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INTRODUCTION

Since the observation of Goppelsrdder (1) in 1862 that soil nitrate
is reduced to nitrite, the processes of biological nitrate reduction, |
nitrogen fixation, denitrification, and nitrogen assimilation by various
brganisms have been extensively investigated. The bacterial nature of
nitrate reduction was recognized by Shoenbein (2), in 1868, and by
Meusel (3}, in 1875, The classical experiments of Gayon and Dupetit
(4), in 1882, on the biological nature of nitrate reduction, gave added
impetus to the invesﬁigation of these problems. The agronomic import
of the nitrogen cycle of nature accounts for the long=-continued study
of the phenomena asseéiated with it. Despite the large number of investi-
gations, however, present knowledge of the chemical reactions underlying
these processes is very incomplete, and contradictory observations have

been reported.
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LITERATURE REVIEW

Soil nitrogen losses other than those of leaching and crop removal
are known to occur. The processes of immobilization or assimilation of
inorganic nitrogen by soil microorganisms, ammonification, nitrate reduc-
tion and denitrification are known to be affected by a variety of chemical
and physical factors. These factors have been the subject of extensive
investigations for over fifty years.

Effect of Oxyren Tension on Nitrate Reduction

The effect of oxygen was of considerable interest to early investi-
gators. Weissenmberg (5)s; in 1897, demonstrated the ability of three
denitrifying bacteria to reduce nitrate and nitrite in shallow layers
of medium exposed ito air, as well as in the absence of oxygen. The com-
pleteness of the reduction under these two conditions was quite different.
Complete denitrification occurred in anaerobic cultures, but in the aero-
bic cultures nitrate was reduced only as far as nitrite.

In 1925, Seiser and Walz (6) demonstrated a considerable nitrogen
loss from a culture of Pseudomonas putida exposed to air, though this
loss was less than that observed under anaerobic conditions. Using mano-
metric techniques; Lloyd and Cranston (7) measured the gas exchanges
occurring when denitrifying cultures were in air and in a closed system.
They observed a large oxygen uptake under aerobic conditions, and an
almost<eqmally large nitrogen evolution under anaerobic eonditions.

They concluded that nitrate was only slightly reduced aerobically, al-
though some loss was observed under aerobic conditions. In 1924, Quastel

et al. (8, 9) demonstrated that nitrate could take the place of molecular
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oxygen in certain facultative anaerobes. Similarly, Stickland (10), in
1931, studied the influence of oxygen at various partial pressures on
the reduction of anitrate to nitrite by Eschexichia coli. He showed that
different enzyme systems are concerned in the reduction of molecular
oxygen and of nitrate. In the presence of very small oxygen tensions,
the reduction of nitrate to nitrite was inhibited markedly, and increas-
ing the nitrate concentration by a factor of ten did not modify these
results. Thus, it appears that under these conditions the inhibition of

nitrate reduction in Escherichia ¢oli by molecular oxygen is non-

competitive.
Van Olden (11), in 1940, observed that the ability of washed cells

of Microccus denitrificans to produce nitrogen from nitrate is dependent

upon their previous history. He concluded that "nitrate reductase™ is
an adaptive enzyme (in the sense of Karstrom (12))which developes under
conditions suitable for denitrification. Prolonged subculture on & ni-
trate medium would increase the denitrifying activity of the organism.
Using two unidentified strains of Pseudomonas, Meiklejohn (13) showed
that nitrate was reduced to nitrite and nitrogen gas under both aercbic
and anaercbic conditions in a simple medium containing adequate amounts
of suitable organic matter. At a C/N ratio of ten, better growth was
obtained under aereobic than under anserobic conditions. Likewise,
Korsakova (14) reported that when the organic carbon source was five to

ten times as great as that required for reduction of the available nitrate,

the reduction of nitrate by Achromcbacter siccum end Pseudomonas aerugi-
nosa was not affected by aeration.
Lemoigne (15) found that a pure oxygen atmosphere greatly increased

the lag periocd for Bacillus megatherium grown in a medium containing




nitrate as the scle source of nitrogen. This did not occur if there was
an organic nitrogen source in the medium, or if the atmosphere contained
less than 647 oxygen. They coﬁcluded that oxygen inhibited the mechanisms
involved in the assimilation of nitrate, a conclusion that seems to har-
monize with the findings of Weissenberg (5).

Sacks and Barker (16), using an isolate of soil designated by them

as Pseudomonas denitrificans, observed that at oxygen tensions of aboutb
Sﬂgnitrate could be reduced only as far as nitrite, whigh accumulated in
the medium. At lower oxygen tensions, there was an abnormally large
aceumulation of nitrite; but this was accompanied by deniﬁrificationo

They interpreted their experimental results as showing that oxygen affects
nitrate reduction in two ways: by suppressing the formation of the enzyme
systems that catalyze these reactions, and by directly interferring with
the action of the enzyme systems when they are present. The formation of
the enzymes responsible for nitrite reduction  ig suppressed to a greater
extent than those responsible for the reduction of nitrate to nitrite.

On the bagis of these data, the experiments of other investigators report-
ing contradictory results are criticized. It is claimed that other workers
émployed methods of aesration inadequate to keep the culture medivm satur-
ated with oxygen at atmospheriec pressure, thus allowing the partial
pressure of oxygen in some parts of the mediwm to be very lov.

Very recently, Skerman et al. (17) investigated the influence of
oxygen concentration on the reduction of nitrate by an unadapted, uniden-
tified; species of Pseudomonas. These authors measuréd the actual concen-
tration of oxygen dissolwed in the medium by means of polarographic
analysis. Varying degress of aeration were obbtained by stirring the

culture at different speeds. At oxygen levels of 2.5 popomo. and greater,



no reduction of nitrate occurred. Considering that the medium employed
contained pepbone as well as yeast extract, their results may be eriti-
éized on the basis that the unadapted cells, in the presence of a readily
available source of reduced nitrogenous compounds, would preferentially
use this form of nitrogen. A1t oxygen concentrations in excess of 5 popeles
complete oxidation of the substrate occurred before the population was
able to reduce the nitrate. It would be of interest to determine what
results would be obtained in a culture medium containing a high C/N ratio
with nitrate as the sole source of nitrogen.

Lewis and Hinshelwood (18) investigated the growth of coliform
bacteria in a simple medium containing nitrate and nitrite. They observed

that the reduction of nitrate to nitrite by Bacterium lactis aerogenes

was increased with lowered oxygen supply. ©Sudden aeration of an anaerob-
ically growing culture caused a marked drop in the rate of reduction. In
an explanation of these results, the authors assumed that some cell metab-
olite, denoted XHy, is readily oxidized either by the oxygen of the air
or by'other suitable oxidizing agents, those present competing for the
availablerhydrogeno A decrease in the concentration of a more powerful
oxidizing agent would tend to allow an increase in the concentration of
XH; to a point where the rate of reduction of others becomes appreciable.
Thus, if the concentration of oxygen is reduced, the rate of reduction of
nitrate may increase. The upward trend of the rate of nitrate reduction
during growth may be explained if the rate of oxygen consumption exceeds
the rate of supply %o the medium by solution of the gas. There would
then be a drop in the rate of hydrogen transfer with a consequent acecu-

Py

malation of oxidizable metabolites and an increase in nitrate reductione.



The count which has to be exceeded before this occurs will be higher the
more sfficient the degrse of aeration. That the rate of nitrite reduc-
tion is not affected in this way by restricted aesration,; may be inferred
from the fact that the growth rate, which appears to be determined by the
rate of nitrite reduction, was the same in all experiments.

Broadbent (19), after studying nitrogen losses in incubated sandy
loam soils in an apparatus designed to vary the rate of aeration of the
soil, concluded that a low oxygen concentration in the soil stmosphere
is not a necessary condition for the denitrification process, and that
the denitrification rate is affected more by the quantities of nitrate
and oxidizable carbon in the soil than by partial pressure of oxygeno

In & similar series of experiments, Broadbent and Stojanovie (20)
have presented evidence that denitrifiecation of added nitrate is in-
vérsely related to partial pressure of oxygen, but is of appreciable
magnitude even under fully aerobic éonditions of soil incubation. Isé=
topic nitrogen was used to determine accurately the fate of added nitrate.
The maiimum recovery of added nitrate nitrogen was 757 under fully aero-
bic conditions. Data afe presented suggesting that denitrifieation is
not restricted to soils receiving recent additions of organic meterial.
Isotope data show a negligible amount of the added nitrate was reduced
to ammonia, but ammonification of organic nitrogen compounds did ocecur,
except when glucose was added as a source of energy material. Their
findings emphasize the advantages of ammonia fertilization from the stand-
point of retention in the soil.

Janssen and Clark (21) have investigated the changes in organie,

ammonivm, and nitrate nitrogen oecurring during the decomposition of oat
B (= i



straw and alfalfa hay in the presence of added orgamic nitrogen under
different conditions of incubation. It was found that vigorous bacterial
activity, low fungi counbd, and an alkaline reaction were all necessary for
any exbensive denibrificabtion., Thelr experiments demonstrate the toxicity
of nitrite to bacteris under acid conditions and suggest that in the
presence of abundant nitrate and with conditions suitable for biological
denitrification, the denitrification process is self-inhibitory in acid
substrates because of the nitrous acid toxicity which is developed.

Mature oal straw constituted a less suitazble substrate for denitrifi-
cgbion than did alfalfa hay. Under standard conditions of incubation,

and with moisture content at 2/3 saturation, there was no denitrification
in oat straw mixtures. However if the water concenbtrabion was increased
to saturation, or a more finely ground plant material was employed, or

if sugar or pepltone was added to the substrate, denitrification cccurred.
These modifications in incubabion influence oxygen supply, and the authors
suggest that the "biological oxygen demand® in such instances should not
be overlooked,

In previous studies conducted by Bowers and MacVicar (22) in this
laboratory, it was observed that in solution eulbures of hetefogene@us
s0il bacteria spproximately ?éﬁ of the total nitrogen added as K50,
wag logt during the first Eéaa@urs under normsl asrobic conditionsg of

incubation.

vieg of experiments, using ilsotopic nitrogen,

)
f

Marshall, Disbhurger, end MacVicar {(23) followed nitrate reduction ar

Aenitrificebion by debewnd

ing in the cells and the e
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cultures, resulted in a rapid decrease of nitrate from the culture.
Similar results were obtained with a culture of Pseudomonas denitrificans
obtained from Sacks‘and Barker (16), although this organism was more
sensitive to low oxygen temsions. In view of these observations, it is
suggested that nitrate disappearance and denitrification occur under
aerobic as well as anaerobic conditions. The contrary results cbtained
by Sacks and Barker (16) were attribuied to difficuliies in manometriec
techniques, and to the measurement of nitrite accumulation as a criterion
~ for exact measurement of nitrate reduction. It is possible that the
time of formation and disappearance of such an intermediate may be so
short that this method of detection is not applicable. The California
workers did net measure residual nitrate in the media, but based their
egonclusions solely on nitrite determinations.
The Mechanism of Nitrate Reduction

The influence of ammonia and hydroxylamine in the processes of
nitrate reduction and nitrogen fixation has been investigeted exten-
sively. It is posaible that the assimilation of combined nitrogen as
nitrate and molecular nitrogen are related by a common intermediate-
The hypothesis generally accepted by earlier investigators gave ammonia
the role as the key intermediate. Meyer and Schulze (24) challenged
this theory as early as 1884, proposing hydroxylamine as a likely inter-
mediate, since it could arise from ammonia and molecular nitrogen by

oxidation, or from nitrate by reduction.

An examination of the reecent literature reveals considerable con-
troversy concerning the role of theses two compounds in nitrogen fixation.
One group of workers, headad by Virtenen (25), champions the hydroxyl-
awine bypothesis, while Burris and Wilson (26) favor ammonia as the key

intermediates



Virtaner and Csaky (éo) have examined the intermediate products in
the fixation of nitrogen by Torula utilis suspended in nitrate solution
under vigorous aeration. Free hydroxylamine and oximino-nitrogen were
present within fifteen minutes, after which time there was a rapid diminu-
tion. These authors conclude that the cells evidently utilize oxime-~
nitrogen, but alse point out that their findings do not give conclusive
evidence of the significance of oxime formation, nor explain its mode
of formation. Oxime-nitrogen formation from ammonium-nitrogen by the
action of Nitrosomenas is reported by Lees (31). In experiments carried

out on washed suspensions of Nitrosomonas, he found that while hydroxyl-

atine is toxic to the nitrification of ammonia and is not itself nitrified
at concentrations in excess of a few micrograms of nitrogen per milliliter,
yet at concentrations below about 1.5 microgram nitrogen per milliliter,
it is nitrified as rapidly as ammonia, and is thus a possible intermediate
in the nitrification process. At a pH less than 8.4, hydroxylamine is
nitrified a good deal more rapidly than ammonia. Despite its recognized
toxiecity, therefore, hydroxylamine may be an intermediate in the oxida-
tion of ammonia, and hence could presumably function as an intermediate
in the reductive processo

Rautanen (32),‘in a study of amino acid formation in green plants,
has shown that nitrate is partly reduced to ammonia and is thus assimi-
lated in the same way as ammonia. On the other hand, positive tests for
oxime-nitrogen support the theory that hydroxylamine can act as an inter-
mediate. These obsefvatidns are in agreement with those of Burstrém (33)
who stated that the reduction of nitrate in the green parts of plants
proceeds only so far as hydroxylamine and this then reacts with compounds

containing the carbonyl group, with subseguent amine aeid and protein



synthesis. That this could take place in cultures of Pseudomonas fluores-
censg, assuming that hydroxylamine is formed, is given support by the
recent report of Koepsell et al. (34). These investigators found that
alpha ~ketoglutarate is produced during glucose oxidation by this organism
in rather significant amcunts, 0.5-0.55 mole being formed for each mole

of glucose consumed.

Virtanen and Jédrvinen (35) have also examined the formation of oxime-
nitrogen by Azotobacter vinelandii in nutrient solutions containing as
a sole source of nitrogen either ammonium or nitrate salts. Oxime-
nitrogen was produced in every case, but the formation was much more
rapid from nitrate-nitrogen and molecular nitrogen than from ammonium-
nitrogen. Ammonium-nitrogen was assimilated by the cells as rapidly as,
or more rapidly than nitrate-nitrogen or molecular nitrogen. They con=
cluded that nitrate is not entirely reduced to ammonia, but that hydroxyl-
amine preceding it forms oximes with ecarbonyl compounds.

On the other hand, Novak and Wilsom (36), in a series of carefully
controlled trials, demonstrated that the nitrogen in the form of the oximes
of pyruvic, oxalacetic and alpgn-ketoglutaric acids was not available 1o
égptobact@gbginelandiio' Similariy, Burris and Wilson (37), in a study
of aerated cultures of Azotobacter, suggested that ammonia is the key
intermediate in nitrate assimilation and nitrogen fixation. When such
cultures, grown on nitrogen gas, were supplied labelled ammonium ion,
the culture immediately stopped fixing nitrogen and used ammonia az its
exclusive source of nitrogen. When labelled nitrate was supplied, no
iscotope appsared in the cells for thirty minutes, in contrast to its
detsction in one minute wher ammonia wes supplied. From these studies

it was concluded that ammonia is the first stable intermedizte formed inm
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the fixation of nitrogen by Azotobacher winelandii.

Segal and Wilson (18) have demonstrated that hydroxylamine is not
utilized as a source of nitrogen by Azotobacter even in non-toxic con-
centrations of 1.0=-2.0 microgram per milliliter, thus confirming the
- work of Novak and Wilson (36).

Lewis and Hinshelwood (18) observed that if ammonie was aaded td a

rapidly growing culture of Bacterium lactis asrogenes, almost complete

inhibition of nitrate and nitrite reduction oeccurred. Resumption of
reduction began only after the concentration of ammoniwm ions wes neg-
ligible. If the addition of ammonia was made before growth was started,
little or ne reduction cccurred. Imperfect aeration also was found teo
reduce the inhibitory action of ammonia on the nitrate reduction pro-
cesses and on the concentration of nitrite built up in the medium. The
delayed recovery suggested that during growth in ammonia, some substance
was possibly formed which inhibited the reduction of nitrate to nitrite.
These authors concluded that the ratio of X/XH,, oxidized and reduced
form of the postulated intermediate previously discussed, was high and
under these conditions nitrate and nitrite were not reduced.

In ancther report by these aubhors (39), a steady concentration of
ammonia of a low order of magnitude9 1 milligram per milliliter, accumu-
lated in cultures of Bacterium lactis seroenes grown on nitrate. From
a consideration of qﬁantitative relations to growth rate, this order of
magnitude was that to be expected if nitrate utilization proceeded via
ammoniz. Their results, however, were not precise enough o provide
conclusive evidence for this wiew.

Zeliteh et alo (49} have recently reported evidence in support of

the theory that ammonia is a2 key intermediate in nitrogen fixation by
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the anaerobe Clostridium pasteurianum. When such cells, actively fixing

nitrogen, were supplied N,15 for a short time, free ammonia with an ex-
tremely high N5 concentraticn was isclated from the culture medium.
Somewhat lower concentrations, but still considerably in excess of the
average of either the intact cells or the supernatant medium, were found
in the amide fractiono These data, these workers coneluded, provide
direct support for the view that ammonia is a key intermediate in bip-
logical nitrogen fixation.

The subsequent role of ammonia in cellular synthesis has been examined
by Burris and Wilson (41) and Zelitch et al. (42). The former, in studies
on the distribution of N1% from nitrogen or ammonia in Azotobacter, feound
that with either source of the isotope, the N'® accumulated in highest
goncentration in the giutamic acid of the cells. The latter investi-
gators found similar results for Clostridium, indicating the marked
similarity of nitrogen fixation mechanisms of aerobss and anaercbes.

The investigations of Roine (43), Aqvist (44), and Virtanen gﬁ[glp(és)

on the synthesis of nitrogenous compounds by Torula utilis harmonize

with the above findings.

Dishburger and MacVicar (46), using isotopic nitrogen, have clearly
demonstrated that assimilation of nitrate nitrogen and its incorporation
into c%llular constituents were dramatically halted by the addition of
ammoniﬁm=nitrogen in aerated cultures of Pseudomonas fluorescens and
Pseudomonas denitrificans, although both nitrate and sammonium nitrogen
continued to disappear at a rapid rate. Vhen nitrate and ammonia were
present simultaneously, ammonium-nitrogen was assimilated preferentially,

and converted to cellular components. This was demonstrated by the small
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amount of isotope appearing in the cells when labelled nitrate was supplied,
and by the rapid incorporation of labelled ammonia inte the cellular
fraction when labelled ammonium-nitrogen was available. This supports the
view that ammonia constitutes an intermediate in the reduction of nitrate
to cellular constituents. Disappearance of nitrate from the medium and
conversion to gaseous form was essentially unaffected by the presence

of the ammonium ion. In cultures of Pgeudomonas fluorescens supplied
N15H4+ and NOg~ simultaneously, wirtually complete incorporation of the
label into cellular protein was obtained. If the nitrate was labelled,
the loés of isotopic nitrogen through denitrification indicates that
conversion of nitrate to cellular components and the denitrification
processes proceed by different pathways. This suggests that denitrifi-
cation does not proceed wia ammonia as an intermediate, despite the repert
that nitrogen fixation does.

Allen and wan Neil (47) and Allen and Najjar (48, 49) have proposed
nitramide as a key intermediate in denitrification. They found that if
nitramide was added to a growing culture of Pseudomonas stutzeri, rapid
evolution of nitrogen occurred. Such results were not obtained with hypo-
nitrite. These authors concluded that the fermation of nitrogen from
nitramide involves a simple reduction rather than & hydration followed
by the elimination of peroxide. Application of the technique of simultan-
gous enzymatic adaptation (éO) suggested that nitrous oxide is either an
intermediate product in denitrification or is reversibly derived from an
intermediate preduct. These workers have also reported the conversion
of nitramide and of nitrite to nitrogem gas or nitrous oxide by cell-
free extracts of Pgseudomonas stubzeri and by lysozyme lysates of a thermo--

philicid denitrifying Bacillus subtilis strain (48, 49).
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These resultsrare open to serious eriticism. The prebability that
nitramide is an intermediate in demitrification is not supported by their
data, if one examines the stability of the compound. The authors state
that optimum denitrification occurred at a pH of 8. As far as can be
determined from the literature, howsver,; no blank deberminations were
included in their experimenits. Bronsted and Pederson (él) have studied
the decomposition of nitramide. Its decomposition to yield one mole each
of nitrous oxide and of water is of importance as being the first reac-
tion for which general basic catalysis was demonstrated. These investi-
gatcfs found the reaction to be of the first order, uncatalyzed by acids,
but strongly catalyzed by the hydroxyl ion. Apparently, under the condi-
tions employed by Allen and co-workers, nitramide would decompose
spontaneously to yield N0, which would then be reduced to Ng, if the
results of their experiments employing the techniques of simultaneous
enzymatic adaptation are valid. Clearly, then, it seems highly question-
able whether the data presented supports the wview that nitramide is a

key intermediate in the process of denitrification.



EXPERIMENTAL

The organisms used in these studies.uére a strain of Pseudbﬁbnas
fluorescens from the stock collection of the Department of Agricultural
Bacteriology, University of Wisconsin, and a strain of Bacillus gubtilis
from the stock collection of the Deparitment of Bacteriocleogy, Oklahoma
Agricultural and Mechanical College. These organisms were trained by
long serial subculture te grow in a simple medium having the following
compesition per liters KHoPQy, 3.96 gm.; NaNOg, 1.0 gmos glucose; 20,0
gmos MgS0,°7Hs0, 004 gmos FeS04, 000§ gne; NaCl, 0.02 gmo.s; MnSO,, 0.08
gmo; and biotin, 0.1 mg. The medium was brought to a pH of approximately
6.8 with KOH, using bromthymol blue as an indicator. A precipitate
formed on autoclaving, but this did not intérfere except to make turbidi-
metric measuremenis of growth impractical. .Transfers were normally made
every 48 hours.

In the experiments, one liter of nitrate medivm was placed in a two-
liter filter flask fitted with a fritted-glass gas dispersion tubes A
stream of air was passed through a tightly packed cotton filter beforé
it entered the medium, To minimize losses due to evaporation, the stream -
of air was bubbled through sterile water prior to entering the medium.
Air sufficient to churn the medium, as well as disperse minute bubbles
of air throughout, was passed through the medium during incubation at
37-38° C. in a constant temperature water batho Upon depletion of the
original nitrate, detected by the brucine-sulphate method (23, 52, the
culture was immediately sampled. Usually 25-50 mg. of N as KN*Sg0g, con-

taining approximately 36 aﬁom»% N*® excess, and 25-50 mgo of N as

14
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(NH. 380, was added to the medium, and the culture again sampled. Subse-
. quently, sampling was repeated at definite intervals over a period of 5-6
hours. Samples were cbtained by withdrawing a 25 ml. aliquot of the
culture and pipetting into é mlo of boiling 0.8 normal H,804. The sample
was then brought to a boil, stoppered immediately, and reserved for anal-
ysis. At the completion of sampling, the samples were transferred to
plasticqcentrifuge tubes and the cells were packed by centrifugation.
(In Experiment I, the cells were harvested in a Sharple’'s Super Centri-
fuge.) The supernatant was carefully decanted into 250 ml. volumetric
flasks. The cells were then washed three times with distilled water and
the washings added to the supernatant, which was then autoclaved and
reserved for analysis.. The packed cells were transferred inte semi-micro
Kjeldahl flasks, made distinctly basic (pH 8-9) with N/14 NaOH and boiled
for at least five minutes to remove veecluded ammonia.

Cellular nitrogen was determined by s semi-micro medification of
the Kjeldahl procedure. Total nitrogen in the cell free supernatant
was determined by a semi-micro modification of the iren-sulphuric-acid-
reduction procedure as developed by Pucher et zl. (éé)o The Kjeldahl
titration mixtures from these analyses were prepared for conversion as
suggested by Schoenheimer (54). The conversion apparatus for N1% as
similar to that described by him. N5 analyses were made on a Westing-
house mass spectrometer under the supervision of Mr. Glenn Hallmark of
the Department of Electrical Engineering, Agricultural and Mechanical
College of Texaso

Analysis for ammonis was mede on suitable (0.1-0.3 mg. N) aliquots
of the supernatant. Samples were usually rendered strongly alkalin@

and asrated intc 5 ml. of N/Y Hy50, for one hour at elevated temperatures.
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In Experiment V, ammonia was determined according to the method of Pucher
et alo (55)0 The distillates from the aeration apparatus were sach
brought to a velume of 100 ml. and ammonia was determined by nessleri-
zation of 10 ml. aliquots.

Analysis for nitrate vas made by a modification (23) of the brucine-
sulphate method developed by Gad (5é)o This method was decided upon
because of the desirability of a rapid colorimetric method for nitrate
determination in the presence of glucose. BRecoveries on known samples
have been obtained consistently within 5% by checking it against the
aeration procedure using Devarda's alloy to reduce nitrate to ammonis.

Analysis for free hydroxylemine and oximino-nitrogen was according
to Endre’s modification taken from Nowvak and Wilson (36).

Paper chromatograms were prepared using the method of Berry et alo
(56). Solvents employed were phencl saturated with a buffered water
.. solution, and a solution of Lutidine in water. Both one and two

dimensional chromatograms were mads.
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'RESULTS AND DISCUSSION
Previous investigations o%lDiéhﬁuféer ané MacVicar (46) on the
assimilation of ammonia and nitrate nitrogen by Pseudomonas fluorescens
and Pseudomonas denitrificans suggested the presence in the medium of
a form.of nitrogen, neither nitrate, nitrite, nor ammonia, capable of
contributing te protein synthesis. In a culture of Pgeudomonas denitri-

ficang supplied with labelled nitrate, a high concentration of isctopic

nitrogen remained at the termination of the sampling period. Characteri-
zation of this unidentified form of residual nitrogen would pessibly
elucidate the pathway of nitrate reduction. Accordingly, Experiment I
was designed to make the isolation of these intermediary forms of nitro-
gen possible, if they were found to be present.

Six liters of nitrate media were prepared and innocculated with 25
ml. of a 24-hour subculture of Pgseudomonas fluorescens. Incubation was
allowed to proceed under vigorous asration at room temperature for 57
hours when all the original nitrate was exhausted. A%t this time, a 25
ml. aliquot of the culture was taken for analysis, and 300 mg. of N as
KN150,, containing 36.0 atom % N8 excess, and 300 mg. of N as (NH.),S0,
were added. Subsequently, 25 ml. samples of the culture were taken at
definite intervals. Analysis was made for cellular nitrogen, total
medium nitrogen, ammonia nitrogen, and nitrate nitrogen. The Kjeldahl
titration mixtures were prepared for N!° analysis. Due to incomplete
reduction of the nitrate by the iron-sulfuric acid procedure employed
in this experiment, the values of total medium nitregen and medium iso=

tope concentration prier to 120 minutes are unreliable and are not
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presented on Figure I. After this time, however, the nitrate supply
was virtually exhausted and the data shown in Figure I are thought to
be reliable.

Examination of the data presented in Figure I shows that several
important changes occurred during the course of growth of the organism.
Prompt and nearly complete disappearance of NOg=N takes bla@e despite
the facﬁ that NH;-N was present in somewhat higher concentration through-
out the course of the experiment, and despite vigorous aeration of the
culture medium. Decrease in medium nitrogen amounted to nearly 9.5 mge
nitrogen per 100 ml. of medium, while increase in cellular nitrogen
amounted to0 5.0 mgs per 100 ml. Correcting for the NH =N and NOg=N re-
maining at the termination of the experiment and for the increase in
cellular nitrogen leaves a net deficit of 4.8 mg. nitrogen per 100 ml.
Assumiﬁg that all this loss was derived from NOg=N, the amount denitri-
fied is equal to 96Z. Confirmation of this is seen by inspection of the
isotope data. This reveals that incorporation of Ni® into the cells was
small, accounting for a total of only 0053 mge of N'%, Residual N'° in
the medium at the end of 300 minutes amounted to 0020 mg. There was,
therefore, a deficit of 108.3 mge, or 997. Thus, virtually complete
denitrification must have cccurred. OSuch a substantial deficit can
hardly be explained on any basis save conversion to some gaseous form
that wes swept from the culture by the seration stream.

At the 300 minute sampling period, the culture medium was analyzed
for a-amino nitrogen by means of a wvan Slyke apparatus. The analysis
revealed that 2025 mgo nitrogen per 100 ml. was present in this formo
g@ide‘nitrogeng determined by the method of Pucher et al. (55) amounted

to 2.0 mgo nitrogen per 100 ml. From an inspection of the isotope data,
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it is. impossible +to tell whether these forms of nitrogen were due
to the breakdown of cells prior and after the addition of the labelled
nitrate.

The negligible level of N1% in the medium at the termination of the
sempling period made it desirable to study a smaller culture, since
previous studies in this laboratory were made with one 1iter @ulturesoi
It was thought that growth under the conditions deseribed in experiment I
may have prevented the formation of the compound or compounds having a
high isotope concentration. In experiment II (Figure II) cne liter of
nitrate medium was prepared and innoculated with 10 ml. of a 24-hour sub-
culture of Pseudomon;s fluorescens. Incubaticn was allowed to proceed
under vigorous aeration at 37-38° 0., until the original nitrate supply
was exhausted, 44 hours after inncculation. After a 25 ml. aliquot was
ﬁaken for analysis, 25 mgo. of N as KN15039 containing 36.0 atom percent
N'® excess, and 25 mgo of N as (NH,),S0, were added simultaneously to thé
culture o During the ensuing period, samples were withdrawn and analyzed
for the following components: Cellular nitrogen, ammonia nitrogen,
nitrate nitrogen, and total medium nitrogen. Cellular and medium nitro-
gen Kjeldahl titration mixtures were amalyzed for N% comcentration,
the former throughout the sampling period and the latier for the last
three sampling periods.

Iﬁspection of Figure II reveals results both similar to and different
from that presented in Figure I. Prompt and nearly complete disappearance
of nitrate is again observed, despite vigorous aeration and the presence
of ammonia nitrogeno Decrease in medium nitrogen amounted to nearly 4.9
mgo. per 100 ml., while increase in cellular nitrogen am@unﬁed 0 2.3 mgo

per 100 ml. Correcting for the NH, =N and NOg=N remaining at the termination



FIGURE I

Relation of Cellular Nitrogen to Nitrate

and Ammonia Disappearance in an Aerated

Culture of Pseudomonas fluorescens

5.0 mg. N-%05-N and 5,0 mg. NH-~N
Added per 100 ml. at Zero Time

(Six Liter Culture)
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FIGURE IT
Relation of Cellular Nitrogen to Nitrate
and Ammonia Disappearance in an Aerated

Culture of Pseudomonas fluorescens

2.5 mg, N'%05-N and 2,5 mg. NH,-N

Added per 100 ml, at Zero Time
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of the experiment leaves a net deficit of 2.0 mgo per 100 ml. Assuming
that all this loss was derived from the NOz-N, the percentage denitrified
during this periocd was 80%. Incorporation of N'® into the cells was sub-
stantially larger than in the previous experiment, acecounting for a

total of 1.8 mgo N'°. Residual N15 in the medium was 0.56 mg. at the

end of 360 minutes. This gives a deficit of 5.86 mg. or 72%.

Comparison of Figures I and II shows that in experiment I the
ammonia concentration was at all times considerably higher than the
nitrate concentration. Though this is alsc seen in Figure II, the differ-
ence is not as great. Although a ‘strict comparisen of the two experi-
ments is not justified, because of non-similar conditions of growhth, it
seems that preferential utilization of ammonia nitrogen for cellular syn-
thesis prevents the assimilation of nitrate nitrogen, although denitri-
fication proceeds rapidly.

As in experiment I, a very low concentration of N1® was found in
the medium at the termination of the sampling period. In view of this,
only labelled KKOB was supplied to an aerated culture of Pgeudomonas
fluoreseens‘in experiment II. Dishburger and MacVicar (46) had observed
a high'N15 concentration in the medium at the termination of 300 minutes
in a culture of Pseudomonas denitrificans supplied only labelled nitrate,
but itﬁuas impossible to tell from their experiments whether this high
concentration was due to incomplete utilization of nitrate, to cellular
breakdown9 or to some scluble form of nitrogen formed from nitrate and
éxcreted into the medium.

One liter of vigerously asrated nitrate medium was innoculated

with 10 ml. of a 48=<hour subculture of Pseudomonas flucregceng. Upon



exhaustion of the original nitrate, 36 hours after innoculation, 50 mg-o
N as KN150,, containing 36.5 atom percent N15 excess, was added. The
sampling procedure of the previous experiments was followed. Anglysis
was made for nitrate nitrogen, total medium nitrogen, cellular nitrogen,
and for N1% in the cellular and total medium nitrogen.

Examination of Figure III {as well as Figures I and II) shows that
there was a substantial amoﬁnt of nitrogen present in the medium at the
time of the addition of the nitrate. Since these cultures had been
grown on nitrate as the sole nitrogen source, this had been derived
from reduction of nitrate. Whether this nitrogen represents some meta-
bolic product similar to the ammonia shown by Zelitch et al. (40) to be
elaﬁorated by cultures of Clostridium pasteurisnum fixing atmospheric
nitrogen, or whether it merely represents the soluble nitrogenous com-
pounds resulting from the decay of earlier generations, was not known.
Examination of the data in Figure III helps resolwve this problem.

Rapid diminution of nitrate content of the medium, declining from
5.6 to 0.6 mgo per 100 ml., occurred in a 360 minute ineubation period.
During this same period the cellular nitrogen increased by 2.0 mg. per
100 ml. This leaves a total of 3.0 mg. nitrogen unaccounted for. 4
portion of this evidently remained in the medium‘at"thg terminapion of
the experiment, there being present 4.5 mg. of medium nitrogen per 100
m109 containing an isotope concentration of 7oé‘atom percent N1® excess.
Prior to the addition of the nitrate, medium nitrogen totaled éo7 ngo
per 100 ml. giving an increase of 0.8 mg. nitrogen per 100 ml. dﬁring
the 360 minute incubation periocd. This form of mitrogem is not nitrate
since the nitrate in the medium was depleted within 180 minutes. Distilla-

tion, after rendering the medium samples strongly basic, gave a negative



FIGURE III
Relabion of Cellular Nitrogen to Nibrate

Disappearance in an Aerated Culture

of Pseudomonas fluorescens

5.0 mg, N %03-N Added per 100 ml. at Zero Time
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test for ammonia. The assumption that this increase came from the break-
down of cells after 180 minutes (when the N15 content of the cells had
reached a maximum) would account for 0,48 mgo N5 excess per 100 ml.,
giving the medium nitrogen an atom percent N1% excess equal to only 1l.3%
It is apparent then, that the high medium isotope concentration at the

end of 360 minutes did not arise from cellular breakdowno‘ Fyrther investi-
gation of the nature of this exeretion product was not underitaken at this
time due to exhaustion of medias with which to work.

As can be seen both from the nitrogen balance data of experiments I
and II, and from the fact that medium nitrogen at the termination of
these experiments contained only a small amount of isotope, this excre-
tion apparentlj does not occur when ammonia, as well as nitrate, is
providedo Presumably, therefore, the presence of ammonia blocks the
conversion of nitrate to whatever compound is excreted into the medium.
Purther study on the nature of this compound, and of the role of ammonia
in blocking its formation, should prove of great intereéto

To extend the experiments to other bacterial species, a'nitrogen
balance study of the strict aercbe Bacillus subtilis was undertaken in
gxperiments IV and V. Comparison of the rates of disappearance of nitrate
and ammonia in a denitrifying and non-denitrifying organism would, it
vas hoped, give additional information concerning the fate of nitrate
utilized for cellular synthesis. Examples of such experiments are pre-
sented in Figures IV and V. |

In experiment IV, one liter of vigorously aerated nitrate medium
was innoculated with 10 ml. of a 48-hour subeulture of Bagillus subtilis
adapted to nitrate nutrition by long serial subculture. Yhen the origi-

nal nitrate was depleted, 25 mg. of N as KN1%0g containing 36.5 atom



FIGURE IV
Relation of Cellular Nitrogen to Nitrabe

and Ammonia Disappearance in an Aerated

Colture of Baecillus subtilis

2.5 mg, W30;- and 2.5 mg. NH N

Added per 100 ml. at Zero Time
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percent N1% excess, and 25 mg. N as (NH,),50, were added. Aliquots of
éé ml. were withdrawn as previously described, and analyzed for nitrate
nitrogen, ammonium nitrogen, cellular nitrogen, and total medium nitro=-
geno. N!® data was obtained for both medium and cellular nitrogen.

Inspection of Figure IV reveals that striking changes occcurred
during the 300-minute incubation period. Complete and extremely rapid
disappearance of added nitrate occurred within the first 45 minutes.

An abrupt increase in the ammonium nitrogen tock place within the same
period of time. Isotope data show that the ammonia, obtained by strongly
basic distillation of this medium sample, contained 12.85 atom percent

" N5 excess. This phenomenally high isotope concentration gives convine-
ing, Qigggﬁ evidence that ammonis is an intermediate in the reduction

of nitrate for use in cellular synthesis. An inspection of the ammonis
and nitrate curves, as well as the medium N15-N curve prior to 30 minutes,
Suggests that nitrate is first converted to some other soluble nitrogen-
ous compound whieh is then further reduced to ammonia.

»In order to confirm the resulis of experiment IV, and to gain know-
ledge of these possible intermediary compounds, experiment V, was set up-
Several modifications were made in sampling and analytical procedure in
this experiment, but conditions of incubation were identical with those
in the preceding experiment. Upon exhaustion of the original nitrate,

50 mg. of KN'5045-N, containing 36.5 atom percent N5 excess, and 50 mgo
of (NHy)5S80,-N were added to the culture. Aliquots of 25 ml. were with-
drawn from the culture for the residual and initial samples. Thereafter,
for the following 75 minutes, 100 ml. samples were withdrawn. Subse-
quently 25 ml. samples were taken. The frequency of sampling duriﬁg the

initial peried of incubation was alsc increased (see Figure V). The



FIGURE V
Relation of Cellular Nitrogen to Nitrate
and Ammonia Disappearance in an Aerated

Culture of Bacillus subbtilis

5.0 mgo N%503aN and 5.0 mg. NH N

Added per 100 ml. at Zero Time
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organisms were killed in the usual manner. Instead of autoclaving the
medium samples after harvesting the cells, as in experiment IV, the
sampleé‘were frozen until the analysis was completed. The analysis for
ammonia was carried out according to the method of Pucher, Qi,glo‘(ES)g
sinece it seemed possible that strongly basic conditions in the previous
experiment had decomposed some intermediate to yield ammonia. Ammonia
nitrogen was also determined by thé same method, following autoclaving
the medium samples for one hour at lé pounds pressure. The pH of these
samples was between 2 and 3. Results for ammonia obtained were identi-
cal, indicating that if unknown nitrogenocus compounds were present,
- drastic treatment with acid would not liberate ammonia. This treat-
ment also excludes amides as possible intermediates, simce these
compounds are unstable to such treatment. Nitrate nitrégen was deter=
mined both by the Brucine=sulphate method, and by reduction with Devarda's
alloy after distillation of ammonia. Results were identical, indicating
that the intermediates were stable to strong reducing conditions. After
the aeration of ammonia in a buffered system, the samples were trans-
ferred to semiwmicro Kjeldahl flasks, rendered strongly»basicg and
'distilled for one hour at elevated temperatures. The distillate gave an
atypical color with Nessler's reagent. The intensity of color varied,
showing no general trend throughout the course of the experiment. The
signifiecance of this is not knowno

: Examination of Figure V shows that the results obtained are very
similarito those obtained in experiment IV. The rate of nitrate dise
éppearapee is not as rapid as in experiment IV, but a lérger.in@rease

in the ammonia concentration is evident, bheing nearly double that
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obtained in the previous experiment. This was to be expected, since the
guantity of nitrate and ammonia supplied was greater by a factor of twoo

From the above data, ammonia appears to be excreted into the medium
as sueh. These data show striking similarity to those obtained by Zelitch
et al. (40) in experiments in which Clostridium fixed stmospheric nitrogen.

The medium was also analyzed for free hydroxylamine and:oximino
nitrogen by Endre's modification, as given by Nowak and Wilson (36).
Absolutely no indication of these forms of nitrogen was obtained. Accord-
ing to Csaky (57) hyponitrous acid and nitrohydroxamic acid also give the
typical color reaction with sulphanilic acid and alpha-naphthylamine-
without prior oxidation to nitrite. No nitrite was found present in
the medium, although the method is sensitive to 0.1 mg. per ml.

Paper chromatagrams of the medium samples for the presence of amino-
nitrogen, using the technique of Berry et al. (56), showed that only
glgtamic geid was detectable, and this was present in low concentration
(approximately 25 micrograms per ml.). No increase in glutamic acid
concentration was observed during the duration of incubation. Presumably,
the formation of amine acids is secondary to the formation of ammonia,
as discussed earlier, and these compounds do not arise from the reduc-

tion of oxynitrogen compounds.
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GENERAL DISCUSSICHN

The priméry formation of nitéiﬁé from'nibrate is; and on satis-
factory ground, generally considered the first step in the reduction of
nitrate. The mechanism of further reduction of nitrite poses an inter-
going biochemical problem, since the peossible intermediate compounds in
a reduction chain from nitrite to amino are wery limited. Despite this
fact, no satisfactory evidence at present exists for the actual partieci-
pation of such eompounds as nitroxyl, its dimer hyponitrous acid, the
hypothetical compound dioxyammonia, or hydroxamic acid. The evidence
presented in these studies is highly suggestive that such compounds are
not intermediates in the reduction chain. However, it should be noted
that the rates of formation and of disappearanée of these possible
intermediates may be such that their detection is not possible by the
methods employed in these experiments.

Zeliteh et al (40), in commenting upon the isclation of ammonia
as the key intermediate in nitrogen fixstion by Clostridium, state that
"it should not go unnoticed that the attainment of this long-sought-for
géal of the research on the mechanism of biological nitrogen fixation
depended to a great extent on the fortunate circumstance that the organism
possesses a metabolic eceentricity which causes it to eliminate free
) ammonia while growing actively. The recovery of this ammonia with s
phenomenally high concentration of labelled nitrogéng congtituting as
it does the most direct and substantial support offered to date for the
hyp@thesis that ammonia is a key intermediate in bioclogical nitrogen

fixation, was made possible by taking advantage of the capacity of the
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organism itself to effect the first and most critical step in the chemi-
cal separation.” Identical circumstances made the isolation of ammonia
derived from nitrate reduction possible in these studies with Bacgillus
subtilis. It is evident then, that the pathways of nitrogen fixation by
Clostridium, and nitrate assimilation by Bagcillus subtilis, involve
ammonia as a common intermediste. Strictly speaking, the highly speei-
fic data from these studies, indicating ammonia as the key intermeéiate
in biological nitrate reduction, should be restricted to the aerobe
Bacillué subtilis. However, ccmparison of the comparative biochemistry
of biological nitrate reduction, particularly as indicated by N'® studies
conducted in this laboratory and elsewhere, strongly suggests that the
conclusion may be generalized to include many other agents.

The chemical reactions underlying the processes of nitrate assimi-
lation and denitrification has been the subject of frequent spsculation.
Two mechanisms have been propesed for the fixation of molucular nitro-
gen and for the assimilation of nitrate: One favoring hydroxylamine as
the key intermediate and the other favoring ammonia. A proposed mechanism
for these processes is presented in Figure VI

A study of Figure VI suggests that the two compeunds (hydroxylamine
and ammdnia) may be part of the same mechanism in which the precise path-
" way eventually is dictated by the awvailability of the carbon chain as
the acceptor of fixed nitrogen. Hydroxylamine is separated from ammonisa
by a reductive step. Sinee it is most probable that the reductiocn and
assimilation of nitrate is a stepwise process, hydroxylamine would logi-
cally cecur in the production of ammonia. If hydroxylamine is converted
to an oxime, it requires a reductive step in addition to thst required

for the formation of an amino acid wia ammonia and an a-ketoacid. Amine



FIGURE VI
Proposed Péﬁhways‘éf Nitrate

Assimilation and Denitrification
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acid formation either from hydroxylamine yia the oxime, or frqm ammonia
via the a-imino acid, appears possible and there is no reason to believe
the two mechanisms are mutually exelgsiveo Under particular conditions
contribyting to the formation of large quantities of oxaloacetic acid,
the ‘fixed nitrogen may be predominately arrested at the hydroxylamine
stage with the formation of oximinosuecinic acid which on reduction
yields aspartic acid (Wood et gl. (58) ). On the other hand, in the
absence of appreciable quantities of oxaloacetie acid, the reduction
may largely proceed to ammonia which, after combination with a-ketoglu-
taric acid, gives glutamic acid. Virtanen's data, which have demonstrated
the excretion of aspartic acid, isclation of oximinosuccinie acid, and
the cccurrence of oxaloacetic acid, have been used exclusively to faver
the hydroxylamine hypothesis. On the other hand, the studies with iso-
tbpic nitrogen by Burris and Wilson, and the studies presented here, are
strictly compatible with the smmonia hypothesis.

Evidence to date concerning the pathway of denitrification is
extremely limited. The highly questionable data of Allen and Van Neil
(47) implicating nitramide as an intermediate has been discussed pre-
viously. Marshall, Dishburger and MacVicar (23) in studies with Pseude-

monas fluorescens and Psecudomonas denitrificans have shown that ammonias

is apparently not an intermediate in the denitrification process. This

observation is also supperted by the data presented in this thesis.
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SUMMARY

Nitrogen changes in Pseudomonas fluorescens and Bacillus subtilis

adopted to nitrate mutrition have been followed by quantitative procedures
and by utilization of the stable isotope of nitrogen, N2,

In aserated culbture of Pseudomonas fluoresgcens containing nitrate as

the sole source of nitrogen, nitrate disappeared rapidly from the Qulture
despite vigorous aeration. Nitrogen balance studies, using both quanti-
tative and isotopic techniques, indicate that the organism, adapted to
nitrate nutrition by long serial subculture in nitrate medium, reduced
nitrate to a gaseous form of nitrogen and to some uncharacterized sub-
stance, neither nitrite nor ammonia, which was excreted into the medium.,
When KE%503 and (NH,).SO, were added simultaneously to the culture after
the conceniramioﬁ_ef~iniﬁia11y added nitrate had been reduced to a low
level, niﬁrate continued to disappear from the culture at a rapid rate.
The concentration of ammonis decreased at a somewhat slower rate. Despite
vigorous aeration, and despite the presence of ammonia, nearly complete
denitrification of the added nitrate occurred. The preéence of ammonia,
however, prevenbted the excretion of the uncharacterized substance(s) into
the medium, and blocked the utilization of nitrate for synthesis of cellum
lar constituents.

In aervated cultures of Bacillus subtilis to which KNi5O3 and {NH,) S0,

were added simunltaneously, after depletion of the initially present ni-
trate, extremely rapid disappearance of nitrate occurred. Quantitative
measurements ‘and isotopic techniques show that nitrate was reduced to

free ammonia which was then utilized for cellular gynthesis. No évidence



was obbained for the occurrance of hydroxylamine; oximino-nitrogen,
hydroxamic acids, or hyponitrous acid in the reduction pathway. Paper
chromatograms of the medium showed the presence of small amounts of
glubamic acid throughout the sampling period (6 hours). No increase
in the glutemic acid concentration was observéd »

These studies support the view that (1) denitrification is not
exclusively an anaercbic process; (2) amiﬁo)acid synthesis from nitrate
and denitrification can cccur simuiténeouslyg (3) ammonia is assimilated
in preference to nitrate for the synthesis of cellular constituents;

(4) ammonia blocks the utilization of nitrate for synthesis of cellular -

constituents (in Pseudomonas fluorescens); (5) nitrate reduction and
denitrification proceed via two alternative mechanisms which are not
mtually exclusive, and only one of which involves ammoniag (6) ammonia

is a key intermediate in biological nitrale reduction.
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