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I. INTRODUCTION 

Nitrification is a process whereby the ammonium ion is converted to 
nitrate that takes place in all fertile soils. It is usually supposed, in soils 
of more-or-less neutral reaction at least, to be mediated by two types 
of microorganisms working sequentially: Nitrosomonas (which oxidizes 
the ammonium ion to nitrite) and Nitrobacter (which oxidizes the nitrite 
so formed to nitrate). These two genera constitute the classic group of 
"nitrifying organisms," and it is on these two that attention will be con
centrated here. It should not be forgotten, however, that some nitrification, 
i.e., conversion of ammonium to nitrate, may be carried out by other 
organisms (1, 2), although it is usually assumed, perhaps wrongly, that 
the contribution of the "nonclassic" nitrifiers to the total nitrification in 
soil is quantitatively small. 

Both Nitrosomonas and Nitrobacter are chemosynthetic autotrophic 
microorganisms, elaborating all their cellular material from carbon diox
ide and using as a source of energy for the reductive assimilation of 
carbon dioxide the energy generated by the primary oxidation of ammo
nium to nitrite or of nitrite to nitrate. The processes may be outlined as 
in Eqs. ( l ) - ( 3 ) , where Eq. (1) refers to Nitrosomonas, Eq. (2) to Nitro
bacter, and Eq. (3) to the reductive assimilation of carbon dioxide 
common to both. 
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Ν Η , + + 1.5 0 2 = Ν 0 „ - + Η 2 0 + 2 Η+ + 66 kcal 

Ν 0 2 " + 0.5 0 2 = NO," + 17 kcal 

C 0 2 + Η 2 0 + energy from (1) or (2) = C H 2 0 + 0 2 

(1) 

(2) 

(3) 

(CH 2 0 represents cell material) 

Nitrification may, therefore, be inhibited at either stage in two different 
ways: (a) The primary oxidation may be inhibited. In this case the oxida
tion will stop regardless of whether a large population of the appropriate 
organism is present in the system or not. (b) The reductive assimilation 
of carbon dioxide may be inhibited. In this case the oxidation will con
tinue if a large population of the appropriate organism is present in the 
system but will virtually stop if the population is small. I t so happens 
that the primary oxidation systems summarized in Eqs. (1) and (2) are 
currently more interesting biochemically than the assimilatory systems 
of Eq. (3), since it is in their abilities to carry out these inorganic oxida
tions with the production of negotiable energy (high energy phosphate 
bonds, for instance) that the organisms are distinctive if not unique. All 
autotrophes can carry out the reductive assimilation of carbon dioxide; 
this assimilation probably proceeds in Nitrobacter, partially at least, by 
the Calvin cycle (3), and there is little doubt that the same will be found 
true for Nitrosomonas. It therefore turns out that most recent biochemical 
studies on the inhibition of nitrification have been aimed at discovering 
selective inhibitors of the primary oxidation reactions, since the action of 
such inhibitors might be expected to throw light on the mechanisms of the 
primary oxidations. Very great interest also centers on the coupling 
mechanisms that must exist between Eqs. (1) and (3) and Eqs. (2) and 
(3). There are reasons for believing that Eq. (1) represents the genera
tion of, at most, three high energy bonds while Eq. (2) represents the 
generation of probably not more than one. The operation of Eq. (3), 
however, requires an energy supply of some 120 kcal/carbon atom—a 
supply, in other words, of about a dozen high energy bonds. The coupling 
between primary oxidation and reductive assimilation must, therefore, be 
multistage and complex, but, as yet, there has been little opportunity to 
study the effects of inhibitors of this coupling, largely because no active 
cell-free extract of either organism has been available until recently. I t 
may be confidently expected, however, that the use of selective inhibitors 
on the coupling mechanisms will yield information of great value; this is 
an area of autotrophic metabolism well worthy of exploration. 

Another, nonacademic, reason for studying methods of inhibiting the 
nitrifiers, especially in their natural habitat, is that too intensive a nitrify
ing activity in a cropped soil may be disadvantageous. Although most 
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plants thrive better on nitrate than on ammonium as a source of nitrogen, 
nitrate is easily leached down through soil profiles by rain water and thus 
removed from the reach of the plant roots. Ammonium, on the other hand, 
is held by the base exchange complexes of the soil and is not so susceptible 
to removal by leaching. The ammonium so held, however, is available to 
plants, since the respiratory activities of the roots generate hydrogen ions 
which can enter the base exchange complexes of the soil and there dis
place ammonium ions which are thus made available to the plant roots. 
Any cheap and reliable inhibitor of the nitrifiers that could be used in 
the field would thus almost certainly enhance the efficiency of utilization 
of nitrogenous fertilizers in tropical regions where rainfall and microbial 
activity are high. 

There are two main ways in which nitrification, and the effects of 
various inhibitors of the process, have been studied. One is to study the 
process as it actually occurs in soil, and for this type of study the tech
nique that has proved to be biochemically the most useful and adaptable 
is the "soil perfusion" or "soil percolation" technique {4-6). A solution 
of ammonium salts is percolated and repercolated through a column of 
soil that is kept in an aerated condition by air dragged through the col
umn by the percolating solution. Small samples of the solution are taken 
from time to time and analyzed for ammonium ions, nitrite, and nitrate; 
these analyses show the course of the nitrification as it is proceeding in 
the soil column. Inhibitions of the process are followed by comparing the 
rate of nitrification in a soil percolated with a solution of ammonium 
salts containing inhibitor with the rate in a soil percolated with a similar 
solution free of inhibitor. If the soil is a "fresh" soil, i.e., one that has not 
recently carried out any appreciable nitrification, there is likely to be a 
lag period before any ammonium is nitrified because the nitrifying popu
lation is small; then small amounts of nitrite appear as the population 
of Nitrosomonas builds up. The appearance of this nitrite stimulates the 
growth of Nitrobacter, with consequent oxidation of the nitrite to nitrate. 
Thereafter, since the Nitrobacter population can usually oxidize the nitrite 
as fast as it is formed, the oxidation of the ammonium yields nitrate 
alone. When an appreciable population of nitrifiers has been built up in 
this way in a soil and the soil is repercolated with a fresh solution of 
ammonium salts, oxidation of ammonium to nitrate takes place without 
any lag period and usually at a linear rate, since the nitrifying population 
of the soil is as great as the soil will bear; such soils are said to be "stimu
lated," "enriched," or "bacteria saturated" (5, 6). I t is also possible to 
remove the soil from the percolator after stimulation and follow nitrifica
tion in it by transferring samples to a Warburg vessel and observing 
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oxygen uptakes in the presence of ammonium ions with or without the 
addition of any inhibitor under investigation (6). 

This brief description of the technique has been based on the percola
tion of ammonium ions and the resultant build-up of populations of both 
Nitrosomonas and Nitrobacter in the soil. It is, however, possible to 
stimulate a soil to nitrite oxidation alone by percolating nitrite instead 
of ammonium; it is also possible to stimulate to ammonium oxidation 
alone by percolating ammonium salts in the presence of chlorate, which 
specifically inhibits the growth of Nitrobacter under such conditions 
(vide infra). The advantage of the technique in studies of inhibitors of 
nitrification is that inhibitions take place under conditions approximating 
those obtaining in the field, and it is thus of considerable practical value. 
On the other hand, there is no guarantee that any substance X, which is 
found to inhibit nitrification in a soil percolator, will necessarily inhibit 
nitrification as studied in pure cultures of the nitrifying organisms, since 
there is always the possibility that X is changed into some other com
pound Y in the soil by the activities of various soil organisms and that Y, 
not X, is the actual inhibitor. 

Studies of inhibitors of nitrification in pure cultures of Nitrosomonas 
and Nitrobacter are free of this drawback but have the disadvantage 
that they are tedious to carry out. The organisms are slow to grow in pure 
culture, and Nitrosomonas, at least, apparently cannot at present be cul
tured continuously for long periods under strictly autotrophic conditions 
when it is pure. 

This brief survey of techniques has been given in order to allow those 
not familiar with nitrification studies to assess the value of the different 
results presented here and as a map of the pitfalls for those who might 
be tempted to explore this particular area of biochemistry. 

II. GENERAL INHIBITORS OF NITRIFICATION 

Probably the earliest biochemical study proper on the nitrifying organ
isms was that carried out by Schloesing and Muntz (7-9), in which they 
showed unequivocally that nitrification in sewage and soil was a biological 
process. A column of quartz sand containing 2% lime was percolated with 
sewage. For the first 20 days of the experiment the ammonia content of 
the issuing fluid was the same as that running into the column; then 
nitrate began to appear in the issuing fluid and "sa quantite croissant tres 
vite" soon replaced all ammonia. After 4 months of such percolation, 
during which all ammonia entering the column was steadily oxidized to 
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nitrate during passage, a small dish of chloroform was placed on the top 
of the column and its vapor was forced down the column by a stream of 
air. For 15 days after this treatment a smell of chloroform persisted 
in the issuing fluid, and no further nitrate appeared, all ammonia entering 
the column now passing through unchanged. This state of affairs persisted 
for 2 months, and nitrification was not re-established until fresh soil 
suspension was poured into the column. This was a clear demonstration 
that the nitrifiers were inhibited or killed by the chloroform. Parallel 
experiments with samples of soil in closed vessels also showed that nitrifi
cation in soil itself was inhibited by chloroform vapor. 

Warington, in a remarkable series of experiments that clarified a great 
deal of the gross physiology of the nitrifying organisms (10-13), showed 
that carbon disulfide, chloroform, and phenol were all inhibitory to nitrifi
cation. He also showed that light inhibited the second stage of nitrification 
and that crude mixed cultures of the nitrifiers exposed to light and sup
plied with ammonia accumulated only nitrite. The inhibitory action of 
light was subsequently noted by other workers; it may be due to some 
light-induced malfunctioning of a biologically active pigment system such 
as the cytochrome system known to be concerned in nitrite oxidation by 
Nitrobacter. Warington also showed that ammonia was inhibitory to 
Nitrobacter, a notion at first dismissed by Winogradsky (14) but later 
accepted (15). Of this very early work on inhibitors of nitrification, none 
is more significant than that of Munro (16), who investigated what sub
stances could be nitrified by soil suspensions and waters from wells and 
rivers. Among the many substances he tested were ammonium thiocyanate 
and thiourea, prepared from the ammonium thiocyanate by heating. 
Whereas the ammonium thiocyanate was readily nitrified, thiourea was 
not: "After three seedings, and a period of trial extending over three 
years, we may conclude that thiocarbamide is not nitrifiable." Sixty years 
were to pass before the full significance of this conclusion was appreci
ated. Munro had, in fact, discovered the highly specific toxic effect of the 
thioureas on Nitrosomonas, later reinvestigated by Lees (17, 18), and 
Quastel and Scholefield (6). 

Following the classic researches of Winogradsky on the autotrophic 
nature of Nitrosomonas and Nitrobacter, Winogradsky and Omeliansky 
(15, 19) published an investigation whose initial fame has been trans
muted to notoriety. This purported to show that not only were Nitro
somonas and Nitrobacter independent of any external supply of organic 
materials but that they were actually inhibited by various organic com
pounds (e.g., glucose, peptone, urea, asparagine, glycerol, straw extract, 
etc.). As a result, there arose the belief, still expressed in textbooks, that 
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the nitrifying organisms are "inhibited by organic matter." This belief is, 
in fact, quite unfounded: In the first place, the results of Winogradsky 
and Omeliansky would scarcely bear any modern statistical analysis; 
insofar as they show anything, they show only indications of some effect 
by some of the compounds tested. In the second place, nitrification takes 
place very readily in soils rich in organic matter, in sewage, and in dung 
heaps. Beijerinck {20), however, thought that exposure of Nitrobacter to 
certain organic substances caused a loss of nitrite-oxidizing power but 
did not necessarily kill the organisms. 

Of all the different types of "organic material" that have been alleged 
to affect the nitrifiers, the following probably have the best-attested 
inhibitory actions. 

Peptone. There is fairly general agreement that peptone is inhibitory to 
the growth of one or both of the nitrifiers (19-21). Beef infusion, or an 
alcohol extract thereof, was also found to be inhibitory by Beijerinck 
(20). Kingma Boltjes (21) showed that the inhibition by peptone was due 
to free amino acids therein, and the inhibitions noted by Beijerinck are 
presumably explicable on the same basis. Why free amino acids should 
have such an action is not clear. Possible explanations are: (a) they bind 
essential trace elements [this may explain the inhibitory action of histi
dine (18)], and (b) they specifically block some key reaction in the 
cells; a specific inhibition of glutamine synthetase presumably explains 
why methionine sulfoxide retards the growth of Nitrosomonas in the soil 
percolator (6). I t is most unlikely that amino acids ever inhibit the 
nitrifiers under field conditions because amino acids (with the possible 
exceptions of threonine and methionine) are rapidly destroyed by soil 
microflora (22) and are normally found in soil and humus only in minute 
traces (23). 

Glucose. Although Winogradsky and Omeliansky found glucose to be 
toxic to the nitrifiers, this conclusion has not been generally confirmed. 
Jensen (24) thought that, where glucose had been found toxic, the toxicity 
could probably be ascribed to the formation of mannose during auto-
claving. Glucose sterilized by filtration he found not to be inhibitory to 
Nitrosomonas up to concentrations of 10%, whereas mannose was inhibi
tory at concentrations greater than 0.2%. The basis of the mannose 
inhibition is unknown. 

Urea. Where urea has been found to be toxic (15, 25) to the nitrifiers, 
its action, at least on Nitrobacter, is explicable on the grounds that any 
urea solution is likely to contain traces of cyanate (26), which is now 
known (27) to be highly toxic to Nitrobacter and possibly to other 
organisms too (28). 
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Organic Acids. Simple organic acids, such as formate, acetate, and 
butyrate, have been found toxic to the nitrifiers by many independent 
workers (15, 24, 25), usually at fairly high (decimolar) concentrations. 
There is no known reason for the effect of the organic acids, although it 
might seem worth while to reinvestigate their action in order to ascertain 
whether they induce wasteful carboxylations in the organisms, as does 
succinic acid in the autotrophic green sulfur bacterium Chlorobium (29). 

Urethans and Ammonia. Meyerhof (25) showed, with cultures of the 
nitrifiers, that various urethans were very inhibitory to substrate oxida
tion, and that Nitrosomonas was especially sensitive to mixtures of 
urethans. He suggested that the toxicity of the urethans was related to 
their lipid solubility, a conclusion that was supported by his rinding that 
ammonium salts became more toxic to Nitrobacter as the pH was in
creased (i.e., as the concentration of lipid-soluble N H 3 rose and that of 
the lipid-insoluble N H 4 + fell). Soil experiments (6, 30) have confirmed 
the inhibitory action of urethans, and it has been found, moreover, 
that ammonia oxidation by Nitrosomonas growing in a fresh soil is 
more sensitive to ethylurethan poisoning than is ammonia oxidation by 
Nitrosomonas already established in an enriched soil. I t was therefore 
concluded that ammonia assimilation rather than ammonia oxidation was 
the process affected by the urethan (6). That ammonia toxicity, especially 
towards Nitrobacter, increases as the pH increases has recently been 
substantiated (31,32). 

Guanidine. Meyerhofs observation (25) that guanidine was highly 
toxic to the nitrifiers has been confirmed (6). The basis of its action is 
unknown, but it may well be similar to that of ammonia. 

Borate. Borate presents a puzzle. Boullanger and Massol (33) found 
that ammonium borate was easily oxidized by Nitrosomonas, and they 
comment on the fact that salts usually looked on as antiseptics (fluoride 
and borate) are apparently not inhibitory to Nitrosomonas. Porteous and 
Lees (unpublished) found that 1 0 ~ 2 Μ borate increased the rate of nitrifi
cation in several tropical soils. On the other hand, Meyerhof (25) found 
that approximately Ι Ο - 1 Μ borate inhibited oxidation by Nitrobacter. 
Recent work in the writer's laboratory has appeared to show that 5 X 
1 0 ~ 3 Μ borate, whatever the effect of the ion in soil, inhibits growth of 
Nitrosomonas in enrichment cultures. 

III. SPECIFIC INHIBITORS OF NITRIFICATION 

The inhibitors considered so far are general ones; their action has 
revealed only the broad types of compounds to which the nitrifiers are 
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sensitive. In recent years, however, a number of inhibitors with quite 
specific actions have been discovered, and elucidation of their modes of 
action has begun to yield a clearer picture of the actual functioning of 
the biochemical mechanisms of the nitrifiers. It is to these inhibitors that 
attention will now be directed. 

A. Inhibitors of Nitrobacter 

In 1945 Lees and Quastel (84) reported that potassium chlorate had 
"a remarkable inhibitory effect on the conversion of ammonia to nitrate" 
in soils (this was a piece of serendipity, since the effect was originally 
noted, in an attenuated way, with iodate, which was being tested as an 
eel-worm inhibitor at the time). The effect was that if a fresh soil, with a 
consequently low population of nitrifying organisms, was treated with 
ammonium sulfate and potassium chlorate, the oxidation of ammonia 
went on unhindered, but the oxidation of the nitrite formed was con
siderably delayed; as a consequence there was, for a time, an appreciable 
accumulation of nitrite in the soil. Such accumulation did not occur if 
the soil was first treated with ammonium salts or nitrite and left until 
a population of Nitrobacter had built up in it. Such "enriched" soils 
oxidized nitrite almost as well in the presence of chlorate as in its absence. 
From these results Lees and Quastel concluded: "Potassium chlorate at 
low concentrations (c. Μ X 1 0 ~ 5 to Μ χ 10~ 6 ) exercises a bacteriostatic 
action on soil organisms oxidizing nitrite to nitrate. . . . Chlorate has little 
or no effect on nitrite oxidation in a soil which is rich in nitrite-oxidizing 
organisms. Its effect at low concentrations seems almost wholly concerned 
with the inhibition of the proliferation of these organisms." They also 
noted that the effect of chlorate could be antagonized by nitrate, just as 
the well-known herbicidal effect of chlorate could also be antagonized 
by nitrate. Somewhat later, it was noted (6) that relatively high con
centrations of chlorate (10~ 3 M) would suppress nitrite oxidation in a 
soil in which a population of Nitrobacter had, in fact, been established, 
thus showing that the chlorate was not entirely without effect on the 
primary nitrite oxidation. The mode of action of chlorate, however, 
remained obscure until chlorate was tested on suspensions of Nitrobacter 
(27). It was then found that concentrations of the order of 5 χ Ι Ο - 3 Μ 
were necessary before any chlorate effect manifested itself as an inhibition 
of nitrite oxidation. Various concentrations of chlorate were tested, and 
all gave the same result, an inhibition of nitrite oxidation that became 
more and more marked as oxidation proceeded. The inhibition was de
pendent upon the cell density of the suspension used, being more marked 
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in weak suspensions than in stronger ones. I t was then noticed that nitrite 
oxidation by Nitrobacter was accompanied by the appearance of reduced 
cytochrome absorption bands, a band at 551 πΐμ being particularly 
marked. This suggested that nitrite oxidation was mediated, directly or 
indirectly, by a cytochrome system. Furthermore, it was observed that if 
nitrite oxidation were allowed to proceed in the presence of chlorate these 
reduced bands gradually disappeared as oxidation proceeded. In the ab
sence of chlorate the bands appeared when nitrite was added and persisted 
at constant intensity until all nitrite was oxidized, when they abruptly 
disappeared again. I t therefore seemed likely that the chlorate somehow 
destroyed the cytochrome during nitrite oxidation and thus gradually 
eliminated the nitrite-oxidizing systems. If cells were suspended in chlo
rate in the absence of nitrite for extended periods and then washed free 
of chlorate, they oxidized nitrite as well as cells suspended in chlorate-
free, nitrite-free media for the same period. Clearly, chlorate was inhibi
tory only when active nitrite oxidation was going on. Cells suspended in 
chlorate + nitrite for varying periods of time, and then washed and 
resuspended in nitrite, showed a decreased oxidizing ability according to 
the length of time they had oxidized nitrite in the presence of chlorate; 
moreover, the residual oxidizing ability after such treatment was linearly 
related to the relative intensity of the reduced cytochrome band at 551 τημ 
that remained after nitrite-chlorate treatment. I t was also noticed that, 
although Nitrobacter is a strict aerobe, it would oxidize nitrite, at a 
steadily diminishing rate, under anaerobic conditions if chlorate were 
present; seemingly, the chlorate could act, to some extent, as an electron 
acceptor for the nitrite oxidation system. On the basis of these findings it 
was suggested that the oxidation of nitrite by Nitrobacter could be 
visualized as shown in Eqs. ( 4 ) - ( 7 ) , 

F e c y t 5 5 1 3 + + N 0 2 - -* F e o y t 6 5 i 2 + + N 0 2 (4) 

F e o y t 6 5 1 2 + + N 0 2 + i 0 2 -* F e c y t 6 6 i 3 + N 0 3 " (5) 

F e o y t 6 6 1 2 + + NO2 + CIO3- -+ F e o y t 6 δ ι 3 + + N 0 3 ~ + CIO," (6) 

F e o y t 6 5 i 3 + + C10 2 —> inactivated cytochrome 551 (7) 

where F e 3 + c y t 5 5 i and F e 2 + c y t 5 5 i represent the oxidized and reduced forms 
of the 551 cytochrome and N Q 2 represents some compound, free or bound 
to a carrier, at the oxidation level of the nitrite radical. In presenting this 
scheme, in which cytochrome inactivation is brought about by reaction 
with chlorite (85) produced by Eq. (6) , Lees and Simpson were careful 
to point out that "Although the reactions are depicted as taking place 
directly, this does not preclude the possibility that one or more of them 



624 Η. LEES 

may involve carrier systems." Unfortunately the high ultraviolet absorp
tion of both nitrite and nitrate ions precludes the possibility of observing 
pyridine nucleotide carrier reduction by the usual spectroscopic or ultra
violet fluorescence methods, and if such reduction is involved in nitrite 
oxidation, some indirect demonstration will be necessary. As far as Nitro
bacter is concerned, nothing presents a more urgent problem than the 
elucidation of the mechanisms whereby the oxidation of nitrite is coupled 
to the generation of negotiable reducing power and the production of high 
energy phosphate (?) bonds required for C 0 2 assimilation. The problem 
here is twofold. The E'Q of the system shown in Eq. (8) 

N 0 2 - + i 0 2 = NO,- (8) 

is some + 0 . 3 2 volt at pH 7, whereas even cytochrome c has an E'0 no 
higher than 0.26 volt (the 551 cytochrome of Nitrobacter, which is of the 
"c" type (36), has an E\ of 0.25 volt) , while the E\ of pyridine nucleotide 
carriers is about —0.28 volt at this pH. This means that the equilibria 
of the reactions shown in Eqs. (9) and (10) 

2Fe c y t *+ + H 2 0 + NOr = 2Fe c y t *+ + NOr + 2H+ (9) 

TPN + NOr + H 2 0 = TPNH2 + N0 3~ (10) 

must lie to the left and that, in particular, the generation of reduced 
pyridine nucleotide by the simple oxidation of nitrite is virtually impossi
ble. This is, of course, only another way of stating the well-known fact 
that TPN-linked nitrate reductase catalyzes the virtually complete reduc
tion of nitrate (87). It thus seems possible that Eq. (10) should be written: 

TPN + N0 2~* + H 2 0 = TPNH2 + N0 3~ (11) 

where N 0 2 ~ * represents some activated form of nitrite (adenyl nitrite?) 
capable of reducing oxidized TPN. It is also possible that the oxidation 
of nitrite according to Eq. (9) may demand some initial activation of the 
nitrite before the cytochrome system can function and thus generate more 
high energy bonds for the further activation of nitrite. In this respect it 
is interesting that with whole cells (38) and with some cell-free prepara
tions (89), if not all (3), uncoupling agents such as 2 ,4-DNP merely 
prevent nitrite oxidation. The whole of this area of metabolism in Nitro
bacter warrants much more study with selective inhibitors of the different 
stages involved in oxidation of nitrite, generation of high energy bonds, 
and generation of reducing power. An inhibitor that may prove of value 
here is cyanate. Quastel and Scholefield (6) reported that, among other 
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potent inhibitors of nitrification in soil, they had noted nitrourea. When 
freshly prepared nitrourea was tested on cultures of Nitrobacter, however, 
it was found not to be inhibitory, but became so if it were allowed to stand 
at room temperature, especially under alkaline conditions (27). Alkaline 
degradation of nitrourea might be expected to yield cyanate, and, indeed, 
when cyanate was tested, it proved very toxic, being 50% inhibitory to 
nitrite oxidation at a concentration of 5 Χ 1 0 - 4 M. The inhibition was 
reversible by water washing, and, since in the presence of cyanate no 
reduced cytochrome bands appeared in the presence of nitrite, it seems 
likely that cyanate inhibits nitrite oxidation in the area covered by 
Eq. (4) above. A curious aspect of cyanate inhibition was found by 
Butt and Lees (40), who showed that if the oxygen tension in a culture 
of Nitrobacter oxidizing nitrite were decreased, inhibition by cyanate 
became less and that at very low oxygen tensions cyanate would stimu
late oxidation at concentrations markedly inhibitory to oxidation at 
normal oxygen tensions. A similar dependence on oxygen tension was 
shown by the inhibitions due to arsenite and nitrate. Nitrite itself is 
known to be inhibitory to its own oxidation at concentrations much 
above Ι Ο - 2 Μ and becomes more so as the oxygen tension is lowered. 
I t thus seems possible that nitrate, cyanate, and arsenite, all of which 
have an ion structure somewhat similar to nitrite, inhibit by preventing 
access of nitrite to the surface of the oxidizing enzyme; at normal oxygen 
tensions, when the nitrite can be oxidized rapidly, these substances 
would thus act as inhibitors, but at low oxygen tensions they might well 
augment nitrite oxidation by preventing too great an accumulation of 
the (toxic) nitrite at the same enzyme surface. Whatever the mechanism, 
however, it seems likely that a study of the precise action of these com
pounds will throw some light on the mechanism of nitrite oxidation by 
Nitrobacter. 

Aleem (41) showed that molybdate was necessary for proper oxidation 
of nitrite in growing cultures of Nitrobacter, whereas Zavarzin (42, 43) 
found that while iron was also necessary, molybdate could be replaced by 
tungstate. However, if both tungstate and molybdate were used together 
with iron, they antagonized one another. In view of the fact that the 
molybdate-tungstate effects were pH dependent, Zavarzin postulated 
that the biologically active form of the molybdate or tungstate is a 
"heteropoly" ion (presumably phosphomolybdate or phosphotungstate) 
but that in the presence of both ions a mixed, biologically inactive, 
heteropoly ion is formed. Whatever the explanation, it is clear that a 
marked imbalance in trace element supply may be inhibitory to Nitro
bacter, which perhaps explains the high toxicity of various amines and 
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citrate noted by Meyerhof (25), since such compounds might be expected 
to throw out normal trace element supply by chelation or to interfere 
with the working of the molybdeno-flavoprotein-cytochrome and respira
tion system outlined by Zavarzin. At one time it seemed possible that 
catalase was responsible for oxidation of nitrite by Nitrobacter] the 
organisms certainly possess a catalase activity sensitive to poisoning by 
azide, cyanide, and hydroxylamine. But when the inhibitions of catalase 
activity brought about by these poisons were compared quantitatively 
with the inhibitions the same poisons exerted on nitrite oxidation, no 
correlation was found (44)· Azide was a weak inhibitor of catalase 
activity but a strong one of nitrite oxidation; with hydroxylamine the 
situation was reversed. Zavarzin (42, 48) concluded similarly that 
catalase was not involved in nitrite oxidation. 

B. Inhibitors of Nifrosomonas 

In 1946, experiments (17) on ammonia oxidation in soils already 
enriched with a population of nitrifying organisms showed that ammonia 
oxidation could be inhibited to an extent of 90-95% by percolation of 
the soils with potassium ethyl xanthate, salicylaldoxime, sodium diethyl-
dithiocarbamate, or allylthiourea, all at concentrations of 0.004 M. 
These compounds are all known inhibitors of copper enzymes, and, since 
the ammonia oxidizing activity of soils treated with them could be to 
some extent restored by percolation with copper sulfate, it seemed possi
ble that a copper enzyme was involved in ammonia oxidation by Nitro
somonas. Quastel and Scholefleld (6) showed that 0.002 Μ allylthiourea 
or thiourea virtually prevented proliferation of ammonia-oxidizing or
ganisms in a fresh soil. Work with several chelating agents (18) showed 
that all inhibited ammonia oxidation in cultures of Nitrosomonas, but 
there was still no indication of the site of their action. About this time 
it was shown, however, that hydroxylamine, which had often been sug
gested as an intermediate in ammonia oxidation but which had always 
failed to yield nitrite when tested on cultures of Nitrosomonas, was, in 
fact, an intermediate and that previous failures to establish it as such 
were in all probability due to the use of too high concentrations. When 
the hydroxylamine was tested at concentrations of some 1 0 ~ 4 Μ, it was 
oxidized to nitrite as fast, or faster, than was ammonium sulfate. This 
discovery (45) made it possible to start some investigations into the 
mechanism of ammonia oxidation, and it was found that allylthiourea 
was, in fact, a specific inhibitor of the system that oxidizes ammonia to 
hydroxylamine. Allylthiourea at 2 Χ 1 0 ~ 7 Μ was found to inhibit 
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ammonia oxidation in washed suspensions of Nitrosomonas by some 
5 0 % , and there was no evidence of any competition between ammonia 
and the allylthiourea. At 1 0 ~ 3 Μ allylthiourea showed no inhibition 
whatever of the oxidation of hydroxylamine. I t was then further noticed 
that hydrazine was also an inhibitor of ammonia oxidation and on 
investigation proved actually to be an inhibitor of hydroxylamine oxida
tion. At a concentration of 3 X 1 0 ~ 3 M, hydrazine prevented virtually 
all nitrite production from ammonia or hydroxylamine, but did not 
prevent the accumulation of small quantities of hydroxylamine in the 
presence of ammonia. Thus, the pathway of ammonia oxidation in 
Nitrosomonas can be formulated as in Eq. (12) 

N H 4 —**L> NH 2 OH — ( ? ) — N O r (12) 

in which step (a) is inhibited by copper enzyme poisons and step (b) or 
(c) by hydrazine. Two steps are indicated between hydroxylamine and 
nitrite because a total of four electrons is involved, but there may be 
more than two steps, since we cannot be sure that part of the oxidation 
does not take place via one-electron transfers. It seems probable that at 
least one two-electron transfer is involved because under anaerobic con
ditions in the presence of methylene blue, cell-free extracts of Nitro
somonas oxidized hydroxylamine with consequent decolorization of the 
methylene blue (46). Nitrite was not formed, but there was a gas output. 
Under aerobic conditions, methylene blue increased the amount of nitrite 
produced from hydroxylamine by such extracts, but the oxygen uptake 
did not correspond to the amount of nitrite produced. Under aerobic 
conditions in the presence of cyanide and methylene blue, the hydroxyl
amine disappeared, no nitrite was produced, and there was a gas output. 
I t thus appears that cell-free extracts of Nitrosomonas were able to 
oxidize hydroxylamine to the unstable intermediate labeled "?" in Eq. 
(12) above and that this intermediate either decomposed to nitrogen 
(or some oxide of nitrogen) or was oxidized to nitrite by means of some 
enzyme system requiring molecular oxygen, since the cyanide poisons 
this system and converts the whole setup to a condition resembling 
anaerobiosis. 

Much of Anderson's work (46) has been confirmed by Engel and 
Alexander (47), but here the matter rests for the moment. The inter
mediate (s) that must lie between hydroxylamine and nitrite remain 
unidentified, and the coupling between ammonia oxidation and carbon 
dioxide assimilation remains unexplored. Work in this field is continuing, 
however, and there is reason to hope that before long some light may be 
shed on problems that, at present, seem totally baffling. 
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