observed requirements

for copper and iron by the purified enzyme of Pseudomonas aeruginosa.

Nitrite reductase from an Achromobacter species, however, required

only iron for its activity. Youatt (1954) found a pronounced reduction

of "nitritase" activity in media rendered deficient in iron, and the

addition of 0. 5 ppm of iron, supplied as ferrous sulfate, resulted in

normal activity.
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PH

Acidic, neutral, and alkaline reactions have been reported to be

optimal for nitrite dissimilation by varied types of enzymes, depending

on the particular nitrite reductase being studied. Radcliffe and Nicho-

las (1968) demonstrated that the optimal pH for nitrite reductase acti-

vity of Pseudomonas denitrificans was between pH 5 and 6. However,

the optimal pH required for the enzyme system of Pseudomonas aeru-

ginosa was observed to be 7. 0 (Yamanaka et al. , 1960). Renner and

Becker (1970) observed that gas production from nitrite by resting

cells of Corynebacterium riephridii, occurred from pH 6 to 9, and was

best from pH 7.0 to 7. 4. The optimal pH for nitrite dissimilation by

Bacterium denitrificans, as reported by Kefauver and Allison (1957),

was between 7. 0 and 8. 5. The dissimilation activity of this bacterium

diminished at pH values of 6. 5 and 9. 0. Bollag et al. (1970) observed

that the optimal growth and gas production from nitrate by isolate G

was at pH 7. At pH 6 nitrite accumulation of 100,u.g/m1 NO2 -N was

observed during nitrate reduction by this isolate, indicating that at

this lower pH the nitrite reductase of this particular isolate was inac-

tive.

Temperature

Nitrite dissimilation activity of Pseudomonas denitrificans was

observed to be optimal at 37°C (Radcliffe and Nicholas, 1968), while
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that of Corynebacterium nephridii was at 30°C (Renner and Becker,

1970). The temperature of 28°C was reported to be optimal for nitrite

dissimilation activities by Bacterium denitrificans (Kefauver and

Allison, 1957) and Pseudomonas aeruginosa (Yamanaka et al. , 1960).

Any deviation from these optimal temperatures might affect the nitrite

dissimilation activities by these particular microorganisms. Bollag

et al. (1970) observed a temporary accumulation of nitrite at 22°C and

37°C with strain D (the optimal temperature for this strain was 30°C).

This indicated that the temperatures of 22°C and 37°C reduced the

nitrite reduction activity, compared to no accumulation at 30°C with

this particular strain.

Oxygen

Many attempts have been made to ascertain the effect of oxygen

levels on nitrate dissimilation with varying results. Meiklejohn.

(1940), Corbet and Wooldridge (1940), Korsakova (1941), Broadbent

(1951), Broadbent and Stojanovic (1952), Marshall et al. (1953), and

Collins (1955) reported no effect of oxygen on nitrate dissimilation.

Contradictory results, however, were observed by many investigators.

Sacks and Barker (1949) and Wijler and Delwiche (1954) reported that

nitrate dissimilation by bacterial cultures was markedly inhibited by

even low partial oxygen pressures. These results were supported by

Skerman et al. (1951) who observed no nitrate reduction in cultures



19

of Pseudomonas if dissolved oxygen was present. Arnold (1954) was

not able to observe gaseous nitrogen evolution from well-aerated

soils, but this did occur where moisture was present in excess.

In the presence of oxygen, nitrate reduction only to nitrite has

been reported (Weissenberg, 1897; and Sack and Becker, 1949). These

workers observed that under anaerobic conditions complete denitrifi-

cation occurred, e.g., all nitrate was converted to gaseous nitrogen,

whereas aerobically nitrate was reduced only to nitrite which accumu-

lated in the culture medium. These investigators suggested the greater

sensitivity of nitrite reduction to oxygen inhibition. Sacks and Barker

(1949) also suggested that the inhibitory effect of oxygen on nitrite

reduction was due to the suppression of nitrite-reducing enzyme sys-

tem formation. This might be true since differences in types and

levels of enzymes of aerobic- and anaerobic-grown cells of facultative

bacteria have been observed (Gray et al. , 1966a, 1966b; Wimpenny and

Cole, 1967). Yamanaka et al. (1960) reported that the amount of ni-

trite reductase (P-cytochrome oxidase) extracted from aerobically-

grown cells was much lower than that from anaerobically-grown cells,

which would support these observations.

Incomplete inhibition of nitrite dissimilation by oxygen was re-

ported by Kefauver and Allison (1957) who studied nitrite reduction by

Bacterium denitrificans in relation to oxidation-reduction potential and

oxygen tension. When cultures of this bacterium were aerated with
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pure oxygen at rate of 0. 0, 0. 5, 6, 10 and 20 percent oxygen, nitrite

reduction of 156, 117, 29, 5 and 0 dug /5 hours, respectively, were ob-

served. They concluded that this facultative bacterium utilized nitrite

and oxygen simultaneously, the latter being utilized preferentially.

In addition, when oxygen is provided to the nitrite dissimilation

system, it also maintains the system at a higher redox potential than

would otherwise occur. No major effects of the redox potential on ni-

trite dissimilation, however, have been reported. Korochkina (1936)

found that a high potential did not prevent denitrification. This is in

agreement with results obtained by Kefauver and Allison (1957) who

observed that rapid nitrite reduction by growing and resting cells of

Bacterium denitrificans occurred at potentials held fairly constant at

levels between +140 and +340 my.

Possible Accumulation of Nitrite in Soils and Other Environments

In view of the important role of nitrite in the losses of nitrogen

from soil including other environments and its toxic effect on living

organisms (Chapen, 1947; Walton, 1951; Argus and Hoch-Ligeti,

1961; Lee et al. , 1964; Sakshaug et al. , 1965; Magee and Barnes,

1967; Walker, 1969; Bulpitt and Gunner, 1970; Dussault et al. , 1970;

Konicek and Malek, 1970; Labbe and Duncan, 1970; and Mirvish, 1970),

it is important to discuss briefly conditions under which nitrite accu-

mulation might take place.
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Greater accumulation of nitrite in alkaline conditions than in

acid conditions has been demonstrated by Broadbent et al. (1958).

This was supported by Patil (1963) who observed a larger accumulation

of nitrite (187 Ag/g) in acid Walla Walla soil when treated with 1000

AgigN as urea, with the application of urea shifting the soil pH to an

alkaline condition. The accumulation of nitrite influenced by alkaline

conditions could be due to delay of the nitrite oxidation phase of the

nitrification process.

Relatively high nitrite quantities in soils amended with high con-

centrations of ammonium fertilizers have been reported by Broadbent

et al. (1957) and Stojanovic and Alexander (1958). They suggested

that the free ammonium ion selectively inhibited growth of Nitrobacter,

a bacterium oxidizing nitrite to nitrate.

Low and high soil temperatures have been reported to enhance

nitrite accumulation. This was felt to be due to the sensitivity of

nitrite oxidizers to unfavorable temperature (Tyler and Broadbent,

1960; and Justice and Smith, 1962). As high as 72 ii.g/g nitrite nitro-

gen was observed to accumulate in soils incubated at 10°C for 70 days

(Justice and Smith, 1962). These effects of temperature on nitrite

accumulation could also contribute to the delay or inhibition of nitrite-

dissimilating activity.

Tandon and Mishra (1969) investigated the trace element effects,

e. g. , sodium, manganese and zinc, on nitrite oxidation by Nitrobacter,
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and reported that each element, if present at a concentration of 0. 5%,

was observed to inhibit nitrite oxidation. Extreme toxicity was ob-

served with 1. 0% level. These factors could be important in causing

accumulation of nitrite in natural environments.

Nitrite accumulation as a result of herbicide and insecticide

application has been reported by several investigators. Unfortunately,

quantities of nitrite accumulated were not reported. Case ley and

Luckwill (1965), Farmer and Benait (1965), Corke and Thompson

(1970), van Schreven et al. (1970) and Wine ly and San Clemente (1970a)

reported that some herbicides such as isopropyl N-(3-Chlorophenyl)

carbamate (CIPC), 5-ethyl di N, N-propylthiocarbamate (EPTEM),

simazine, diuron, and monuron inhibited nitrite utilization by Nitro-

bacter agilis, resulted in accumulation of nitrite. Funk et al. (1970)

and Tu (1970) showed some nitrification inhibition by insecticides,

e. g. , byfonate, bayer 68138, bayer 37289 and duraban. Stronger

inhibition, with temporary accumulation of high nitrite levels, was

caused by the agents Temik and baygon. Inhibitory effects of 1,

1-dichloro-2, 2-bis (p-chlorophenyl) ethane (DDD), lindane, hepta-

chlor and chlordane on nitrification have also been reported (Wine ly

and San Clemente, 1970b). The mechanisms of nitrification inhibition

by these chemicals, however, remains unknown. Wine ly and San

Clemente (1970b) suggested that these chemicals might affect enzyme

activity and electron transport systems of the nitrifiers, especially
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Nitrobacter species.

There have been also reports of nitrite accumulation in soils

treated with gamma radiation, a method commonly used for small-scale

soil sterilization. Cawse and White (1969) observed that the nitrite

level in Broadmoor soils treated with gamma radiation between 0.25

to 2.5 Mrad increased rapidly to 100 ppm, and also accumulated.

This effect of gamma radiation on nitrite levels in soils has been con-

firmed, by employing 15N tracer technique by Cawse and Cornfield

(1969). These investigators concluded that the accumulated nitrite

was derived either from reduction of nitrate or oxidation of ammonium

under gamma irradiation.

Nitrite release during burning of plant residues has been recently

reported by De Bell and Ralston (1969). During burning of pine litter

and green needles, 0. 3% of nitrogen was liberated and they were able

to show that a portion of the released nitrogen was in the nitrite form.

Roa and Dhar (1931) have suggested that under the action of

sunlight and in the presence of photo-sensitizers (oxides of titanium,

cadium, zinc, aluminum, magnesium and silicon) there is a vigorous

oxidation of ammonium salts to nitrite. They have suggested that in

the presence of sunlight and photo-sensitizers atmospheric oxygen is

converted to ozone (03). The ozone then interacts with ammonia or

ammonium salts to form nitrite. If this is the case, the accumulated

nitrite in soil would result at least in part from a photochemical
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reaction that takes place on the surface of various photocatalysts,

e. g. , oxides of titanium, cadium, zinc, aluminum, manganese and

silicon presents in soil under the influence of sunlight.

Enzymatic versus Non-Enzymatic Denitrification of Nitrite in Soils

The accumulated nitrite, as has been discussed in the previous

section, can undergo denitrification which results in the loss of soil

nitrogen to the atmosphere. Denitrification of nitrite in soil have

been shown to occur via both enzymatic (biological denitrification)

(Pearsall and Mortimer, 1939; Broadbent, 1951; Jansson and Clark,

1952; Nommik, 1956; Bremner, 1958; Cady and Bartholomew, 1960;

McGarity, 1962; Woldendrop, 1962; and Bulla, 1968) and non-enzyma-

tic (chemodenitrification) (Allison, 1966; Hauck, 1968; Bulla et al. ,

1969; and Nelson and Bremner, 1970b) processes.

Non-enzymatic or chemodenitrification has been shown to in-

volve reaction of nitrite with soil organic matter yielding gaseous

nitrogen (Nelson and Bremner, 1969 and 1970b). Another process,

that metallic cations play an important role in nitrite decomposition

in soils has been postulated (Wullstein and Gilmour, 1964 and 1966;

Wullstein, 1965 and 1967). This may be true only in some environ-

ments other than soils since it was found later (Nelson and Bremner ,

1970a) that chemodenitrification in soils was not promoted by metallic

cations. Of various metallic cations used in their tests, only ferrous,
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cuprous and stannous ions promoted nitrite decomposition and soils

normally do not contain sufficient amounts of these cations to promote

nitrite decomposition under the conditions known to be suitable for

chemodenitrification,

Very little is presently known about factors that influence nitrite

decomposition in soils. Evidence for rapid nitrite decomposition in

acidic or mildly acidic soils has been reported by Robinson (1923),

Fraps and Sterges (1939), Smith and Clark (1960), Clark et al. (1960),

Tyler and Broadbent (1960), and Reuss and Smith (1965). Slow nitrite

decomposition in alkaline soils has been reported by Robinson (1923),

Tyler and Broadbent (1960), Meek and MacKenzie (1965), and Reuss

and Smith (1965). Increases in nitrite decomposition rates with in-

creased soil organic matter content have been observed by Robinson

(1923), Smith and Clark (1960), and Nelson and Bremner (1969).

Robinson (1923), Modhok and Uddin (1946), Clark et al. (1960) and

Nelson and Bremner (1969), in addition, have demonstrated that nitrite

decomposition was promoted by drying of nitrite-treated soils.

From the discussion presented above, one might justifiably

conclude that both enzymatic and nonenzymatic denitrification of ni-

trite are important in volatilization of nitrogen from soils or, perhaps,

other ecological systems. Under alkaline conditions nitrite denitrifi-

cation could contribute to the enzymatic process. Under acidic con-

ditions, however, nitrite denitrification could result from both
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enzymatic and non-enzymatic processes.

Ecological Aspects of Specialized
Nitrite-Dissimilating Microorganisms

A wide variety of microorganisms are capable of dissimilatory

reduction of nitrate and nitrite. Alexander (1961) listed nine species

of denitrifying bacteria, e. g. , Pseudomonas, Achromobacter,

Bacillus, Micrococcus, Thiobacillus, Chromobacterium, Mycoplana,

Serratia, and Vibrio species. Among these, Achromobacter and

Pseudomonas were predominant denitrifiers in soil. Other bacterial

species have also been reported to be capable of denitrification with

nitrate and nitrite, including Escherichia coli (Lazzarini and Atkin-

son, 1961), Bacterium denitrificans (Kefauver and Allison, 1957) and

recently Corynebacterium.nephridii (Renner and Becker, 1970).

These microorganisms may be considered as non-specialized nitrite -

dissimilating types since they utilize both nitrate and nitrite as elec-

tron acceptors during anaerobic respiration.

Little is known, at present, dealing with specialized nitrite-

dissimilation type of microorganisms, microorganisms capable of

utilizing only nitrite, but not nitrate, anaerobically in place of oxy-

gen. Youatt (1954) is considered as the first investigator who re-

ported the presence of this special type of microorganism, designated

as an Achromobacter, in soil. A description of soil types in which
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this bacterium was present was not reported. Unfortunately, at

present, a culture of this isolate is not available. The presence of

this type of microorganisms in marine sediments has been reported

by Gawel (1966). He designated this bacterium as Achromobacter 62

(A62). Yoshida and Alexander (1970), recently found that fungal spe-

cies Aspergillus flavus 59 and Penicillium atrovenetum SM683 reduced

only nitrite, but not nitrate to nitrous oxide. Sources of these fungal

species, however, are not included. Most recently, Vangnai and

Klein (1971) reported the presence of Pseudomonas species (P195,

P196, and P245) possessing this special capability in an agriculture

soil, a manured Cloquato silt loam from a feedlot bottom.
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MATERIALS AND METHODS

Bacterial Cultures

Pseudomonas species (P62)

Pseudomonas P62, a bacterium which utilizes nitrite but not

nitrate anaerobically as an electron acceptor, was obtained from the

culture collection of the Department of Microbiology, Oregon State

University. This culture was originally isolated from marine sedi-

ments by Gawel (1966). Since no flagellum was observed in this first

study using ordinary microscope and simple flagella stain technique

the isolate was tentatively placed in the Genus Achromobacter (Achro-

mobacter 62 or A62). It was found later (Vangnai et al. , 1970; and

Vangnai and Klein, 1970), by employing electron microscopic tech-

niques that this isolate is monotricheous (Appendix Figure 1). Based

on flagellation and additional tests (Appendix Tables 1 and 2), this

will be considered as a Pseudomonas (Pseudomonas 62 or P62). The

P62 was maintained on nutrient agar slants at 20°C, and transferred

at monthly intervals.

Pseudomonas stutzeri (ATCC 11607)

A culture of Pseudomonas stutzeri, capable of denitrification

with both nitrite and nitrate, was also provided by the Department of
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Microbiology, Oregon State University. The bacterium was main-

tained on nutrient agar slopes at 20°C, and transferred at monthly

intervals.

Soil Samples

Soil samples used for isolation and enumeration purposes were:

Amity silty clay loam, Cloquato silt loam, Woodburn silty clay loam,

Newberg sandy clay loam, Corvallis sandy loam, and Alkaline lake

soil. The Amity silty clay loam and Cloquato silt loam were provided

by the Department of Soils, OSU. All soil samples were kept in poly-

ethylene bottles at 5°C.

Equipment

Gas Chromatography

Both qualitative and quantitative determinations of nitrogenous

gases evolved as a result of nitrite dissimilation were determined by

use of a Beckman GC-2 gas chromatograph coupled with a Bristol Dy-

nomaster Recorder. The Beckman GC-2 was equipped with two col-

umns, a 13X Molecular sieve [182. 9 cm (6 ft)] and a Charcoal-C22

Firebrick uncoated [45. 7 cm (1. 5 ft)] column. The molecular sieve

column was used for determination of nitrogen and nitric oxide and the

charcoal column for nitrous oxide. The Bristol Dynomaster Recorder
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was equipped with a peak-area integrator that made it possible to

directly determine the integrated peak area of gaseous products.

The gas chromatograph was operated at: a gas pressure of 2.41

atm (30 lbs/sq. in. ) (helium); temperature, 40°C; filament current,

260 milliamperes; attenuation, 20; and recorder chart speed, 1 cm

per minute. With these operating conditions constant elution times

for desired gases were obtained. The elution times of oxygen, nitro-

gen and nitric oxide evolved with a molecular sieve column are pre-

sented in Figure 1, and nitrogen and nitrous oxide evolved with a char-

coal column are presented in Figure 2. Calibration curves for pure

samples of nitrogen and nitrous oxide are shown in Figures 3 and 4.

Straight line functions were obtained as integrated areas with each

unit increase in sample quantity. The calibration gases were obtained

from the Matheson Gas Company.

Respiration Apparatus

For all respiration studies, the respiration flasks designed by

Roa (1961) were used. This type of flask is unique in that it can be

adapted for manometric and gas chromatographic measurements of

gaseous constituents. The apparatus (Appendix Figure 5) consists

of a 300 ml Pyrex flask equipped with a center well. A 29/26 standard

taper joint connects to a head assembly. The head assembly consists

of at least two gas outlets and/or inlets (with stop-cocks).



0 1 2 3 4 5

NO

6 7 8 9 10 11 12

Time (minutes)

31

Figure 1. Elution times of oxygen, nitrogen, and nitric oxide with a
molecular sieve column [ column, 182. 9 cm (6 ft) 13X
molecular sieve; carrier gas, helium; pressure, 2.41 atm
(30 lbs/sq. in. ); filament current, 260 Ma; temperature,
40 °C; attenuation, 20; and chart speed, 1 cm/min.]
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Figure 2. Elution times of nitrogen and nitrous oxide using a charcoal
column [ column, 45.7 cm (1. 5 ft) charcoal; carrier gas,
helium; pressure, 2.41 atm (30 lbs/sq. in. ); filament cur-
rent, 260 Ma; temperature, 40°C; attenuation, 20; and
chart speed, 1 cm/min. ]
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Figure 3. Nitrogen gas calibration curve [ column, 182.9 cm (6 ft)
13X molecular sieve; carrier gas, helium; pressure, 2.41
atrrr(30 lbs/sq. in.); filament current, 260 Ma; tempera-
ture, 40°C; attenuation, 20; and chart speed, 1 cm/min. I
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Figure 4. Nitrous oxide calibration curve [ column, 45.7 cm (1. 5 ft)
charcoal; carrier gas, helium; pressure, 2.41 atm (30
lbs/sq. in. ); filament current, 260 Ma; temperature,
40°C; attenuation, 20; and chart speed, 1 cm/min. i



35

The gas sampling device (Appendix Figure 6) contains four

taper joints (with stop-cocks). The first attaches to the respiration

flasks, the second attaches to the suction pump, the third attaches

to the manometer, and the fourth attaches to the closed leg of the gas

chromatographic unit gas sampling valve. This gas sampling device

thus functions as a mediator for gas transfers among respiration

flask, suction pump, manometer, and gas chromatographic unit.

It should be pointed out that in quantitative measurements of

gases the total volume of all units is critical. In these experiments,

the total volume of all units (the closed leg of the gas sampling valve,

the manometer, the gas sampling device) along with an individual

flasks (excluding the volumes of the medium, cell suspensions, and

KOH) were calibrated prior to conducting the experiments. By know-

ing these total volumes, the total quantities of gas produced could be

easily calculated.

Media

Medium 1: Nitrite Reducing Testing Medium (NRT or Complete
Medium)

For the initial studies, the medium used for P62 growth was

similar to that used by Gawel (1966). This medium contains the

following:
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Potassium nitrite (KNO2) 1. 214 g
(200 )lg/m1 NO2 -N)

Potassium phosphate:

Dibasic (K2HPO4. 3H2O) 0. 5 g

Monobasic (KH2PO4) 0. 5 g

Beef extract (Difco, Control 522811) 3. 0 g

Peptone (Difco, Control 516136) 5. 0 g

Yeast extract (Difco, Control 531596) 1. 0 g

Glucose 10. 0 g

Magnesium sulfate (MgSO4) 0, 5 g

Ammonium chloride (NH4C1) 1. 0 g

Distilled water 1. 0 liter

pH adjusted 7. 2

Medium 2: "Modified NRT" or "Modified Complete Medium"

Potassium nitrite (KNO2)

Potassium phosphate:

Dibasic (K2HPO4* 3H20)

Monobasic (KH2PO4)

Beef extract. (Difco, control 522811)

Peptone (Difco, Control 516136)

Magnesium sulfate (MgSO4)

Ammonium chloride (NH4C1)

Distilled water
pH adjusted 7. 2

1. 214 g
(200,u.g/m1 NO2-N)

0. 5 g

0. 5 g

3. 0 g

5. 0 g

0. 5 g

1. 0 g

1. 0 liter
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Unless otherwise stated, this modified complete medium was

used throughout these studies. When this modified complete medium

was used for growing Pseudomonas stutzeri potassium nitrate was

added in place of potassium nitrite.

Medium 3: Basic Peptone Medium

Medium as above (medium 2) without beef extract.

Growth Factors

Organic substances (0. 01% w/v) both individually and in com-

bination, were tested in the following groupings for their stimulating

effects on microbial gas production using the basic peptone medium

(medium 3). The organic substances groupings used were:

Group a: D-pantothenic acid

Is ocytosine

Xanthine

Creatinine

Guanosine

Uridine

Riboflavine

Uracil

Thymine

Thiamine HC1
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Group b: Niacinamide

Nicotinic acid

Hypoxanthine

Guanine adenine

Creatine

Folic acid

Adenine

Group c: Glycine

L- arginine hydrochloride

L-isoleusine

L-proline

L-glutamine

L -a sparagine

L-tryptophan

L-cysteine

L-cystine (free base)

L-leucine

Hydroxy-L-proline

Group d: L-glutamic acid

L-aspartic acid

L-lysine

L-serine

L-valine
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L-phenylalanine

L-methionine

L-arginine

L-histidine

L-tyrosine

L-threonine

Group e: Inosine 5'-monophosphoric acid

Thymidine

Xanthosine

Pyridoxal HC1

Cytosine

Cytidine

Pyridoxine monohydrochloride

D-biotin

Preliminary experiments on the effects of grouped constituents

were conducted by use of a vaspar sealed tube technique. The effects

of individual and smaller groups of the organic substances shown to

stimulate the production of gas in the preliminary experiments were

conducted with the respiration flasks, and gases produced were

analyzed using gas chromatographic procedures.
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Soil Extracts

Soil extracts used for determination of stimulating properties

were prepared according to Pramer and Schmidt (1964). To 1, 000

grams of soil, 1, 000 ml of distilled water was added. The mixture

was autoclaved for 20 minutes. Approximately 0. 5 gram of calcium

carbonate (CaCO3) was added to flocculate colloidal material and the

mixture was filtered using Whatman number 1 filter paper. The soil

extracts were stored in the refrigerator at 5°C. When used, 1 liter

of the soil extracts was mixed with corresponding amounts of the

minerals of the basic peptone medium (medium 3 without peptone and

water).

Beef Extract Ash

Beef extract ash was prepared by igniting the beef extract at

600°C for ten hours. One gram of the beef extract ash, which was

equivalent to 3 grams beef extract, was added to 1 liter of the mineral

medium (medium 3 without peptone).

Preparation of Cell Suspensions

Nitrite-Grown Cells

To provide large amounts of cells for respiration studies,

bacteria were grown in 500 ml side-arm flasks containing 250 ml of
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the modified complete medium. To maintain anaerobic conditions the

flasks were evacuated, gassing with helium, and incubated under static

conditions at 20°C. After four days the cells were harvested by cen-

trifugation at 5000 x g for 15 minutes at approximately 5°C. The cells

were washed with 0. 2 M phosphate buffer (pH 7. 2). Prior to use, the

cells were suspended in the same buffer to give an optical density of

0. 5 (using a Bausch and Lomb Spectronic 20 colorimeter) at 625 nm.

One milliliter of the cell suspension was used as inoculum per flask

containing 100 ml total volume of the desired test medium.

Oxygen-Grown Cells

Suspensions of oxygen-grown cells were prepared in the same

manner with that for nitrite-grown cells, except the modified com-

plete medium (medium 2) without nitrite was used and the flasks were

incubated aerobically on a rotary shaker.

Dissimilation Experiments

Vaspar Sealed Tube Procedure

Vaspar-sealed tubes were employed for the initial estimation

of microbial gas production from either nitrite or nitrate under essen-

tially anaerobic conditions. The tubes containing 10 ml of the desired

medium, and were inoculated with 0.1 ml of a desired inoculum. The
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inoculated tubes were filled aseptically with sterilized and melted vas-

par (1:1 ratio by weight of petrolatum and parowax) to approximately

one centimeter depth above the culture medium surface. The vaspar-

sealed tubes were allowed to solidify at room temperature for approxi-

mately one hour and incubated at 20°C. After incubation, growth and

gas production were estimated by measuring the level to which the

vaspar plugs had been lifted, by gases produced during microbial ac-

tivity. The scales used were: -, no gas bubble; 1+, a few gas bubbles;

2+, 0. 5 cm separation; 3+, 1. 0 cm separation; and 4+, 1. 5 cm separa-

tion.

Respiration Flask Procedure

To the respiration flask containing 100 ml of the desired medium,

1 ml of a cell suspension was inoculated. After adding 5 ml of 20%

NaOH (a carbon dioxide absorbent) to the center well, the inoculated

flask was evacuated and filled with the desired gas, or gas mixture.

Analysis of N-Forms

Nitrite Analysis

Nitrite remaining in the respiration flasks after dissimilation

by bacteria was determined employing Saltzman's (1954) modified

technique. The culture medium was first centrifuged to separate the
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cells from the supernatent. A known quantity of the supernatent was

added to 25 ml volumetric flasks and diluted with absorbing reagent.

The mixture was shaken, held to complete color development for 15

minutes, and read in a Bausch and Lomb Spectronic 20 colorimeter

at 550 nm. The micrograms of nitrite-nitrogen remained were ob-

tained by using a calibration curve (Figure 5).

The absorbing reagent was prepared by dissolving 5 grams of

sulfanilic acid in almost a liter of water containing 140 ml of glacial

acetic acid, adding 20 ml of a 0. 1% w/v stock solution of N-(1-naphthyl)-

ethylenediamine dihydrochloride (0. 1 gram of this reagent in 100 ml

of water), and diluting to 1 liter.

Calculation of "Other N-Forms"

"Other N-forms" or undetectable intermediates were calculated

by subtracting the amounts (jig) of nitrite remained and gases produced

from the total amount (jig) of nitrite added.

Cell Growth

Measurements of cell growth were made with a Bausch and Lomb

Spectronic 20 colorimeter at 625 nm.
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PH

All measurements of substrate and culture medium pH were per-

formed with a glass electrode using the Corning Model 5 pH meter.

Isolation and Enumeration Procedures for
Obligate Nitrite Types

Isolation

Isolation of P62-type microorganism was accomplished by fol-

lowing a modified classical enrichment method. Two grams of each

soil sample were inoculated into test tubes (2. 5 x 15. 0 cm) containing

the modified complete medium (medium 2) with 600g /ml added

nitrite-nitrogen. The inoculated tubes were sealed with vaspar and

incubated at 20°C. Soon after gas bubbles were observed, the vaspar

was pushed down to the tube bottom by use of a sterile pipette and the

medium was transferred to tubes containing new medium of similar

composition followed by sealed with vaspar and incubation. After four

serial transfers, a loopful of the liquid medium was streaked onto nu-

trient agar and incubated at 20°C for three days, followed by selection

and transfer of bacterial colonies. By this procedure a total of 252

colonies were obtained from all soil samples. These pure cultures of

organisms were further tested, and only organisms having character-

istics similar to P62, being able to reduce nitrite but not nitrate, were

used for additional studies.
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The isolation procedure described above is based on the assump-

tion that only microorganisms of the P62-types could grow in this

medium having a nitrite concentration of 600pg /ml nitrite-nitrogen,

since it was observed from the preliminary studies that P62 was re-

sistant to approximately 700,ug/m1 while Pseudomonas stutzeri (an

organism reducing both nitrite and nitrate) could only function with

up to 300p.g/m1 nitrite-nitrogen.

Enumeration

Enumeration of microorganism numbers in soil samples was

performed by the most probable number (MPN) technique. Ten grams

of each soil sample was diluted to give dilutions of 10-1 to 10-6. One

milliliter of each dilution was inoculated into five test tubes containing

Durham tubes, with the modified complete medium (medium 2) con-

taining 600,ug/m1 nitrite nitrogen. The tubes were sealed with vaspar

and incubated at 20°C. After two weeks of incubation numbers of

tubes for each dilution showing gas production were recorded and the

bacterial numbers were estimated using the MPN table of Hoskins

(1934).

This experiment was conducted to evaluate the effect of manure

on the activities of nitrite-resistant microorganisms in soils. Only

two different soil series were selected as representatives, the Amity

silty clay loam and the Cloquato silt loam., Three samples of the
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Amity silty clay loam and four samples of the Cloquato silt loam were

used.

Physiological Characteristics of Obligate Nitrite Types

Biochemical Characteristics

The biochemical characteristics of the obligate nitrite types were

tested by following the methods developed by Hugh and Leifson (1953),

Kovacs (1956), Society of American Bacteriologists (1957), and Paton

(1959).

Respiration Inhibitor Effects

Sensitivity of respiratory enzymes of isolates to inhibiting agents

(KCN, Na azide, 2, 4-dinitrophenol) were tested by employing the

methods described by Shewan and Hodkiss (1954).
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RESULTS AND DISCUSSION

Studies on Pseudomonas 62 (P62)

Optimal pH Required for Growth

Activities of several nitrite-dissimilating microorganisms have

been demonstrated to be influenced by reactions of the systems in

which the organisms were present (Kefauver and Allison, 1957; Ya-

manaka et al. , 1960; Radcliffe and Nicholas, 1968; Bollag et al. ,

1970; Renner and Becker, 1970). According to these findings it was

desirable first, prior to conducting further experiments, to deter-

mine the most favorable pH required for growth and nitrite dissimila-

tion by P62. To investigate this pH effect the P62 culture, from nu-

trient agar slants, was inoculated into test tubes containing the NRT

or complete medium (medium 1) adjusted to initial pH values of from

6.0 to 9.9 (after autoclaving). The tubes were sealed with vaspar

and incubated at 20°C for four weeks. Results of this experiment

(Table 1) showed that growth and gas production by P62 were strongly

influenced by the initial medium pH. The best growth and gas pro-

duction were taken place in the medium adjusted to pH of 7.2 or 7.3.

Growth and nitrite dissimilation, however, could take place in quite

a wide range of pH, e. g. , from G. 5 to 9.3. No growth or gas pro-

duction was observed in the medium adjusted to pH values of below

6.5 or above 9.3.
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To avoid possible medium pH effects, the initial pH used in fur-

ther experiments, unless otherwise stated, was 7. 2.

Table 1. Effect of initial pH of the NRT or complete medium (medium
1) on growth and gas production by P62.

Initial pH Growth and gas production*
(four weeks)

6. 00
6.20
6.35
6. 50 1+

6.65 2+
6. 80 2+
7. 00 2+
7. 05 3+
7.20 4+
7.30 4+
7. 90 3+
8. 50 3+
8. 90 1+

9.30 1+
9. 55
9. 90

* Scale:

No growth and gas production
1+ Slight growth and gas production
2+ Moderate growth and gas production
3+ Abundant growth and gas production
4+ Heavy growth and gas production

Changes in pH During Growth

Increases in pH during growth and nitrite dissimilation by P62

were measured by inoculating suspensions of nitrite-grown cells into

respiration flasks (with NaOH in the center wells) containing the
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complete medium (medium 1). The inoculated flasks were incubated

with a helium atmosphere at 20°C, as described in materials and

methods. Samples were drawn every 12 hours and measurements of

cell growth (optical density) and pH were made, Results of this ex-

periment are presented in Figure 6. It is noted from this figure that

during the rapid growth period (0 to 24 hours after incubation), the

pH increased from 7.2 to approximately 8.5. The increases in pH

observed with growth of P62 were presumably due to at least two

metabolic processes, one being deamination reactions, leading to free

ammonium ion accumulation and the other being dehydroxylation re-

actions leading to accumulation of free hydroxyl ions (St. Amant and

Beck, 1970). The observed increases in pH during growth of P62

might not be unusual since this phenomenon has been reported to occur

during growth of other denitrifiers including Pseudomonas stutzeri

(Bollen et al. , 1968) and the soil isolates A, D, G, and H of Bollag

et al. (1970).

The increase in pH observed during P62 growth resulting from

these metabolic products, in turn, reached a steady level of pH 8.5

after exhaustion of the electron acceptor. The increased medium pH,

however, was not considered to have limited growth of this isolate

under this particular condition since the isolate could grow and dis-

similate nitrite up to medium pH of 9. 3 (Table 1).
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Figure 6. Changes in pH during growth of P62 in complete medium
(medium 1).
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Effect of Nitrite Concentrations on Growth

Results of growing P62 in the complete medium with varying

nitrite concentrations (10 to 900pg/m1), using the vaspar sealed tube

procedure, are shown in Table 2. The organism was able to grow and

produced gas in the medium containing nitrite ranging from 10 to 700

,ug/m1 nitrite nitrogen. However, maximal growth and gas production

were observed with levels between 200 to 400 ).1.g/ml. Smaller amounts

of growth and gas production observed in media with 100 and 10,ug/m1

nitrite nitrogen could be attributed to the limited quantities of the elec-

tron acceptor. Growth and gas production decreased as the nitrite

levels increased from 400 to 700pg/ml, with complete inhibition ob-

served with nitrite levels above 800pg/ml. The inhibitory effects of

high nitrite levels on P62 growth and gas production could be probably

due to toxic effects of nitrite. This has been observed by Bollen et al.

(1968), Bovell (1967), and Bo llag et al. (1970).

Compared to other nitrite denitrifiers, P62 was resistant to

relatively higher nitrite levels. As has been reported by Bovell (1967),

growth of Micrococcus denitrificans was inhibited by 5 x 10-3M (230

,ug/m1) and suppressed by 10-2M (460pg/m1) nitrite nitrogen. Com-

plete inhibition of growth and gas production of soil isolates A, D, and

G, H, by 0. 1% (304 pg /ml) and 0. 2% (608 ,1.g /ml) nitrite nitrogen have

been reported (Bollag et al. , 1970). Nitrite levels above only
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200m,g/m1 as nitrite nitrogen could inhibit growth and denitrification

by Pseudomonas stutzeri (Bollen et al. , 1968).

Table 2. Effect of nitrite concentration on growth and gas production
by P62 in the NRT or complete medium (medium 1).

Nitrite concentrations Growth and gas production*
(µg /ml NO2 -N) (four weeks)

10 1+
100 3+
200 4+
300 4+
400 4+
500 3+
600 2+
700 1+
800
900

* Scale:
No growth and gas production

1+ Slight growth and gas production
2+ Moderate growth and gas production
3+ Abundant growth and gas production
4+ Heavy growth and gas production

The ability of P62 to resist high nitrite levels should be con-

sidered as one of its more important characteristics, since this or-

ganism may be effective in nitrite dissimilation under conditions of

high nitrite accumulation which might inhibit other nitrite dissimilating

types.

Factors Allowing Nitrite Dissimilation

Many difficulties were encountered during the examination of

factors allowing nitrite dissimilation by P62, since no defined medium
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is available for this type of study (Bollen et al. , 1968). Thus, in the

complex medium used, there might be some protective factor or fac-

tors allowing induction of nitrite reductase which might not be formed

by the organism in a minimal medium. Some specific organic con-

stituents in the NRT or complete medium (medium 1) must be required

to allow active dissimilation of nitrite. To test for the factor in the

medium 1 which would allow P62 to dissimilate nitrite, 0.1 ml of the

phosphate-buffer washed-P62 cells were inoculated into a series of

media prepared such that each of the organic constituents (beef ex-

tract, peptone, yeast extract, and glucose) was successively elimi-

nated. These were carried out using the vaspar sealed tube procedure.

The results of this experiment are presented in Table 3. Based on

this experiment, beef extract appeared to be most critical in allowing

this organism to dissimilate nitrite. Only slight growth and gas pro-

duction were observed in the media treated with peptone, and no growth

and gas production were detected in the media with yeast extract and

glucose alone and in combination.

It is apparent that beef extract plays the most important role

among organic constituents allowing nitrite dissimilation by P62. No

exact evidence, at present, provides satisfactory information as to

why this organic complex was able to trigger this dissimilation pro-

cess. The beef extract, however, might provide some factors or

permitted the P62 cells to more rapidly induce a system for nitrite
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dissimilation in the same manner as observed with yeast extract pro-

viding factors for nitrite dissimilation activity of Micrococcus denitri-

ficans, as suggested by Bovell (1967).

Table 3. Effects of the organic substances in the NRT or complete
medium (medium 1) on growth and gas production by P62.

Treatments Growth and gas production*
(four weeks)

Basal medium (minerals**) -
Basal medium + beef extract (B) 4+
Basal medium + peptone (P) 1+
Basal medium + yeast extract (Y)
Basal medium + glucose (G)
Basal medium + BP 4+
Basal medium + BY 4+
Basal medium + BG 4+
Basal medium + PY 1+
Basal medium + PG 1+
Basal medium + YG
Basal medium + BPY 4+
Basal medium + BPG 4+
Basal medium + BYG 4+
Basal medium + PYG 1+
Basal medium + BPYG 4+

* Scale:
No growth and gas production

1+ Slight growth and gas production
2+ Moderate growth and gas production
3+ Abundant growth and gas production
4+ Heavy growth and gas production

**See Materials and Methods.

Based on these observations, the organic constituents in the

NRT or complete medium (medium 1) that showed no stimulatory

effects on nitrite dissimilation were eliminated. The organic consti-

tuents eliminated included yeast extract and glucose. The minimal
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medium, having composition as described in materials and methods,

is called the "modified NRT or modified complete medium" (medium

2).

Dissimilation Characteristics with Beef Extract

Results of dissimilation studies using the vaspar sealed tube

procedure, as previously discussed, provided little or no details re-

garding the dissimilation process since qualitative and quantitative

measurements of gases evolved could not be made. To confirm the

influence of beef extract on nitrite dissimilation, flask respiration

and gas chromatographic procedures were employed. One milliliter

of a nitrite-grown cell suspension was inoculated into the desired

respiration flasks (with 20% NaOH in the center wells) containing beef

extract medium (medium 2 without peptone). The flasks were filled

with helium and incubated at 20°C under static conditions for three

days. Gases were identified and measured by using the gas chroma-

tographic procedure. The results of this experiment are given in

Figure 7. During P62 growth the levels of nitrite dropped rapidly

below detectable limits, with an immediate accumulation of nitrogen

gas as well as of intermediates. These intermediates reached their

peak at approximately 16 hours of growth at the point where the nitrite

was essentially eliminated. After exhaustion of nitrite, intermediate

product levels decreased rapidly as the nitrogen gas production



2X104

Z
co

rd

1X104
ix
0 IK Enzyme-Nitrogen

t
i Complexes
t
1

1

4,

10 20 30 40 50 60

Time (hours)

57

Figure 7. Changes in levels of nitrite and nitrogen during growth
of P62 in beef extract medium (medium 2 without peptone)
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reached its maximum. At the end of the growth period the nitrite

nitrogen was converted essentially quantitatively to nitrogen gas, in-

dicating that the beef extract medium at the level of 3 g/liter was

sufficient to allow stoichiometric utilization of nitrite as an electron

source.

The nature of the intermediates observed during P62 growth in

beef extract medium remained unknown. It was possible that a portion

of these intermediates might be in the form of nitroxyl-enzyme com-

plex as suggested by Nason and Takahashi (1958). Nitric or nitrous

oxide were not observed as intermediates during P62 growth in this

medium.

Effect of Beef Extract Levels on Nitrite Reduction and Intermediate
Accumulation

Further studies were then initiated to evaluate dissimilation

activities of P62 in the presence of varied beef extract levels. The

nitrite-grown phosphate buffer-washed P62 cells were incubated

anaerobically with the basic peptone medium (medium 3) containing

beef extract at levels of 3. 0, 0.6, 0.12, 0. 024, and 0 g/liter. These

were analyzed following respiration flask incubation by gas chromato-

graphic procedures. Results of gas chromatographic analyses of gas

compositions after 72 hours of incubation are presented in Figure 8.

At the level of 3. 0 g/liter, all nitrite was dissimilated and accountable
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as nitrogen gas. This should confirm the former experimental results

(Figure 7) in that this amount of beef extract was sufficient to allow

stoichiometric transformations of nitrite (200p,g/m1). As the amount

of beef extract in the medium was decreased, there was an indication

of incomplete reduction of nitrite. At a beef extract level of 0.6

g/liter, only a portion of the nitrite was dissimilated and a relatively

small quantity of nitrogen gas was produced. Other nitrogen forms

were not detectable. When beef extract levels of 0.12, 0. 024, and

0 g/liter were used, further decreased nitrite utilization and conco-

mitant nitrogen gas production were observed. With these decreasing

levels of beef extract, relative increases in nitrous oxide accumula-

tion were observed. Thus it would appear that a sufficient beef ex-

tract level was needed to allow efficient dissimilation of nitrite to

nitrogen gas. Without this component present at a sufficient level,

nitrous oxide was observed to accumulate.

At the end of this experiment samples from each flask were

taken together with cell growth and pH measurements. These are

shown in Figure 9. At the point where maximal nitrite reduction and

nitrogen production were observed (e. g. , at 3 g/liter beef extract)

cell growth and pH changes were essentially completed as has been

previously observed with medium 1. By decreasing the amount of

beef extract, there was an immediate decrease in the cell growth and

relatively small increases in observed pH.
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The observation that beef extract at 3 g/liter, but not peptone

(5 g/liter), was able to trigger complete reduction of nitrite (200

.g /ml) by P62 remained unknown. Beef extract must contain some

specific components, not contained in peptone, which are essential

for the synthesis of nitrite reduction system. The organic compo-

nents of beef extract and peptone are shown in Appendix Tables 3 and

4. It may be possible that beef extract contains growth factors not

present in peptone which are essential for growth and nitrite dissimi-

lation by this organism.

Peptone Effects on Dissimilation Characteristics

Previous experiments indicated that P62 was ineffective in

growth and nitrite dissimilation in the basic peptone medium (medium

3), without beef extract present, with formation of nitrous oxide being

observed in addition to undetectable intermediates. Further studies

were initiated to evaluate the mixture of gases accumulated during

P62 growth in such a nutritionally-stressed condition. It was hoped

that under these conditions levels of accumulated nitrogen interme-

diates of physiological interest might be determined. The nitrite-

grown phosphate buffer-washed P62 cells were inoculated into a series

of flasks containing basic peptone medium prepared to allow removal

of duplicate flasks for sampling at zero time to eight days of incuba-

tion. At one-day intervals, assays for pH, nitrite, cell growth, and
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gas productions were made. The growth of P62 under these conditions

(Figure 10) appeared to be diauxic, with rapid growth in the first two

days, followed by a 2- to 3-day lag and a second period of growth on

days 5 to 7. Concomitant with this apparently diauxic response was

a direct correlation with periods of nitrogen gas accumulation. During

this diauxic lag and after completion of the second phase of growth,

there appeared to be a cessation of nitrogen production. During the

periods of diauxic lag nitrous oxide accumulation occurred. This

might correlate with a biochemical block which retarded nitrite trans-

formation.

During the first growth period the levels of nitrite decreased

rapidly until approximately 30% of the starting nitrite nitrogen was

converted to other forms. A second but less intense period of nitrite

utilization was observed during the second growth period. It is of

interest to observe that in spite of this variation in nitrite utilization,

the levels of nitrogen evolved during the two growth periods were ap-

proximately similar. In comparing the corresponding increases in

optical density, these also appeared to be approximately equal. On

the other hand, the rate of nitrite decrease was not equal during the

two growth periods. It would appear that during the second growth

period the organism had the ability to convert the accumulated nitrous

oxide and other intermediates to the final products, nitrogen gas.
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The curve of nitrogen intermediates not accountable as detect-

able products must also be considered in evaluating this growth re-

sponse. A rapid increase in accumulation of such materials during

the initial period of growth was observed, with a less intense in-

crease being observed during the second growth period. The obser-

vation at four days of incubation that these materials accumulated after

the beginning of nitrous oxide decrease indicated that these might be

reduced nitrogen forms intermediate between the oxidation state of

nitrogen as nitrous oxide and as nitrogen gas. These intermediates

observed in the second growth period also might be the result of en-

zyme-substrate complex formation. It might also be possible that the

undetectable intermediates in the first growth period and the second

might be different. Further research is required to elucidate these

points.

The observation that P62 was capable of a two-step growth

response to the presence of nitrite as an electron acceptor in this

basic medium would indicate that the nitrite reduction process is under

regulation at a macromolecular synthetic level, as is recognized in

diauxic systems.

During the entire growth period the pH under these experimental

conditions was not observed to increase above approximately 8.2, As

the organism has the ability to grow up to a pH of approximately 8. 6

with beef extract present in the medium and to 9. 3 under controlled



66

conditions, this would tend to eliminate pH as a major factor limiting

the growth of this organism under these experimental conditions.

Limitation in growth and nitrite utilization by this organism

would be reasonably expected to occur in natural systems such as

water and soil which usually contain low available organic matter

levels.

Stimulation of Nitrogen Gas Production by Specific Compounds

An attempt to classify possible gas-production stimulating sub-

stances was carried out by use of screening procedures. Forty-seven

substances were selected for this purpose. For convenience, these

substances were divided into five groups: a, b, c, d, and e (see

Materials and Methods). In the first screening experiment, 0.1 ml of

nitrite-grown phosphate buffer-washed P62 cells were inoculated into

tubes containing basic peptone medium supplemented with 0. 01% of

each organic substance group and each of their possible combinations.

The tubes were sealed with vaspar and incubated at 20°C for two weeks.

The results of this experiment are given in Table 4. Gas production

in the medium supplemented with organic substance group a and other

combinations which contained this group were observed to be approxi-

mately double that observed in the basic peptone medium. The amounts

of gas production in the basic peptone medium treated with organic

substance group a, however, was not observed to equal the amount
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Table 4. First screening for gas-production stimulating substances.

Treatments* Gas production**
(two weeks)

Basic Peptone Medium +a 2+
Basic Peptone Medium +b 1+
Basic Peptone Medium +c 1+
Basic Peptone Medium +d 1+

Basic Peptone Medium +e 1+
Basic Peptone Medium +ab 2+
Basic Peptone Medium +ac 2+
Basic Peptone Medium +ad 2+
Basic Peptone Medium +ae 2+
Basic Peptone Medium +bc 1+
Basic Peptone Medium +bd 1+

Basic Peptone Medium +be 1+

Basic Peptone Medium +cd 1+

Basic Peptone Medium +ce 1+
Basic Peptone Medium +de 1+
Basic Peptone Medium +abc 2+
Basic Peptone Medium +abd 2+
Basic Peptone Medium +abe 2+
Basic Peptone Medium +acd 2+
Basic Peptone Medium +ace 2+
Basic Peptone Medium +ade 2+
Basic Peptone Medium +bcd 1+
Basic Peptone Medium +bce 1+

Basic Peptone Medium +cde 1+
Basic Peptone Medium +abcd 2+
Basic Peptone Medium +acde 2+
Basic Peptone Medium +bcde 1+
Basic Peptone Medium +abcde 2+
Basic Peptone Medium 1+
Beef Extract Medium 4+

See Materials and Methods: screening procedure for gas-
production stimulating substances.

1+, Slight gas production; 2+, Moderate gas production; 3+,
Abundant gas production; 4+, Heavy gas production.
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produced in the medium containing beef extract.

Further studies with specific components in group a were con-

ducted. These were tested separately by subdividing into five groups,

al, a2, a3, a4, and a5 (Table 5). The phosphate buffer washed cells

were, again, inoculated into tubes containing basic peptone medium

amended with single and combined organic substances of this group.

The tubes were sealed and incubated in the same manner as had been

described for the first screening experiment. Results are presented

in Table 5. It should be noted that the combination that showed a maxi-

mum stimulation effect on gas production over that of peptone alone

was a2a4. The organic substances of this combination consisted of

xanthine and creatine (a2) and riboflavine and uracil (a4).

Further studies were initiated to evaluate gas production stimu-

lated by xanthine, creatine, robiflavine, uracil, and their possible

combinations. These were performed by respiration and gas chro-

matographic procedures. Table 6 shows the percentage of nitrogen

gas transformed from 20,000 jug nitrite nitrogen as influenced by pep-

tone alone and when supplemented by the organic substances. It can

be seen from this table that approximately 50% of nitrogen gas was

transformed from nitrite in the basic peptone medium amended with a

combination of xanthine, creatine, riboflavine, and uracil. This was

approximately 20% above that amount observed in the medium with

peptone alone. No distinct increases in nitrogen gas production were
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Table 5. Second screening for gas-production stimulating substances.

Treatments * Gas production**
(two weeks)

Basic Peptone Medium +al 1+
Basic Peptone Medium +a2 1+
Basic Peptone Medium +a3 1+
Basic Peptone Medium +a4 1+
Basic Peptone Medium +a5 1+
Basic Peptone Medium +al a2 1+
Basic Peptone Medium +al a3 1+
Basic Peptone Medium +al a4 1+
Basic Peptone Medium +al a5 1+
Basic Peptone Medium +a2 a3 1+
Basic Peptone Medium +a2 a4*:=* 2+
Basic Peptone Medium +a2 a5 1+
Basic Peptone Medium +a3 a4 1+
Basic Peptone Medium +a3 a5 1+
Basic Peptone Medium +a4 a5 1+
Basic Peptone Medium +al a2 a3 1+
Basic Peptone Medium +al a2 a4 2+
Basic Peptone Medium +al a2 a5 1+
Basic Peptone Medium +al a3 a4 1+
Basic Peptone Medium +al a3 a5 1+
Basic Peptone Medium +al a4 a5 1+
Basic Peptone Medium +a2 a3 a4 2+
Basic Peptone Medium +a2 a3 a5 1+
Basic Peptone Medium +a2 a4 a5 2+
Basic Peptone Medium +a3 a4 a5 1+
Basic Peptone Medium +al a2 a3 a4 2+
Basic Peptone Medium +al a2 a3 a5 1+
Basic Peptone Medium +a2 a3 a4 a5 2+
Basic Peptone Medium +al a2 a3 a4 a5 2+
Basic Peptone Medium 1+
Beef Extract Medium 4+

J.

**

*.4 J.

See stimulating substances group a in Materials and Methods. al,
D-pantothenic acid and isocytosine; a2, xanthine and creatine;
a3, guanosine and uridine; a4, riboflavine and uracil; and a5,
thymine and thiamine hydrochloride.
1+, slight gas production; 2+, moderate gas production; 3+,
abundant gas production; and 4+, heavy gas production.
Gas production stimulated by the combination of these sub-
stances were measured chromatographically and shown in
Table 6.
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Table 6. Effect of specific organic constituents on nitrogen gas pro-
duction from nitrite (20,000)4g NO2 -N) by P62 in a basic
peptone medium (medium 3).

Treatments* 2
Production

(%)

Basic Peptone Medium +X 30. 9

Basic Peptone Medium +C 29.3
Basic Peptone Medium +R 31.1
Basic Peptone Medium +U 25. 7

Basic Peptone Medium +XC 27. 6

Basic Peptone Medium +XR 28. 4
Basic Peptone Medium +XU 29. 3

Basic Peptone Medium +CR 29. 7

Basic Peptone Medium +CU 32. 4
Basic Peptone Medium +RU 37. 4
Basic Peptone Medium +XCR 30. 9

Basic Peptone Medium +XCU 27. 6

Basic Peptone Medium +CRU 39. 0

Basic Peptone Medium +XCRU 49. 9

Basic Peptone Medium 31. 1

Beef Extract Medium 100. 0

*X = Xanthine (10,u,g/m1)
C = Creative (10,ug/m1)
R = Riboflavine (10)u,g/m1)
U = Uracil (10)ig/m1)
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observed with addition of the individual and combinations of organic

substances other than xanthine, creatine, riboflavine and uracil.

These results suggested that combination of xanthine, creatine,

riboflavine, and uracil might play, at least in part, an important role

in stimulation of nitrogen gas production by P62 grown in such a nu-

tritionally-stressed condition. It is of interest that these stimulating

substances, especially creatine and riboflavine, are constituents of

beef extract (Appendix Table 3) and could be considered to trigger

nitrogen gas production from nitrite. It is not impossible that xan

thine and uracil could be also constituents of such a complex material.

No triggering of nitrite reduction was observed with a medium

containing only minerals and beef extract ash, indicating that sub-

stances stimulating nitrite dissimilation activity of P62 are organic in

nature.

Nitrite dissimilation stimulated by these organic substances,

however, was not complete. This could be due to the lack of some

important factors allowing more efficient nitrite utilization by this

organism. It might not be possible to find a combination of organic

substances to represent such complex material as beef extract.

In natural systems, especially soil, such stimulating sub-

stances mentioned above would be expected to be present from the results

of microbial syntheses and plant and animal decompositions. Thus,

one should expect this type of stimulation to occur in soil systems,
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and especially in an area which had been contaminated by manure

materials.

Ecological Aspect of P62-Type Microorganisms

As P62-type microbes are able to dissimilate nitrite and not

nitrate, and also being resistant to relatively higher nitrite levels,

studies on the ecological aspects of P62-type microorganisms were

initiated.

Presence of P62-Type Microorganisms in Normal Soils

Since no procedure has been previously described to observe

the presence of this type of microorganism, an isolation procedure

(as described in Materials and Methods) involving testing for the an-

aerobic production of gases from nitrite and nitrate was developed.

The modified isolation procedure involved inoculating each soil sample

into tubes containing the modified NRT or complete medium (medium

2) with 600 dug /ml nitrite nitrogen. The cultures were transferred

immediately as some gas was produced (ranging from 3 to 7 days

depending on types of soils used) in fresh medium of similar compo-

sition. The cultures were then streaked onto nutrient agar plates and

incubated for three days.

The immediate transfer of the culture medium was found to be

most critical since it was possible to reduce the relative numbers of
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undesired nitrate denitrifiers. The high nitrite-containing medium

was designed to eliminate those non-nitrite-resistant denitrifiers, and

if nitrite levels were decreased by the desired microorganisms, other

cultures developed. These undesired conventional denitrifiers, which

are predominant in most soils, grew at faster rates after the nitrite

level had been lowered by the initial growth of the desired nitrite-

resistant P62-type microorganisms.

By using the modified sequential transfer isolation procedure, a

total of 252 cultures were selected from nutrient agar plates streaked

with the enriched cultures from different Oregon agriculture soils.

Anaerobic gas production from nitrite and nitrate by these isolates,

using Pseudomonas stutzeri as control, were tested following the vas-

par sealed tube procedure. The results indicated that some of these

isolates produced gas or gases from both nitrite and nitrate efficiently,

with some being relatively weak nitrate dissimilators. Only 3 out of

252 isolates were found to produce gaseous nitrogen from only nitrite

but not from nitrate.

The isolates found to possess characteristics similar to P62

regarding their utilization of only nitrite as an electron acceptor, were

all from the manured Cloquato silt loam soils. Isolates 195 and 196

were from the manured field Cloquato silt loam soil and isolate 245

was from the South feedlot bottom Cloquato silt loam soil.
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The observation that P62-type microorganisms were present in

soils other than the marine sediments (Gawel, 1966) is of distinct

ecological importance. The soils in which this type of microorgan-

isms were found to be present were stressed by a high loading of or-

ganic matter, manure, which could be expected to contain high levels

of nitrogen.

No such P62-type microorganisms were obtained from the North

feedlot upland Cloquato silt loam, Woodburn silty clay loam, Newberg

sandy clay loam, Corvallis sandy loam, Alkaline lake soil and both

bare cornfield and pastured Amity silty clay loam soils. When these

soils were tested, growth and gas production were also observed dur-

ing initial stage of the isolation process, however with continued

enrichment, lesser rates and extents of growth and gas production

were observed. Gas production observed with such soils, in which

P62-type microorganisms were not observed to be present, might

be resulted from the activities of nitrite-resistant denitrifiers other

than P62-type microorganisms incapable of nitrate and nitrite utiliza-

tions.

Numbers of Nitrite-Resistant Microorganisms in Manured and Non-
Manured Soils

Previous results indicated that P62-type microorganisms were

recoverable only from manured test soils. Thus, the manures must
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influence the activities of organisms of this type. In addition, manures

might also affect the activities of other nitrite-resistant microorgan-

isms. To support this concept, determinations of bacterial numbers,

using the medium (medium 2) containing a nitrite level of 600)u.g/m1

and the MPN technique was used. Manured and non-manured soils

were examined. Two soil Series, the Amity silty clay loam and the

Cloquato silt loam, were selected as representatives for these evalua-

tion purposes, as shown in Table 7.

Table 7. Numbers of microorganisms resistant to 600,u,g/m1 nitrite
nitrogen in manured and non-manured soils.
Tested soils Soil depths

(cm. )
Numbers of microorganisms

(per gram dry soil)
Non-manured soils

Amity (bare cornfield) 0-25 5.4 x 104
55-70 1.5 x 102
90 + 1.7 x 104

Cloquato (untreated,
upland) 0-25 1.5 x 103

Manured soils

Cloquato (North
feedlot, upland) 0-25 3.5x 105

Cloquato (South
feedlot, bottoms) 0-25 4.7 x 106

Cloquato (manured
field) 0-25 2.5x 106

As can be noted from Table 7, numbers of nitrite-resistant

microorganisms in the manured soil samples (North feedlot upland
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Cloquato, South feedlot bottoms Cloquato, manured field Cloquato)

were very much higher than those observed in the non-manured soil

samples (bare Amity corn field and untreated upland Cloquato). These

results indicate that the manure had significant effects on microbial

activities in these soils. This is in agreement with Crabtree (1970)

who observed direct correlation between manure levels of the soil and

conventional nitrite-dissimilating microorganism numbers. He found,

by using an MPN technique with a medium containing 1. 0 g KNO2

(165 pg/m1 nitrite nitrogen), that organisms numbers increased from

0.7 x 104/g soil to 12. 8 x 104/g soil when the soil was amended with

bovine manure at a rate of 60 tons per acre (150, 000 kg /ha).

It should be also noted not only that organism numbers in differ-

ent soil Series with and without manure treatments were different, but

also within the same soil Series. The North feedlot upland Cloquato

and untreated upland Cloquato, for example, had microbial numbers

of 3. 5 x 105/g soil and 1. 5 x 103/g soil, respectively, a 230-fold

variation. The difference in microbial numbers in these soils could

be clearly attributed to the effects of manure addition.

Within the manured soils, very little difference in the organism

numbers was observed between the South feedlot bottoms Cloquato

and the manured field Cloquato soil. Lower numbers were observed

in the North feedlot upland Cloquato. This soil had approximately

one-tenth the numbers in the first two soils. The lower microbial
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numbers in the North feedlot upland Cloquato might be due to run-off

and decreased nitrogen addition which might occur under such upland

conditions.

New Isolates from Manured Soils

The new P62-type microorganisms obtained from the manured

field and South feedlot bottoms Cloquato silt loam soils were subjected

to microscopic, electron microscopic, and physiological tests. Re-

sults of these tests are given in Appendix Figures 2, 3 and 4, and

Appendix Tables 1 and 2. Results of microscopic and electron micro-

scopic examination indicated that all these isolates were Gram-nega-

tive polar flagellated rods. All isolates were motile. According to

these results together with examination of routine physiological tests

including oxidative-fermentative reaction, hydrolysis, and pigment

production, these isolates were tentatively placed in the bacterial

Genus Pseudomonas (Breed et al. , 1957). Some additional tests,

e.g. , Hugh and Leifson's test (Hugh and Leifson, 1953), sensitivity

to inhibiting agents (Shewan and Hodkiss, 1954), and Kovacs' oxidase

test (Kovacs, 1956) confirmed the placement of these isolates in the

Genus Pseudomonas. From the results of pigment production tests

(Paton, 1959), these isolates resembled the non-pigment producing

Pseudom onads.
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Based on both biochemical and morphological criteria, the

isolates numbers 195, 196, and 245 were designated as Pseudomonas

195 (P195), Pseudomonas 196 (P196), and Pseudomonas 245 (P245),

respectively.

Growth and Production of Nitrogen Gas in Beef Extract Medium by
P195, P196, and P245

The new isolates were tested for growth and nitrite dissimilation

properties in the beef extract medium (medium 2 without peptone) us-

ing the previously-described respiration and gas chromatographic

procedures.

Growth and production of nitrogen gas in beef extract medium

by P195 are shown in Figure 11. As observed with P62, P195 was

able to grow and produce nitrogen gas stoichiometrically from nitrite.

It should be noted from this figure that, after the lag period, approxi-

mately 25 hours, the organism grew rapidly to 50 hours of incubation.

During the active growth period the nitrite level dropped from 20,000

Atg nitrite nitrogen to an undetectable level, and this amount of nitrite

nitrogen could be accounted for as nitrogen gas. The unknown nitro-

gen intermediates, which might be in the forms of enzyme-nitrogen

complexes as suggested by Nason and Takahashi (1958), were also

observed during nitrite transformation by this isolate. The medium

pH increased from 7.2 to 8.65 as a result of growth.
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Figure 12 shows the growth and nitrogen gas production in beef

extract medium by P196. Again, nitrite transformation to nitrogen

gas was completed after 72 hours of incubation. During the growth

period the complexed enzyme-nitrogen accumulated and was trans,-

formed to nitrogen by completion of the growth period. The medium

pH was observed to change from 7. 2 to 8. 6 during P196 growth under

these particular conditions.

In the beef extract medium,- stoichiometric reduction of nitrite

to nitrogen gas by P245 was completed after 50 hours of incubation

(Figure 13). At this time, the accumulated nitrogen intermediates

were observed to disappear as observed with P196. During growth

and nitrogen gas production by this isolate the medium pH changed

from 7. 2 to approximately 8. 6.

It appeared, then, that under these particular conditions the new

isolates reduced nitrite to the end product, nitrogen gas, as did the

P62 (Figure 7). On the other hand, differences in completion times

of nitrite reduction were observed between the isolates. Times taken

to complete stoichiometric nitrite transformation to nitrogen gas for

P62, P195, P196, and P245 were 18, 48, 72, and 48 hours, respec-

tively.

Maximal cell growth of the new isolates were relatively higher

than that of the P62. The maximal optical density of 0. 40, 0. 39, 0.40

were observed for P195, P196, P245 while maxima in the range of
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0.18 to 0. 22 were observed for P62 in the same medium. The differ-

ences in cell growth of these isolates grown under these similar con-

ditions could be attributed to the varied biosynthetic capabilities of

those particular isolates. From a nitrite dissimilation viewpoint,

however, it would be reasonable to consider that P62 was perhaps

more effective agent compared to isolates P195, P196, and P245,

since the fastest completion time was observed with the relatively

lower P62 cell density.

Undetectable forms of nitrogen, presumably enzyme-nitrogen

complexes, were observed during nitrite reduction by four isolates.

No nitric or nitrous oxides were observed either as intermediate or

ultimate products of nitrite transformation under these experimental

conditions.

During growth and nitrogen gas production by these isolates in

beef extract medium, changes in pH from 7, 2 to approximately 8. 6

were also observed. These increases in medium pH observed with

these three isolates were similar to that observed with P62. These

would indicate that the four isolates possess similar metabolic sys-

tems, since the increases in medium pH would result from the accu-

mulation of metabolic products such as ammonium and hydroxyl ions

during growth of these isolates.
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Production of Gaseous Nitrogen in Basic Peptone Medium by P195,
P196, and P245

The results of respiration and gas chromatographic studies of

gaseous nitrogen production from nitrite in basic peptone medium

(medium 3) by P195, P196, and P245 are summarized in Figure 14.

During nitrite dissimilation by P195 nitrogen gas was produced rapidly

and reached its maximum at 72 hours of incubation. Nitrous oxide,

but not nitric acid, was also detected as a dissimilation intermediate

which disappeared by the end of the incubation period. The disappear-

ance of nitrous oxide can be assumed to be due to further reduction to

nitrogen gas by this organism. At the end of the incubation time, e. g. ,

at 72 hours, all added nitrite was accountable as nitrogen gas. Nitro-

gen gas production from nitrite by P196 in this basic peptone medium,

on the contrary, was relatively less, being approximately 10% of added

nitrite nitrogen. No nitric or nitrous oxides were observed either as

intermediates or ultimate products.

Excellent nitrogen gas production rate was observed with P245

as with P195. This isolate was able to reduce nitrite stoichiometri-

cally to nitrogen gas within 72 hours. No nitric or nitrous oxide was

detected during growth production of nitrogen gas by this isolate.

A comparison of gas quantities and composition evolved by P62

under similar conditions (Figures 8 and 10), indicates that incomplete

reduction of nitrite to nitrogen gas and production of nitrous oxide as
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an intermediate occurred. P195 was similar to P62 only in its appar-

ent production of nitrous oxide as an intermediate, and its ability to

convert this accumulated intermediate to nitrogen gas. However,

complete reduction of nitrite was observed with P195, but not with

P62. The similarity between P196 and P62 would be their relative

inefficiencies in nitrogen gas production from nitrite under these nu-

tritionally stressed conditions, even though nitrous oxide formation

was not observed with P196. On the other hand, the nitrite dissimila-

tion ability of P245 was markedly different from that of P62, the ma-

rine isolate. While complete transformation of nitrite (without nitrous

oxide accumulation) was observed with P245, only a portion of nitrite

was reduced (with nitrous oxide accumulation) to nitrogen gas by P62.

These results would indicate that peptone contained some factors

required by P195 and P245, but not by P62 and P196, to allow efficient

nitrite dissimilation. Differences in requirements for growth factors

allowing nitrite dissimilation would indicate variation among these

isolates.

Comparison of Some Physiological Characteristics
of Isolates P62, P195, P196, and P245

pH Effect on Gas Production

This experiment was initiated to compare the abilities of the

four isolates to produce gaseous nitrogen from nitrite under both
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acidic and alkaline conditions, and to determine if these unfavorable

conditions might affect gas evolution. The beef extract medium (me-

dium 2 without peptone) was used at varied pH values, and respiration

and gas chromatographic procedure were followed, Table 8. At the

optimal pH (7. 2), as usual, all isolates were able to convert added ni-

trite to nitrogen gas within three days incubation. Over 50% of nitrite

was transformed to nitrogen gas by the four isolates a somewhat more

alkaline pH (8. 0). Under acidic condition (pH 6. 5), below 40% of ni-

trite was reduced to nitrogen gas by isolates P195 and P196. Rela-

tively lower levels of nitrite reduction, less than 20%, was observed

with P62 and P245 under these same low pH conditions. Gaseous ni-

trogen forms other than molecular nitrogen were not observed to

accumulate under these acidic and alkaline conditions.

The above results indicated that with a variation of approximately

0. 7 or 0.8 pH units from the optimal pH (7. 2), nitrite dissimilation

activities of the four isolates would be markedly reduced. Nitrite

dissimilation activities of all isolates tended to be less inhibited in

alkaline rather than in acidic condition. The unfavorable pH had no

effect on relative gas compositions evolved by these isolates.

According to these results, one would expect more nitrite losses

from neutral or alkaline soil than from acid soil by this type of micro-

organism.
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Table 8. Effect of pH on gaseous nitrogen production from nitrite
(200,ug/m1 NO2 -N) by isolates P62, P195, P196, and P245
in beef extract medium (medium 2 without peptone).

Medium pH Percent nitrite transformed to nitrogen gas
P62 P195 P196 P245

6. 5 16.3 42.3 35. 8 19. 5
7.2 100. 0 100. 0 100. 0 100. 0
8. 0 61.8 58. 5 58. 5 71. 5

Nitrite Concentration Effects on Gas Production

Effects of nitrite concentration on gas production were evaluated

by inoculating phosphate buffer-washed cells of each of the four iso-

lates into respiration flasks containing 100 ml of beef extract medium

(medium 2 without peptone) with nitrite levels of 200 and 600,ug /ml

NO2 -N. The inoculated flasks were incubated anaerobically at 20°C

for three days. Gas production as determined by using gas chroma-

tographic procedure are given in Table 9. At the nitrite level of

200).tg/m1 NO2-N, all nitrite nitrogen was reduced to molecular nitro-

gen (1. 0 arbitrary unit) by these four isolates. As the nitrite level

increased to 600 Ag/m1 NO2 -N, there was an indication of inhibitory

effect on some isolates. Only 0. 6, 0.2, 0.3, and 0.6 arbitrary units

of nitrite was observed to be reduced to molecular nitrogen by isolates

P62, P195, P196, and P245, respectively. Complete inhibition, as

observed by the vaspar sealed tube procedure, appeared to occur at

800, 800, 800, and 900,14/m1 NO2,--N for these respective isolates.

The inhibitory effect of high nitrite levels on nitrite dissimilation
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capacities is not uncommon, since this has been observed by several

investigators (Bovell, 1967; Bollag et al. , 1970). It is of interest to

note that levels which showed inhibitory effects on these microorgan-

isms were: Micrococcus denitrificans, 230 p.g /ml NO2 -N (Bovell,

1967); and isolates A and D, 304p,g/ml NO2-N and isolates G and H,

608 p,g/m1 NO-N (Bo llag et al. , 1970).

Table 9. Effect of nitrite concentration on gas production by isolates
P62, P195, P196, and P245 in beef extract medium (medium
2 without peptone).

Nitrite concentrations Isolates
(ug/m1 NO2-N) P62 P195 P196 P245

200

lu.g N2 produced 20, 000 20, 000 20, 000 20, 000
Arbitrary unit 1. 0 1. 0 1, 0 1.0

600

p.g N2 produced 33, 150 9,100 16,900 35,425
Arbitrary unit 0. 6 0. 2 0.3 0.6

At a high nitrite level, 600 p..g/m11\10-N, the presence of gase-

ous products other than nitrogen gas was not observed in all cases.

Renner and Becker (1970) observed that as nitrite levels were in-

creased from 2.3 to 46. 0 Ag/m1 NO2-N, nitric oxide was observed in

addition to the normal end product (nitrous oxide) in the nitrite dis-

similation system by Corynebacterium nephridii.

Although high nitrite concentrations showed inhibitory effects

on nitrite dissimilation by P62, P195, P196, and P245, the inhibitory



90

nitrite levels were relatively higher than those of other denitrifying

microorganisms. These isolates would be expected to play an im-

portant role in nitrite dissimilation in natural environments, soils for

example, receiving high levels of nitrogen.

Soil Extract Effects on Gas Production

In this experiment the effects of soil extract prepared from

manured and non-manured soil samples on gas production abilities of

the four isolates were tested. Each isolate (nitrite-grown phosphate

buffer-washed cells) was inoculated into respiration flasks containing

100 ml of a soil extract medium prepared by dissolving the corres-

ponding amounts of the minerals as found in modified NRT or complete

medium (medium 2 without beef extract and peptone) per liter of each

soil extract. After adding 5 ml of 20% NaOH into the center wells the

flasks were evacuated, filled with helium, and incubated at 20°C for

seven days. After incubation the gases were analyzed (Table 10). For

all isolates, the highest quantities of nitrogen gas were observed with

the medium prepared from manured Cloquato soil. In this medium

nitrogen gas evolved by P195 and P196 (40. 6 and 39. 0%) were approxi-

mately twice that produced by P62 and P245 (21.1 and 22. 8%). Rela-

tively lower nitrogen levels were evolved in media prepared from the

untreated upland Cloquato soil. Isolate P245 tended to produce the

highest nitrogen level (8. 1%) in this medium, while the other isolates
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produced less observable nitrogen gases. Nitrogen gas produced by

P62 and P195 (6. 8 and 5. 4%) in the medium prepared from untreated

upland Cloquato soil extract tended to be higher than those produced

in the Amity extract medium. The reverse trends were observed with

nitrogen levels produced by isolates P196 and P245 (10.8 and 9. 5%)

where higher amounts were observed with the Amity extract medium

than in the untreated upland Cloquato extract medium.

Table 10. Effects of soil extract on gas production from nitrite
(200 )..I.g/m1 NO2-N) by isolates P62, P195, P196, and P245.

Treatments Percent nitrite transformed to nitrogen gas
P62 P195 P196 P245

Amity (bare cornfield) 2. 7 3. 6 10.8 9. 5

Cloquato (untreated,
upland)

6. 8 5. 4 6. 8 8.1

Cloquato (manured,
feedlot bottoms)

21. 1 40.6 39. 0 22. 8

Control 0. 0 0. 0 0. 0 0. 0

Differences in nitrogen levels produced from nitrite under treat-

ments as discussed above could be dependent on both the extract prop-

erties and the nature of bacterial species.

Under such nutritionally stressed conditions with the soil extract

medium, one would expect to observe nitrogen intermediate accumu-

lation, at least in the medium culture of P62, previously observed to

reduce nitrite incompletely and to accumulate nitrous oxide in the
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basic peptone medium. Unexpectedly, the isolates produced only

small quantities of nitrogen gas without nitric or nitrous oxide accumu-

lation under these stressed conditions. This would indicate that the

organic carbon source, and not specific soil extract factors, would

have been limiting induction of nitrite dissimilating systems (Bovell,

1967).

It should be also noted that incomplete nitrite dissimilation ob-

served with P62 and P196 in soil extract media appeared similar to

that observed with basic peptone medium (medium 3) (Figures 8 and

14). Conditions in the basic peptone medium could be considered

similar to those observed in the present experiment, where perhaps

similar nutritional stress and incomplete nitrite reduction occurred.

In water and soil environments, nitrite dissimilation under such nu-

tritionally stressed conditions might be common.

Oxygen Effects on Gas Production by Nitrite- and Oxygen-Grown Cells

The studies reported herein were initiated to evaluate the effects

of oxygen levels on nitrite reduction by both nitrite- and oxygen-grown

cells of the isolates. It was hoped that these experimental conditions

might resemble those of the natural environment where the organisms

are usually subjected to fluctuated oxygen levels perhaps ranging

from 0 to approximately 20%.
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The nitrite- and oxygen-grown phosphate-buffer washed cells

were inoculated into 50 ml of beef extract-peptone medium in respira-

tion flasks. The flasks were filled with different mixtures of oxygen

and helium, ranging from 0 to 20% oxygen, and incubated at 20°C under

shaken conditions for three days. The results are shown in Figures 15

(P62), 16 (P195), 17 (P196), and 18 (P245).

In all cases (Figures 15, 16, 17, and 18) at 0% oxygen, complete

nitrite reduction to nitrogen gas was observed with nitrite-grown cells.

The inability of oxygen-grown cells to reduce nitrite was presumably

due to the lack of sufficient terminal nitrite reductase respiratory en-

zymes, which might allow induction of further nitrite reductase capa-

bility. Decreases in types and levels of nitrite reductase enzymes in

aerobic- rather than in anaerobic-grown cells of facultative bacteria

have been demonstrated by Gray et al. (1966a and 1966b) and Wim-

penny and Cole (1967). More specifically, Yamanaka et al. (1960)

observed that the nitrite reductase capability of Pseudomonas aeru-

ginosa grown aerobically was very much lower than that grown an-

aerobically. These studies would support the differences in nitrite

reduction capabilities of the nitrite- and oxygen-grown cells of P62,

P195, P196, and P245 observed in this study.

With an increased oxygen content in the environment, nitrogen

gas evolved by nitrite-grown cells of all isolates became lower, while

the growth appeared to increase. It would appear that the isolates
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Figure 15. Effects of oxygen on growth and gas production by nitrite-
and oxygen-grown P62 cells.
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Figure 16. Effects of oxygen on growth and gas production by nitrite-
and oxygen-grown P195 cells.
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Figure 18. Effects of oxygen on growth and gas production by nitrite-
and oxygen-grown P245 cells.
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were able to utilize oxygen and nitrite simultaneously as electron ac-

ceptors, with the former utilized preferentially. This is in agreement

with the results obtained from the study of Bacterium denitrificans by

Kefauver and Allison (1957). The slightly decreased growth of P195

and P196 when the oxygen was increased above 5% may be due to the

inhibitory effects of the oxygen at this level. Growth of P62 and P245,

on the other hand, appeared to increase gradually as the oxygen levels

became increasing.

As the oxygen content of the systems was increased, growth and

nitrogen gas evolved by oxygen-grown cells of all isolates gradually

increased. This increase in nitrogen gas evolved could be contributed

to adaptability of the rapidly growing cells to utilize nitrite as an

electron acceptor. It appeared, however, that as the oxygen level

increased above 5%, growth and nitrogen gas evolved by oxygen-grown

P195 and P245 cells were inhibited. The decrease in growth and nitro-

gen gas evolution by P62 and P196 was observed when the oxygen levels

were above 20% and 10%, respectively. The decreased growth and

nitrogen evolution at these higher oxygen levels was presumably due

to the inhibitory effect of oxygen on these particular bacterial species.

An unexpected observation was the appearance of nitrous oxide

in the presence of high oxygen levels, approximately above 5%. This

was observed with both oxygen- and nitrite-grown P195, P196, and

P245 cells. These manured soil derived isolates (P195, P196, and
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P245), in comparison to the marine isolate (P62), reduced nitrite to

nitrogen gas inefficiently with nitrous oxide accumulation under these

unfavorable conditions. Formation of nitrous oxide from nitrite by

the fungal species Aspergillus flavus and Penicillium atrovenetum and

by the bacterial species Escherichia coli and Aerobacter aerogenes

incubated with air have been reported by Yoshida and Alexander (1970).

The results obtained from studies of isolates P195, P196, and P245

would support the finding that nitrous oxide is a common form of nitro-

gen which can be lost from culture media and soils maintained under

aerobic conditions (maintained at one atmosphere with air) (Meikle-

john, 1940; Corbet and Wooldridge, 1940; Korsakova, 1941; Broad-

bent, 1951; Broadbent and Stojanovic, 1952; Marshall et al. , 1953; and

Collins, 1955).

Reduction of Nitric and Nitrous Oxides

Much controversy concerning the role of nitric or nitrous oxide s

as intermediates in biological reduction of nitrite has been reported.

Reduction of nitrite to molecular nitrogen through nitric oxide has

been proposed by Walker and Nicholas (1961) and Radcliffe and

Nicholas (1968). This proposal has recently been supported by

Renner and Becker (1970). Kluyer and Verhoeven (1954) and Matsu-

bara and Mori (1968), on the other hand, strongly believed that nitrous

oxide was a normal intermediate in nitrite reduction.
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To determine if the isolates under study reduced nitrite through

nitric or nitrous oxide, nitrite-grown phosphate buffer-washed cells

were inoculated into respiration flasks containing the modified NRT or

complete medium without nitrite present. The flasks were filled with

mixtures of nitric oxide (5 and 20%) and/or nitrous oxide (5 and 20%)

and helium. The flasks were then incubated at 20°C under static con-

dition for three days. The ability of the isolates to utilize nitric and

nitrous oxides as electron acceptors in their anaerobic respiration

are presented in Table 11. It appeared that the isolates were not able

to utilize nitric oxide, suggesting that this form of nitrogen might not

be involved in the pathway of nitrite reduction to molecular nitrogen

by these particular species. Nitrous oxide nitrogen was observed to

be transformed quantitatively to molecular nitrogen by all isolates.

Utilization of nitrous oxide observed with the whole cells of denitrify-

ing microorganisms, however, might not be as common as observed

with cell-free systems (Kluyer and Verhoeven, 1954; and Matsubara

and Mori, 1968). In case of P62, these results support the conclusion

that during the second growth period in basic peptone medium this

isolate was able to convert nitrous oxide accumulated during the first

growth period to molecular nitrogen (Figure 10). From the results

of these studies, and in connection with the previous observations that

nitrous oxide was accumulated by these isolates during growth under

several conditions (Figures 8, 10, 14, 16, 17, and 18), nitrous oxide
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appear to be an obligate intermediate during nitrite reduction to nitro-

gen gas. This postulation would support the work of Kluyver and Ver-

hoeven (1954) and Matsubara and Mori (1968), using other nitrite-

dissimilating microorganisms who also found that nitrite was reduced

to molecular nitrogen with the formation of nitrous oxide as an inter-

mediate.

Table 11. Production of nitrogen gas from nitric and nitrous oxides
by isolates P62, P195, P196, and P245.

Percent nitric oxide Percent nitrous oxide
Isolates transferred to nitrogen gas transferred to nitrogen gas

5% NO 20%N0 5% N20 20% N20

P62 0 0 100 100

P195 0 0 100 100

P196 0 0 100 100

P245 0 0 100 100

The absence of nitrous oxide accumulation in the beef extract

medium during aerobic and anaerobic P62 growth remains as a point

of interest. Further, why this form of gaseous nitrogen has not been

observed with isolates P195, P196, and P245 grown anaerobically in

the beef extract medium and with P196 and P245 grown in the basic

peptone medium is also of interest. A reasonable explanation would

be that nitrous oxide might have also been formed in all cases men-

tioned above, but it was converted directly to molecular nitrogen.

The conversion of nitrous oxide to molecular nitrogen might be too
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rapid to detect under such conditions extremely favorable for nitrite

dissimilation.

Inhibitor Effects on Nitrite and Nitrous Oxide Utilization

These experiments were conducted in order to test the effects of

inhibitors at levels reported to exhibit observable inhibitory effects

on nitrite and nitrous oxide reductions by Pseudomonas denitrificans

(Matsubara and Mori, 1968) on dissimilation activities of the isolates

P62, P195, P196, and P245, The results concerning the effects of

cyanide (KCN, 10-4M), azide (NaN3, 5 x 10-4M), and 2, 4-dinitro-

phenol (DNP, 10-4M) on gaseous nitrogen formation from nitrite and

nitrous oxide are presented in Tables 12 and 13. Nitrite transforma-

tion by P62, P195, and P196, but not P245, was strongly affected by

cyanide (Table 12). Azide and dinitrophenol had marked inhibitory

effects on nitrite dissimilation by P196, while only slight effects were

observed with nitrite transformation by P62, P195, and P245.

The extent of nitrous oxide reductase inhibition by cyanide,

azide, and dinitrophenol in isolates P62 and P245 appeared to be

closely related. In the presence of cyanide, azide, and dinitrophenol,

amounts of nitrous oxide transformed to nitrogen gas by P62 were

18. 6, 2. 2, and 90. 1%, and for P245, 14. 9, 23. 1, and 99. 8%, respec-

tively. Stronger inhibitory effects of cyanide, azide, and dinitrophenol

or nitrous oxide reduction by P195 and P196 were observed. Nitrous
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oxide transformation to nitrogen gas by P195 and P196, however, in

the presence of cyanide, azide, and dinitrophenol, was observed to

be 0. 0, 0. 7, 22. 3% and 0. 0, 0. 7, 4. 0%, respectively.

These inhibitors are known to inhibit electron transport in

microorganisms. Cyanide and azide are known to combine with the

iron atoms in the oxidized form of cytochrome oxidase (Colowick and

Kaplan, 1955; White et al. , 1964), inhibiting cytochrome oxidation or

reduction of the electron acceptor involved. However, 2, 4-dinitro-

phenol is known to "uncouple" phosphorylation from electron transport

i. e. , preventing conversion of phosphate to ATP (adenosine triphos-

phate) (Thimann, 1966).

Table 12. Effects of cyanide (KCN), azide (NaN3), and 2, 4-dinitro-
phenol (DNP) on gas production from nitrite by isolates
P62, P195, P196, and P245.

Inhibitors Percent nitrite transformed to nitrogen gas
P62 P195 P196 P245

KCN (10-4M) 0.0 9.8 1.1 90.0

NaN3 (5 x 10-4M) 65. 0 81. 4 1.6 87.8

DNP (10-4M) 81. 3 69. 9 0. 7 79. 6

Control 100. 0 99. 9 99.9 100. 0
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Table 13. Effects of cyanide (KCN), azide (NaN3), and 2, 4-dinitro-
phenol (DNP) on gas production from nitrous oxide by
isolates P62, P195, P196, and P245.

Inhibitors Percent 'nitrous oxide transformed to nitrogen gas
P62 P195 P196 P245

KCN (10-4M) 18.6 0. 0 0. 0 14. 9

NaN3 (5 x 10-4M) 2. 2 0.7 0. 7 23. 1

DNP (10-4M) 90. 1 22.3 40. 0 99. 8

Control 100. 0 100.0 100. 0 100. 0

Based on these experimental results and the mode of actions of

these inhibitors, it could be assumed that electron transport systems

related to nitrite reduction in P62, P195, and perhaps P245 are closely

related. Close relationships between the electron transport systems

allowing nitrous oxide reduction by P62 and P245 and also between

P195 and P196 are indicated.



105
SUMMARY AND CONCLUSIONS

This dissertation has involved study of physico-chemical and

nutritional conditions required for growth and gas production by

Pseudomonas 62 or P62, an obligate nitrite-type microorganism from

marine sediments. Ecological aspects of P62-type microorganisms

including some physiological properties of these new isolates have

also been investigated. Comparisons of some physiological charac-

teristics of new nitrite-dissimilating isolates and the type microbe,

P62, were also made. Vaspar-sealed tube, turbidometric, respiro-

metric, and gas chromatographic procedures were employed in these

studies.

Pseudomonas 62 Growth and Gas Production

Results of subjecting P62 to various physico-chemical and

nutritional conditions revealed that:

1. Growth and gas production from nitrite could take place in the

NRT or complete medium (medium 1) adjusted to pH values

ranging from 6. 5 to 9.3, with best growth observed at a pH

of 7. 2 or 7. 3.

2. During growth and nitrite dissimilation, the medium pH in-

creased from 7. 2 to approximately 8. 5, presumably due to

accumulation of ammonium and hydroxyl ions resulted from

deamination and dehydroxylation reactions.
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3. Growth and gas production could take place in media containing

nitrite levels of from 10 to 700p.g/m1 nitrite nitrogen, and were

maximal with nitrite levels between 200 to 400).Lg/mL

4. Beef extract among organic medium constituents was important

in allowing nitrite dissimilation by P62 in the NRT or complete

medium (medium 1). The medium, consequently, was modified

(medium 2).

5. In the presence of sufficient beef extract (3 g/liter), the organ-

ism was able to reduce nitrite stoichiometrically to nitrogen gas

without accumulation of nitrous oxide. Decreasing beef extract

levels or peptone alone (medium 3), allowed only a portion of

nitrite to be reduced to nitrogen gas, with nitrous oxide accumu-

lation during nitrite dissimilation being observed. It was

assumed that beef extract contained some specific organic-

components not contained in peptone essential for the synthesis

of nitrite reductase systems.

6. In the presence of peptone alone (medium 3) diauxic type of

growth was observed. During the first growth period a portion

of nitrite was reduced and ceased during the diauxic lag, while

nitrous oxide was accumulated. During the second growth period,

lesser nitrite was utilized, the accumulated nitrous oxide was

reduced further to the end product, nitrogen gas.
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7. Among 47 organic substances tested, only xanthine, creatine,

riboflavine, and uracil in combination, were found to stimulate

(approximately 20%) gas production when added to the basic pep-

tone medium (medium 3). Ashed beef extract had no stimulatory

effect.

Ecology of Pseudomonas 62-Type Microorganisms

By the use of a "modified isolation procedure", it was possible

to isolate three new isolates of P62-type microbes from manured soils.

Isolates tentatively designated at Pseudomonas 195 (P195) and Pseu-

domonas 196 (P196) were obtained from the manured field Cloquato

silt loam soil, and Pseudomonas 245 (P245) was isolated from the

South feedlot bottom Cloquato silt loam soil.

The new isolates (P195, P196, and P245) were found to be able

to reduce nitrite stoichiometrically, in the presence of beef extract,

to nitrogen gas without nitrous oxide accumulation, as did the P62.

Increases in medium pH during growth of these isolates were also

observed.

In the presence of peptone and the absence of beef extract P195

was able to reduce nitrite stoichiometrically to nitrogen gas. During

dissimilation period nitrous oxide was observed to accumulate as an

intermediate product and reduce further to the ultimate product, nitro-

gen gas, at the end of the incubation time. Approximately 10% of
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added nitrite nitrogen was dissimilated, without nitrous oxide accumu-

lation, by P196 in this basic peptone medium (medium 3). In these

similar conditions stoichiometric nitrite transformation, without ac-

cumulation of nitrous oxide, was observed with P245.

Manure was considered to be the most important environmental

factor influencing activities of P62-type microorganisms, as numbers

of this microbial type in manured soils were found to be higher than

in non-manured soils.

Comparative Physiological Studies

Effects of pH, nitrite concentration, soil extracts, oxygen,

nitric and nitrous oxides as electron acceptors, and inhibitors on ni-

trite dissimilation by the four isolates P62, P195, P196, and P245

were compared.

Excellent nitrite dissimilation by all four isolates was observed

in the beef extract medium (medium 2 without peptone) adjusted to pH

7.2. Under alkaline condition (pH 8. 0), over 50% of nitrite was trans-

formed to nitrogen gas by all four isolates. These isolates, however,

reduced less than 40% of nitrite to nitrogen gas under acidic conditions.

High nitrite levels were found to inhibit dissimilation activity of

all isolates. With nitrite levels of 6001ag/m1 NO2 -N, P62, P195,

P196, and P245 were able to reduce only 0. 6, 0.2, 0.3, and 0. 6 arbi-

trary unit of nitrite, respectively, compared with 1. 0 arbitrary unit
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in medium with nitrite levels of 200 iAg/m1 NOz-N. Nitrite dissimila-

tion by the respective isolates was completely inhibited by nitrite

levels of 800, 800, 800, and 900).4.g/m1 NO2 -N.

Soil extracts were found to stimulate nitrite dissimilation with

all isolates. The degrees of stimulation observed varied with the type

of soil used and the particular microbial strain. Soil extracts pre-

pared from manured soils, however, showed distinctly greater stimu-

latory effects.

Nitrite dissimilation by nitrite- and oxygen-grown cells of all

isolates was decreased in the presence of oxygen. At 0% oxygen,

nitrite dissimilation by oxygen-grown cells was very much lower than

that observed with nitrite-grown cells, presumably due to the lack of

nitrite reductase. Higher oxygen levels inhibited nitrite reduction by

nitrite grown-cells of all isolates. Nitrite reduction by oxygen-grown

cells appeared to increase as oxygen levels increased. This, how-

ever, was inhibited when oxygen levels were above 5% (P195 and P245),

10% (P196), and 20% (P62). At high oxygen levels (above 5%) nitrous

oxide was observed to accumulate with both nitrite- and oxygen-grown

cells of P195, P196, and P245. It was concluded that in the presence

of oxygen (up to 20%) nitrite dissimilation occurred in all cases sug-

gesting that nitrite and oxygen were utilized simultaneously.

Nitrous, but not nitric, oxide was found to utilize as an electron

acceptor by all isolates.
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Nitrite and nitrous oxide dissimilations by the four isolates was

found to be inhibited by cyanide, azide and 2, 4- dinitrophenol. The

degree of inhibition observed varied with types of inhibitors and micro-

bial strains. This study indicated the possibility of similar electron

transport system related nitrite reduction in P62, P195, and P245,

and the electron transport systems allowing nitrous oxide reduction

by P62 and P245 and also between P195 and P196.

Based on this study, nitrite-dissimilating microbes incapable

of efficient nitrate dissimilation should be considered as a vital factor

in further conceptualization and study of the soil nitrogen cycle, and

especially in soils stressed by high nitrogen levels.
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Appendix Table 1. Morphological and cultural characteristics of isolates P62, P195, P196, and P245,
Characteristics Isolates

P62* P195 P196 P245
Morphology

Vegetative cells
Occurrence
Gram stain
Flagella

Surface Colonies
(Plate Cultures)
Form
Elevation
Surface

Margin
Optical character

Consistency

Streak (Agar Slant)
Form
Surface
Optical characters
Consistency

Gelatin Stab
Liquefaction

rods
singly
negative
polar,
monotricheous

circular
convex
smooth

entire
translucent

(white as older)

soft

rods
singly
negative
polar,
lopotricheous (?)

irregular
umbonate
smooth (raised

at center)
undulate
opaque

waxy to soft

effuse beaded
beaded to smooth beaded
translucent opaque
soft to butyrous waxy

none none

rods
singly
negative
polar,
monotricheous

circular
convex
smooth

entire
translucent

(yellowish as
older)

viscous

beaded
beaded to smooth
translucent
viscous

none

rods
singly
negative
polar,
monotricheous

irregular
umbonate
smooth (raised

at center)
lobate to unduate
translucent

(opaque at center)

waxy to soft

beaded
beaded
translucent
waxy

none

Gawel (1966)
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Appendix Table 2. Some physiological, biochemical, and immunolo-
gical characteristics of isolates P62, P195, P196,
and P245.

Characteristics*** Isolates
P62 P195 P196 P245

Motility
Oxygen utilization
Catalase
Temperature relationships

soc
20 °C
28-30°C
37 °C

45°C
Oxidative fermentative reaction

Glucose
Sucose
Lactose

Hydrolysis
Gelatine
Casein
Fat
Urea
Litmus milk
Nitrate utilization
Thioglycolate
Anaerobic agar
SIM
Indole production

+*
4.*

-*
+44

+*
+ or
-*
-*

-*

-*
-*
-*
_*

-*

-

+

-

+

+ or -

-
-

- -

+ or -

-

Pigment production (Paton, 1959) -
Kovacs' oxidase Test (Kovacs, 1956)
Hugh and Leifson's Test (Hugh and

Leifson, 1953)
Sensitive to inhibiting agents (Shewan

and Hodkiss, 1954)
Penicillin -
Terramycin

* Klein et al. (1969)
** +, growth, active, reaction, sensitive

-, no growth, inactive, no reaction, insensitive
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Appendix Table 3. Typical analysis (based on dry solids) of Bacto-
beef extract*.

Components Percent
Ash 25. 0

Total Nitrogen 10. 5

Purine Base Nitrogen 4. 5

Peptone Nitrogen 2. 5

Proteose Nitrogen 1. 0

Amino Nitrogen 1. 0

Ammonia Nitrogen 0. 1

Creatine 1. 5

Creatinine 1. 5

Vitamin Factors (micrograms per gram)

Thiamine 0. 2

Biotin 0. 2

Folic Acid 5. 0

Pyridoxine 8. 0

Pantothenic Acid 13. 0

Riboflavin 20. 0

Nicotinic Acid 1000. 0

* With the compliments of the Difco Laboratories, Detroit, Michigan,
U. S. A.



Appendix Table 4. Typical analysis of Bacto-peptone*.

Components Percent

Total Nitrogen 16. 16
Primary Proteose N 0. 06
Secondary Proteose N 0. 68
Peptone N 15.38
Ammonia N 0. 04
Free Amino N (Van Slyke) 3. 20
Amide N 0. 49
Mono-amino N 9. 42
Di-amino N 4. 07
T ryptophane 0. 29
Tyrosine 0. 98
Cystine (Sullivan) 0. 22
Organic Sulfur 0. 33
Inorganic Sulfur 0. 29
Phosphorus 0. 22
Chlorine 0. 27
Sodium 1. 08
Potassium 0. 22
Calcium 0. 058
Magnesium 0. 056
Iron 0. 0033
Ash 3. 53
Ether Soluble Extract 0. 37

126

* Difco Laboratories (1953).
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Appendix Figure 1. Electron micrograph of Pseudomonas 62 (59, 940X).



P
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Appendix Figure 2. Electron micrograph of Pseudomonas 195 (22, 840X).
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Appendix Figure 3. Electron micrograph of Pseudomonas 196 (37,260X).



4
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Appendix Figure 4. Electron micrograph of Pseudomonas 245 (37, 260X),
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r

Appendix Figure 5. Respiration flask (designed by Roa, 1961).



Appendix Figure 6. Gas sampling device.
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