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CHAPTER 1

A SURVEY OF EARLIER INVESTIGATIONS ON
THE NITROGEN CYCLE IN GRASSLAND SOILS,
WITH SPECIAL REFERENCE TO
DENITRIFICATION

A. INTRODUCTION

It is a well-known fact that microorganisms are involved in the different
parts of the nitrogen cycle in the soil. The investigations performed with pure
cultures of the microorganisms responsible for fixation of elementary nitrogen,
immobilization and mineralization of nitrogenous compounds, nitrification,
and denitrification, enabled the explanation of many phenomena observed
in soils, Under field conditions most quantitative investigations of nitrogen
transformations have been carried out with arable soils.

Relatively little is known about the importance of the above-mentioned pro-
cesses in permanent-grassland scils. In a great number of field experiments,
MuLpgr (74) and Van Bure (22) have shown that on permanent pastures in
the Netherlands, the recovery of fertilizer nitrogen in the grass tops seldom
exceeds 60 per cent and is usually less than 50 per cent. Similar results were
obtained in other countries under different climatological conditions.

The low recovery indicates that, unless there is a considerable storage in
the roots, about half of the added fertilizer nitrogen disappears because of pro-
cesses, not involving the plants.

This disappointing behaviour of permanent grasslands provided the motiva-
tion for the present investigation which endeavours to trace the part of the
nitrogen unaccounted for in the tops. In general terms, the mitrogen may
escape from the plant in different ways. Apart from being stored in the roots,
it may be immobilized in microorganisms and soil-organic matter. In the case
of a nitrate dressing, nitrogen may be leached or volatilized because of deni-
trification. When supplied in the ammonia form, chemical fixation by soil-
organic matter and clay minerals may occur. Nitrification and subsequent
denitrification have also to be taken into account. From alkaline soils ammo-
nia may volatilize directly.

In the present investigation an attempt has been made to clarify the ways by
which some of the above-mentioned processes succeed in eliminating such a
large proportion of a nitragen dressing. Since losses by volatilization were
found to be important, much attention has been payed to the role of denitri-
fication in permaitent grassland.

B. LITERATURE ON NITROGEN TRANSFORMATIONS IN GRASSLAND SOILS

1. General features of the nitrogen cycle in permanent-grassland soils

The main difference between soils under permanent grassiand and arable
soils is that the former is always occupied by the crop, while the latter is pe-
riodically disturbed by cultivation alternating with periods of cropping. This
has some very important consequences as far as the nitrogen cycle is con-
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cerned. Earlier literature on the subject has been discussed thoroughly by
HarMsen and VAN SCHREVEN (47) in an excellent review on the mineraliza-
tion of organic nitrogen in soil.

As carly as 1885, Lawes and GILBERT (67) slgowed that a large accumu-
lation of organic residues, and consequently of nitrogen, may occur in pas-
tures. This observation has been verified by a large number of other investi-
gators. Figures on the organic-matter content of soils covered by permanent
grassland, under conditions occurring in the Netherlands, have been presented
by 'T HarT (49). Climatological conditions, ground-water level and soil type
-greatly influence the quantity of organic matter finally acc_umulated', a large
proportion of clay particles, for instance, causes high organic-matter contents
(49, 91). During ageing of the grassland, the organic-matter content gradually
increases, until finally an equilibrium is reached between mineralization and
supply of fresh orgapic matter. Few exact data are available in the literature
concerning the time required to reach this stage. Ricaarpson (91) found
equilibrium in grasslands occurring in the vicinity of Rothamsted, only after
more than 150 years of use as such. Fertilizer nitrogen and grassland manage-
ment seem to have a marked influence on the process, With heavy nitrogen
dressings on orchard grassland under a mulching system, equilibrium was
found to be reached after 25 years (87). Nevertheless, it may take many de-
cades before equilibrium between mineralization and immobilizationof nitrogen
is obtained, involving accumulations of organic matter of more than 10-15
per cent in the surface layers. Although the supply of plant residues in grass-
land soils may exceed that in arable soils (65), the accumulation is mainly the
consequence of a delay in the breakdown of organic matter.

The slow decomposition of plant residues in permanent grassland and in
other soils under permanent vegetation is not completely understood. Harm- -
SEN (46) applies the theory of EnDERs (28) on humus formation to the si-
tuation occurring in grassland soils. This theory is based on an accelerated
synthesis of humus under unfavourable soil conditions. According to HARM-
SEN, conditions in the surface layer of permanent grassland are promoting the
synthesis of humus, i.e. large fluctuations in temperature, moisture and irri-
dation. Recent investigations of Birch (10), however, show that the drying
and remoistening of a soil stimulates the breakdown of organic matter. Gene-
rally, an alternation of the soil conditions increases mineralization. Therefore,
it is likely that the continuous mixing of arable soils brings about a rapid
breakdown of organic substances, whereas in all undisturbed soils, like per-
manent pastures, breakdown is retarded. The fact that ploughing up of grass-
land is followed by a rapid decline of the organic matter content (49), SuUpports
this hypothesis.

A second important difference between permanent pastures and arable
soils, observed by several investigators, is that, broadly, the mineral-nitrogen
content of grassland soils is considerably lower than that of comparable arable
soils. In the'latter, mineral-nitrogen content shows a rise during spring and
autumn, while that of grassland is invariably low during the whole year.
RicrARDsON (91) found values for ammonium nitrogen between 2 and 8
p-p-m., and for nitrate nitrogen between zero and 2 p.p.m. in three subsequent
years. Such values are common for permanent pastures.

Adfter an addition of fertilizer nitrogen, the mineral-nitrogen content de~
clines very rapidly, RicuARDsoN (91) observed that in early spring half of the
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nitrogen disappeared within a week, while in late spring only a few days were
required for its disappearance.

It is not clear whether or not the Jow quantities of ammonium mtrogen re-
ported may be regarded as real values. In most cases ammonia was estimated
by distillation with Mg(OH): which may have brought about some decom-
position of organic nitrogenous compounds.

The low nitrate level in permanent pastures may be explained by an ob-
servation of Jansson (55), namely that nitrification of ammonium nitrogen
only occurred when its rate of production was faster than its rate of removal
by other. processes like immobilization and uptake by plants. This situation
is not met in grassland soils. A different explanation of the occurrence of a
low nitrate content in grassland was given by LyoN and BizgrL (68), who
suggested that plant roots may suppress nitrification, although JENSEN (57)
and others have shown that nitrification is not depressed by organic substan-
ces. SouLipeEs and CLARK (104) recently demonstrated that nitrification in
grassland was indeed retarded. Similar observations were made by CUNNING-
HaM and Cook (27). However, some of these investigators did not account
for the nitrate taken up by the plant. Realizing this, Van Bure (22) found that
relatively large quantities of nitrate accumulated in the grass tops; despite this
no nitrate was detected in the soil,

As stated already by RicHARDSON (91), leaching of nitrate from grassiand
soils during spring and summer is generally of no importance. It may occur
to some extent only in light sandy soils after heavy rains. This was recently
confirmed by HARMSEN and KOLENBRANDER (unpublished results). During
the winter the sitvation is different: leaching of nitrate and even of ammonia
may occur.

Recently, claims have been made of significant gains in the nitrogen content
of grassland soils by processes other than symbiotic nitrogen fixation (82, 87,
107). As most of these results have been obtained-in field experiments, the
claims are not convincing Moreover, nothing is known concerning the me-
chanism of these gains. Nitrogen fixation by azotobacters does not come into
accournt,

In summary, it can be stated that the mtrogen cycle in grassland so:ls is
characterized by:

1. an accumulation of large quantities of organic matter,

2. the presence of very low quantities of mineral nitrogen, especially of
nitrate nitrogen, throughout the year,

3. a rapid desappearance of added fertilizer nitrogen,

4. a suppressed nitrification,

The mechanisms underlying these characteristics are imperfectly under-
stood.

2. Disappearance of fertilizer nitrogen in permanent pastures

As stated above, little is kown concerning the rapid disappearance of fer-
tilizer nitrogen in grassland soils. In view of the attention paid to this part of
the nitrogen cycle in the present paper, it is worthwhile to subject to a detailed
examination the different mechanisms by which nitrogen may be removed.

a. Nitrogen Turnover. Obviously a large proportion (50-60%) of the
fertilizer nitrogen applied in spring or summer is taken up by the plants. As
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leaching in this season may be cxclu_ded, H_A'RMSE.N and VAN _SCHREVEN 4N
suggest that much of the remainder is immobilized in the organic matter of the
soil. Unfortunately, the quantity of nitrogen contained in the soil organic
matter is usually too high to estimate, by means of conygntmqal methods, small
gains in organic nitrogen following an addition of fertilizer nitrogen. However,
by applying 1*N-labeled nitrogen, it is possible to trace fertilizer nitrogen upon
its application on grassland.

With respect to the hypothesis of HARMSEN qnd VAN SCHREV.EN, two me-
chanisms may be considered. Firstly, mineral nitrogen may be incorporated
directly into organic compounds by microorganisms. In most grassland soils,
there is a surplus of carbogeneous material. Microorgal_nsms may use these
compounds in combination with mineral nitrogen to pulld up _thelr' cell ma-
terial. This type of immobilization gives rise to a net increase in soil organic
nitrogen. However, it is not possible to trace the quantities of nitrogen immo-
bilized in this way simply by adding 1*N-labeled fertilizer to permanent grass-
land, and then estimating the 15N-content of soil organic matter when all mine-
ral nitrogen had disappeared. For, as was clearly shown by JANSSON (55) and
other investigators, a constant mineralization of soil organic nitrogen w1_ll
occur in any soil. The energy liberated during the breakdown of soil organic
matter is used by the microorganisms to immobilize anew part of the mine-
ralized mnitrogen. This continuous mineralization-immobilization cycle of
nitrogen has been called “Nitrogen Turnover™.

When the mineralized nitrogen is diluted by adding (15N-labeled) fertilizer
nitrogen, microorganisms do not differentiate between these two mineral
nitrogen sources in re-immobilization. Therefore, part of the fertilizer (15N)
is always found in the organic-nitrogen fraction of the soil. A relative shortage
of carbogeneous compounds results in an increase of total mineral nitrogen
(although still Tabel is incorporated into soil organic matter), while a surplus
of carbogeneous compounds results in a decrease of the total mineral-nitrogen
level. To measure the surplus immobilization of mineral nitrogen, the level
of the latter has to be known. When mineral nitrogen is being removed by
other processes (e.g. uptake by plants), surplus immobilization can not be
measured. Consequently, the quantities of labeled nitrogen in soil organic
matter per se do not provide a decisive answer concerning a direct surplus
immobilization of fertilizer nitrogen.

The second mechanism by which fertilizer nitrogen may tum into soil orga-
nic matter, is by passing the plant. After incorporation in the nitrogenous com-
pounds of the plants, root excretions and dying roots may enrich soil organic
matter with nitrogen originating from the fertilizer. Removal of grass tops by
cutting and grazing may cause the death of part of the root system and thus
promiote the formation of seoil organic matter.

Since the quantity of label in the soil in experiments with 15N-labeled fer-
tilizer may be the result of both processes, it is difficult to decide which pro-
cess prevails. When no gains or losses of soil nitrogen other than by plant
uptake are involved, it is possible to estimate the increase in soil nitrogen at
the end of an experiment. As the immobilized nitrogen is a mixture of minera-
lized soil nitrogen and fertilizer nitrogen, so the nitrogen taken up by the plants
15 2 mixture of both nitrogen sources. The amount of nitrogen in the plant
not derived from the fertilizer, therefore, represents the mineralized nitrogen.
When, at the end of an experiment, the amount of fertilizer nitrogen in the
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soil organic matter exceeds the amount of soil nitrogen in the plant, a net in-
crease in soil nitrogen has taken place. There is a lack of experiments on this
subject performed with permanent pastures. However, it is possible to apply
the above analysis to data given in a paper by WALKER (119) who describes
a pot experiment with sown grass and clover, in which different quantities of
nitrate and ammonium nitrogen were applied. Neglecting the small amount of
nitrogen in the seed, calculations show that, with grass, the highest nitrogen
applications cause an increase of soil nitrogen. The gains after a nitrate
dressing exceed those after an ammonium application (Table 1). The quan-

TasLE 1. Increase in organic soil nitrogen after the addition of labeled nitrate and ammo-
nium nitrogen to sown percnnial ryegrass {data of Walker).

Mg N Mg soil N in the grass Mg fertilizer N | Difference =
applied g oz-ce (WaLKER, Table 3) in the soil increase in
per pot Total N — Fert. N — Soil N {WALKER, Tablc 4) soil N

992 NH,* 67.9 — 514 = 16.5 16.0 — 0.5
91,2 NO,;~ 474 — 361 =113 250 + 13,7
198.4 NH,* 1456 — 123.1 = 22.5 27.0 + 4.5

182.3 NO,~ 123.2 — 108.2 = 15.0 29.0 + 14,0

tities of soil nitrogen in the grass also show that, after a nitrate dressing,
exchange of fertilizer nitrogen with soil nitrogen is smaller than after a dressing
with ammonium nitrogen. This is in accordance with the results of an investi-
gation by JanssoN (54), who demonstrated that soil microorganisms prefer
ammonia to nitrate as a nitrogen source. If both compounds are available (e.g.
after a nitrate dressing), mineralized ammonia is re-immobilized by prefer-
ence. Therefore, the experiments of WALKER suggest that, after a nitrate dress-
ing, enrichment of soil organic nitrogen is mainly caused by nitrogen which
has passed the plants and is excreted afterwards. In the experiments of
WaLKER with clover, much larger quantitics of labelled nitrogen were reco-
vered in the soil organic matter (e.g. 78 mg after an addition of 182.3 mg
nitrate nitrogen), It is impossible, however, to decide whether this quantity of
labeled soil nitrogen represents a gain in total soil pitrogen, because the fixa-
tion of atmospheric nitrogen interferes with the calculations.

b. Chemical fixation of ammonium nitrogen. In the case of the che-
mical fixation of ammonium nitrogen by clay minerals, no fundamental differ-
ence exists between grassland and arable soils. Soil ammonium that is not’
removed by extraction with 1 N KCl or 1 N K80, is generally considered to be
fixed chemically. It has been pointed out by ALLISON (4) and JANSSON (55) that
large differences exist between different soils, high amounts of montmorillonite
and illite giving rise to a high fixation. Drying of the soil after the addition of
ammonium enhances the fixation. In certain soils, especially subsoils, a large
proportion of an ammeonium dressing may be fixed. In surface soils according
to BrRemNER (16) 3-8 per cent of the ammonium content is in the fixed form.
Therefore, ammonivm fixation theoretically may play a significant role after
an addition of fertilizer ammonia. It is likely, however, that the ammonium-
fixing capacity of the soil becomes soon saturated, and after a few years plays
no further role in removing fertilizer ammonium.
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c. Volatilization of fertilizer nitrogen. Large quantities of fertiliger
nitrogen may be lost by volatilization. The evaporation of ammonia from alka!me
soils is a well-known phenomenon and will certainly occur in the appropriate
grassland soils. Concerning the losses caused by denitrification, comparatively
few data are available from experiments under natural conditions. In his review
on soil-nitrogen balances, ALLISON (6) stated that few losses usually occur in
soils with sod crops. This conclusion was based on the analysis of a number of
lysimeter experiments. According to ALLISON, uptake by plants will prevent
denitrification. WALKER (118), in his experiments with permanent grassland,
comes to the same conclusion. The results derived from lysimeter experiments,
however, are open to serious criticism. The nitrogen balances obtained with
lysimeters are for the most part the results of experiments contineing for more
than five years, As there have been many claims made of nitrogen gains in
permanent grassland, (also summarized by ALLISON), the observed closed
nitrogen balances may be the result of an equilibrium between denitrification
losses and gains caused by fixation of atmospheric nitrogen. With high fertilizer
dressings, nitrogen fixation may be depressed. Denitrification losses, however,
may be expected to be higher (it takes more time before all nitrogen will be
removed by the plants). Indeed, most of the lysimeter experiments performed
with high nitrogen dressings show deficits, while after the application of small
doses of fertilizer, gains are observed. Recently, similar results were obtained
* by JanssoN (56), who found losses at high nitrogen applications in pot experi-
ments continved for several years, whereas small gains occurred upon the
addition of small doses of fertilizer nitrogen. This clearly demonstrates that
fysimeter experiments can give no impression of the magnitude of denitrification
losses before more is known about the occurrence of nitrogen gains.

In his experiments on the influence of the ground-water level on nitrogen
yields in the grass tops of permanent pastures, MINDERHOUD (73) obtained,
in one of three subsequent years, a correlation between ground-water level and
nitrogen yields. Although no nitrogen balances are presented, the low re-
coveries at a high water level suggest that denitrification may have been in-
volved. Unfortunately no impression of the magnitude of the denitrification
can be obtained from these experiments.

The most accurate method of acquiring information concerning denitri--
fication, is by means of short term experiments with labeled nitrogen. In the
previously noted experiments of WALKER (119) with sown grass and peas,
losses of about 25-35 per cent werc observed, with both ammonivm and
nitrate nitrogen. In the case of nitrate, volatilization as a result of denitrifica-
tion is the most likely explanation. At the beginning of the experiment, the
ammonium dressing was mixed with CaCQs, which may have resulted in direct
volatilization of ammonia. Nitrification followed by denitrification also may
have .bee‘n the cause of the observed losses. WHEELER (120) has shown that
nitrification and denitrification may occur simultaneously under apparently
aerobic conditions. '

The few data available on this subject clearly demonstrate that volatiliza-

tion may be one of the most important causes of the low nitrogen recovery
in the grass tops.
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C. LITERATURE ON DENITRIFICATION IN SOILS
1. Introduction

Most investigators dealing with denitrification in soil concentrate on the
microbial reduction of nitrate to gaseous products, which gives rise to losses
in soil nitrogen. Although the process is an indispensable chain in the nitrogen
cycle, it is also an alarming one, for it provides a pathway for fertilizer and
soil nitrogen losses. In 1886 the occurrence of these gaseous reduction pro-
ducts of nitrate was first studied by Gayon and DureTiT (38), and since that
time a large number of investigations has dealt with denitrification in order
to elucidate the conditions under which it occurs, and to establish its import-
ance in soils. As to the latter, different opinions were held during the first
decades of this century. Nowadays it is generally believed that, under certain
conditions, denitrification may bring about serious losses of nitrogen.

Literature on denitrification has been reviewed by BROADBENT (18), VER-
HOEVEN (115), NoMmMIK (79), WYLER and DeELwiIcHE (126), and CHARTER
and ALLISON (24), while the biochemical aspects have been discussed by Few-
soN and NicHoLas (34), and Nason (78).

2. Influence of oxygen

It is a well-known fact that during denitrification, nitrate is used by cer-
tain microorganisms as a terminal electron acceptor, resulting in a dissimila-
tory reduction which gives rise, along with some other products, to Nz and
N20O. In this respect, nitrate is able to replace oxygen. Therefore, certain
unsuspectedly aerobic bacteria, like Ps. aeruginosa and M. denitrificans, are
able to grow under anaerobic conditions in the presence of nitrate. With
Vibrio succinogenes, however, nitrate may replace fumarate and malate as a
hydrogen acceptor, while oxygen is used as electron acceptor only when its
concentration is below 2 per cent (123). Some Clostridium-species also possess
a dissimilatory nitrate-reducing capacity (125). It seems feasible to regard
nitrate as one of various electron acceptors which may be used by micro-
organisms, not merely as a substitute for oxygen.

When both oxygen and nitrate are present in the medium, the former is pre-
ferred. In experiments with Ps. denitrificans, SKERMAN and Mac Rak (99, 100)
observed that concentrations of dissolved oxygen above 0.2 p.p.m. suppressed
dissimilatory reduction of npitrate completely. With Achromobacter ligue-
faciens, however, the same investigators showed that nitiite was used as an
electron acceptor in the presence of higher levels of dissolved oxygen (101).
The same secems to hold for Bacterium denitrificans (60). In pure-culture
studies, aerobic denitrification was also claimed by MEIXLEJOBN (71), KOR-
sakova (66) and VERBOEVEN (115), but since no estimations of dissolved
oxygen were recorded in these investigations, the results are open to criticism.

From the above-mentioned pure-culture studies it is not possible to decide,
whether or not denitrification in soil will occur in the presence of oxygen,
dissolved in the soil solution. Therefore, many investigations have been car-
ried out in order to study denitrification in soils considered as "well aerated”.
The results were conflicting. BROADBENT (18) abserved denitrification at all
oxygen levels in the gas phase above the soil, while BROADBENT and StojaNo-
vic (19) reported that denitrification was inversely related to partial pressure
of oxygen but still occurred at the highest oxygen levels. BREMNER and SHaw
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(15), NomMIK (79), and CHARTER and ALLISON {24), however, show§d that
under their experimental conditions, denitrification in well-aerated soils was
of minor importance. Recently, GREENWOOD (41) showed that denitrification
in soil will occur only at levels of dissolved oxygen, similar to those estimated
by SkErMaN and Mac RAE (99) for Ps. denitrificans. _

The experiments concerning the influence of oxygen on denitrification in
soil, have all been carried out by incubating the soils in the laboratory at
different partial pressures of oxygen in either the gas mixture above the soil
surface or the gas phase of the soil. An exception to this procedure was made
in the experiments of GREENWOOD (41), who estimated the quantity of oxygen
dissolved in the soil solution. With the former procedure no equilibrium be-
tween oxygen in the gas phase and oxygen dissolved in the soil solution may
be expected. The quantity of dissolved oxygen is controlled by oxygen con-
sumption (plants, microflora, microfauna), diffusion rate, partial pressure of
oxygen in the soil atmosphere, and temperature. The partial pressure of oxy-
gen in the soil atmosphere in turn is decreed by the partial pressure in the
free atmosphere, the rate of diffusion and the consumption (referred to as the
“activity” of the soil) (8). The soil conditions (moisture level, package of soil
particles, occurrence of aggregates), and depth of the active layer also in-
fluence partial oxygen pressure of the gas phase. The latter is therefore one
of several factors, each influencing the oxygen availability in the soil solution,
and thus its effect may be completely overshadowed by other components.
This explains the different results obtained by various investigators, who
studied the influence of oxygen on soil denitrification. It is also apparent that
conditions may vary at different points in the soil. :

In addition, it may be mentioned that most investigators have worked with
soils, which were previously air-dried. The experiments of Bircu (10), how-
ever, demonstrate that re-moistening of a dried soil results in an increased
oxygen uptake, thus favouring the occurrence of anazerobic conditions.

High moisture levels, additions of fresh organic materials, and high tem-
peratures all have a diminishing influence on dissolved oxygen; therefore deni-
trification is often observed when one of these conditions is met. To sum up,
it can be stated that under soil conditions prevailing in normal agricultural
practice, the required levels of oxygen deficiency will often occur.

3. Influence of hydrogen donors

_Although oxygen deficiency is required, no denitrification will occur when
suitable hydrogen donors are lacking. While much attention has been paid
to the former point, relatively few investigations have been carried out on the
mflue_nce oﬁ hydrogen donors on denitrification. JaNssoN and CLARK {53), in-
cubatmg different substrates with nitrate under aerobic conditions, found a
promoting effect of lucerne and peptone as compared with straw and glucose.
This stimulatory effect, however, may be attributed to a rapid oxygen cor-
sumption as well as to the influence of different hydrogen donors, BREMNER
and SHAW (15) observed that readily decomposable materials strongly sti-
mulated denitrification (e.g. cellulose rather than lignin, wheat straw rather
than water-extracted wheat straw). The same investigators did not detect deni-
trification when levels of native soil carbon were less than 1 per cent (15).
Mc (?A.RITY (37) also found a close relationship between denitrification and
quantities of native organic soil carbon. However, even at low levels, denitri-
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fication was still significant. Additions of readily decomposable materials
markedly stimulated denitrification; only at high contents of native soil or-
ganic matier was the influence small, It is not clear which fraction of soil or-
ganic matter may serve as hydrogen donor nor what the influence is of the
C/N ratio and other factors. ‘

In a recently published survey on the nutritional requirements of pure cul-
tures of denitrifying bacteria, VALERA and ALEXANDER (113) showed that
some species, like Ps. aeruginosa and Achromobacter spp., were able to deni-
trify in a glucose-nitrate medium, while others, like Ps. stutzeri and B, licheni-
formis, required ammonium nitrogen or amino acids in addition. Since it is
not known which species are chiefly involved in soil denitrification, these data
do not provide information concerning the hydrogen-donor requirements in
the soil,

4, Influence of other faciors

The influence of environmental factors on denitrification in soil has been
studied by BREMNER and SHaw (15), WYLER and DELwICHE (126), and Nom-
MIK (79). These investigators showed that pH influenced the denitrification
rate and the relative proportions of Nz and N2O formed. Below pH 6 denitri-
fication was markediy retarded, N2O being the main product.

The optimum temperature for denitrification in soil appeared to be about
60°C (see references 15, 79). Since the experiments of NoMMik (79) were
performed under aerobic conditions, temperature had influenced oxygen solu-
bility as well. Diffusion rate of gaseous denitrification products is also stimu-
lated by increasing temperatures. The reported high optimum temperature,
therefore, may have been caused indirectly by secondary conditions. More-
over, a similar high temperature optimum has never been observed with pure
cultures of the common denitrifying organisms.

It is not known if differences in environmental conditions bring about
changes in the denitrifying population or merely result in an alteration of the
relative proportions of Nz and N:O produced by the same species.

5. Losses other than by denitrification

The large losses of nitrogen, often observed in lysimeter, field, and pot expe-
riments, do not always seem to have been caused by denitrification. Investi-
" gations of SouLDES and CLaRk (104), SMiTH and CLARK (102), CLARK et al.
(25), TyLer and BROADBENT {112), and GERRETSEN and DE Hoor (40) have
shown that nitrite is easily decomposed chemically. This decomposition seems
to be important especially dusing nitrification of ammonium in alkaline soils
subsequently becoming acid. The mechanism of decomposition is still obscure.
According to AvrLisoN and DoETscH (5), the VAN SLYKE reaction is not in-
volved. GERRETSEN and DE Hoor (40) came to the opposite conclusion.
TyLER and BroapeeNT (112) observed Nz as being the main product formed
between pH 5.5 and 6.5, while NO occurred only in traces,

In summing up, it may be stated that losses by volatilization may occur in
soil under the influence of the following processes: 1. volatilization of ammo-
nia in alkaline soils; 2. demtnflcatlon of nitrate or nitrite; 3. chemical decom-

position of nitrite.
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CHAPTER II
ANALYTICAL METHODS

A. INTRODUCTION

The investigations described in this thesis deal with soils, plants and pure cultures of micro-
organisms. Although considerable variation in ¢xperimental procedures occurred, in most
experiments the distribution of nitrogen had to be estimated guantitatively. The analytical
methods used are described in this chapter.

B. DETERMINATION OF NITROGENOUS COMPOUNDS
1. Ammonia in soils

The general procedure in the estimation of ammonium nitrogen in soils consists of shaking
the soil with a certain amount of an extracting agent, distillating the extract under alkaline
conditions and then estimating the ammonia in the distillate by titration or Nesslerization.
There are some difficulties in using this procedure. It is impossible to extract quantitatively
the ammonium chemically fixed in clay minerals. It is asswmed that extraction with 1 N solu-
tions of potassium salts removes the ammonium which is not chemically fixed (55). By
repeated extraction with 0.2 N H,S0,~ 1 N NaCl-solution, part of the fixed ammonium is
also removed. However, especially in grassland soils, more of the soil organic matter goes
into solution by extraction with dilute acid solutions than with neutral extractants, During
alkaline distillation, part of the dissolved organic nitrogen is split off and estimated as mineral
ammonium. Therefore, extraction with 1 N X,S0, was chosen for the determination of am-
monium nitrogen.

The following procedure was adopted. 100 g soil of known moisture content were shaken
mechanically with 250 ml 1 N K,SOgsolution for 1,5 hours. After removal of the soil by
filtration, ammonium was estimated by two different methods. ‘

In the first method two 100 ml samples of the filtrate were pipetted into 500 ml Kjeldahl
flasks, (pH was fixed at 6.3 with 2 N NaOH using methyl red as an indicator), then 150 ml
distilled water were added, followed by 50 ml borate buffer, (containing 8 g boric acid +~ 40 g
Na;BO, per litre), (see reference 13). Ammonia was distilled into 5 ml of 2 2 per cent boric
gc:j(.i sct)lutlon and then titrated with 0.02 N H,S0, using methylred-bromocresolgreen as an
indicator.

In the case of *N-samples, the ammonia was subsequently distilled into 0.1 N HCL. After
conversion of the ammonium into N, the YN-content was estimated by means of a Metropoli-
tan Vickers mass spectrometer.

The second method depended on the Conway-technique. Duplicate 2 ml samples of the
soil extract were pipetted into Conway vessels. Upon the addition of 1 ml of 2 12 percent
MgO-suspension, the ammonia was distilled into 2 ml of a one per cent boric acid solution

by incubation at 28°C, Finally the ammonium was titrated with 0.005 N H,80,. In gencral
a good agreement between both methods was obtained. -

2. Ammonia in culture solutions of bacteria

When large quantities of culture solutions were available, they were treated in the same way
as the soil extracts. After removal of the cell material by centrifugating, duplicate 10 or 50 ml
samples were dl_luted to 250 ml, followed by distillation with borate buffer,

In the experiments with resting cells, however, small quantities of ammonia had to be
estimated. In this case, a somewhat modified procedure was employed. After being centrifu-
gated, the culture solution was freed from protein with trichloroacetic acid and kaolin. Then
1 ml aliquots were pipetted into Conway vessels, followed by distillation of the ammonia into
4 ml 0.005 N HCl. Ammonium was estimated in the distillate by Nesslerization. It was possible
to recover quantities of ammonium ranging from 0.5 to 20 ug accurately.

3. Nitrate

Since the extraction of nitrate from soils offers no difficulties, determinations were always
perforrn_ed in the extracts prepared for the ammonium determinz;,tion. After distillatir:n of t}{e
ammonia the samples were concentrated in the same Kjeldahl flasks to 100 ml. Then 10 ml
of a 50 per cent NaOH-solution were added and the concentrating procedure was continued
until 2 final concentration of 40 ml was reached. During the latter procedure, ammonium
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formed by breakdown of soil organic matter was removed, In the concentrated solutions,
nitrate and nitrite were estimated by reduction with FeSO, and Ag,S0, according to the method
of Corrte and KaHANE (26). When nitrite nitrogen was present, it had to be substracted from
the figures obtained by the CorTE and KAHANE procedure.

Nitrate was also determined spectrophotometrically by the xylenol-sulphuric acid method
of Barks and Reexers (7). Color development was measured with a Beckman DV spectro-
photometer at 430 mye, Since chloride interferes with the determination, it was necessary to
use K,S0O, in preparing soil extracts. In the experiments with washed cells, nitrate was always
determined by the xyleno! method.

4, Nitrire

This compound was estimated according to the GRiEss-ROMEIN-VAN Eck method (72).
Color development was measured with a BECkMan DV spectrophotometer at 530 my, The
method proved to be not entirely reliable. In the presence of amino acids, nitrite was not
recovered quantitatively. Losses of about 2.5 per cent were sometimes observed. The lowering
effect of amino acids on the nitrite recovery was ascribed to the YaN SLYKE reaction. No
attempts were made to overcome this shortage of the GrRiess-RoMEIN method.

5. Total nitrogen content of soils

Estimations of the total nitrogen content of soils were performed by the KJELDAHL method.
As the complete homogenization of grassland sods was not realized, five samples of 15 g each
were taken for the analysis, Standard deviations were calculated, The digestion was carried
out with conc. H,SO, and a Se, CuS0,, K,50, mixture, according to BREMNER and SHAw
(14, 16). When nitratc and nitrite were present, reduction with reduced iron-powder was
carried out prior to digestion (14). After digestion, ammonia was distilled with steam into
10 ml of a 4 per cent boric-acid solution. The “N-content of the samples was estimated by
distillation of the ammonia from the boric-acid solution into 10 ml 0.1 N HCl, followed by
conversion into N,. :

In order to examine to what extent total nitrogen of samples, without nitrate, was deter~
mined by the KieLDaHL method, as compared with the Dumas method, samples of both
soil and herbage were analysed (Table 2). Both methods gave more or less similar results
except with arable sandy soil and with herbage. KIELDAHL analyses performed by the Central
Laboratory of the States Mines, also where the Dumas determinations have been carried
out, correberated with the KreLpanL analyses reported in the present investigation. Since the
KJELDAHL method proved to be not inferior to the Dumas method with grassland soil and
herbage, it was assumed to be sufficiently reliable for obtaining total-nitrogen balances.

TaBLE 2. Nitrogen content (%, nitrogen) of different soil and herbage samples determined
with the Kjeldaht and the Dumas methods.

Kjeldahi Kjeldahl? Kjeldahl
Sample without . with States Dumas
reduction reduction Mines
Peat : 1.16 - - 1.28; 1.14;1.22
Arable sandy soil 0.08 0.08 0.08 0.093; 0.089
Grassland sandy soil 0.30 0.30 - 0.291; 0,295
Herbage 1.85 1.85 1.85 1.71; 1,73

1 Mean values of ten estimations.

6. Total nitregen content of herbage and roots

Immediately after cutting, the herbage was dried under forced aeration; the roots were
treated in the same way after separation of the soil. The dried material was weighed, ground
and analysed by digestion of duplicate samples with conc. H,SO, and a 30 per cent H,0,-
solution. The latter was added until the solution remained clear. Ammonia was estimated by
distillation with steam into 2 per cent boric-acid solution. Simultaneously with the nitrogen
analysis, the moisture content in the samples was determined anew.

After the first year's experiments, this method proved to be not entirely reliable, particularly
in the presence of nitrate. Thus, in subsequent experiments, reduced-iron powder was applied
to reduce nitrate prior to digestion with the H,S80,, S¢, CuSO,, K,SO, mixture.
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The total nitrogen content of bacteria was estimated by digestion with sulphuric acid and
the selenium mixture in the same way as with herbage and roots,

C. OTHER PROCEDURES

1. Soil treatment in establishing nitrogen balances in grass sods

At the end of the experiments the sods were weighed, packed in plastic bags, and stored at
~18°C until analysis, After having been thawed, the samples were rewetted to their original
weight, mixed thoroughly and weighed again to determine moisture loss during the mixing
procedure. Then the total nitrogen content of the sods was estimated according to the KieL-
panL method as described above,

2. Separation of roots from soil

The remaining part of the sods, that was not used for the KjeLDAHL analysis, was washed
carefully with tapwater. The water used for the washings was drained through a 56 mesh sieve
in order to recover small roots. The roots were stirred mechanically in 2 water container to
remove adhering soit particles. Then they were successively sieved, dried, ground and suspen-
ded in carbon tetrachloride to separate organic matter from heavier soil particles. Finally the
roots were separated, dried, weighed and analysed for total nitrogen and N,

The large amounts of water and carbon tetrachloride used, were concentrated. Determina-
tions of total nitrogen in the concentrates showed that the nitrogen loss was less than 0.5
per cent of the total nitrogen content of the roots. ‘

Although it is not possible to separate dead and living roots, this method gives a good
impression of the total root mass and the nitrogen content of the roots. By subtracting the

ngroger:i content of the roots from that of the total sod, the nitrogen content of the soil was
obtained.

3. Determingtion of mineral nitrogen in the soil

After the samples for the total nitrogen determination had been taken, three samples of
100 g cach were qxtracted with I N K,S0, and analysed for nitrate, nitrite and ammonium
nitrogen. The moisture content was estimated by taking duplicate soil samples.

CHAPTER III

PRELIMINARY EXPERIMENTS WITH SODS
FROM PERMANENT GRASSLAND

A. INTRODUCTION

The recovery in the herbage of nitrogen applied to permanent grassland
ug.ualiy does not exceed 50-60 per cent (Chapter I). The high quantity of
nitrogen already present in the soil makes it impossible to trace the remainder
of the fertilizer by conventional methods. By using labeled nitrogen, how-
ever, more information can be obtained concerning the fate of the missing
part of the fertilizer.

Therefore, preliminary investigations were started in 1958 by adding *3N-
labeled nitrate to permanent-grassland sods placed in pots. An attempt was
made to get an impression of the distribution of the added fertilizer nitrogen
among herbage, roots and soil, imitating natural conditions as closely as
possible. From the values obtained, a balance sheet could be drawn up. Since
}eachmg_ was prevented, the quantity of nitrogen not accounted for gives an
Impression of the losses by volatilization. The experiments were carried out
in colla’qorauon with Ir. K. D11z, detached as a scientific worker of the Nether-
lands Nitrogenous Fertilizer Industry to the Laboratory of Microbiology.
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B. MATERIALS AND METHODS

Sods, 11 cm in diameter and 7 cm thick, were obtained from permanent grassland on peat,
clay and sandy soil with a specially constructed auger. Some characteristics of these soils
are summarized in Table 3. The sods were placed in pots without holes, which were dugged in
to the level of the lawn in the laboratory garden, They were sheltered with plastic caps during
rainy weather to prevent overflow, Temperatures were recorded both in the lawn and in the
sods of each soil type.

TagLE 3. Some characteristics of the soils used in the preliminaty investigations.

. . Waterholding
. Fresh weight | Dry weight Py N-percentage
Soil type g per pot £ per pot ?fp&agtzlg:t:/; in dry matter pH
Peat 575 160 73 2.0 6.1
Clay 700 470 6 0.5 7.4
Sandy soil 700 630 18 04 52

In order to compare grass growth in the pots with that on the same soil under natural con-
ditions, plastic cylinders of the same diameter and height as the pots were driven into the sandy
soil pasture, The grass inside these rings, which was in contact with the subsoil, was treated
in the same way as that in the pots,

The experiments were carried out under high-moisture conditions, as such conditions,
favouring denitrification, prevail on many pastures in the Netherlands during a wet summer.
Two different moisture levels were applied in the pots, corresponding with 80 and 95 per cent
of the waterholding capacity (W.H.C.). The pots were weighed once or twice a day and the
water content was adjusted with distilled water,

Each seties consisted of 5 pots. All pots received 0.3 g of superphosphate and 0.3 g of a
mixture of potassium and magnesium sulphates as a basic treatment. Nitrogen, supplied as a
potassium-nitrate solution, was added as follows:

) Clay and Sandy soil Peat soif
2 pots: 190 mg ¥N + 50 mg N 1 pot: 160 mg N + 80 mg N
1 pot: 240 mg ¥N 2 pots: 240 mg ¥N
2 pots: no.nitrogen 2 pots: no nitrogen

Sufficient N was added to assure a measurable ®N-excess in all fractions when analysed at
the end of the experiment. The rings in the field were supplied with 240 mg **N. The grass
inside the rings received additional water on dry days to maintain a high moisture content.
The nitrogen was added on 13 May; the grass tops were cut on 27 May and again on 10 June
and 14 July, At the end of the experiment (14 July), the grass was clipped down to the soil
surface in order fo include the stubbles in the barvested material. Nitrogen balances were
established at the end of the experiment as described in chapter ILC.1.

An additional experiment was carried out on sandy soil at 80 per cent of the waterholding
capacity to investigate the influence of the cutting time on 15N-balance and *N-distribution.
The grass in this experiment was cut on the Tollowing dates:

Serics I: 27 May 10 June 14 July
Series TI: 10 June 14 July
Series IH: 19 June 14 July

As serics I the sods at 80 per cent W.H.C. of the preceding experiment were used. Series I
consisted of 5 pots which were dressed with nitrate similarly to Series 1, Series 11T consisted

of 10 pots and was a combination of two planned series, each dressed with nitrate similarly

to series I1.
C. RESULTS AND DISCUSSION

1. Temperature during the experiment

No significant differences in temperature were observed between the three
soil types and the lawn. The average maximum and minimum terglperatures
during the first twenty days of the experiment were 16.9 and 12.7°C respec-
tively at ~10 cni, and 21.6 and 8.1°C at + 10 cm.
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2. Differences in dry-matter production and nitrogen (*+15N) yield between
pots and rings

The dry matter and nitrogen vields are presented as mean values of three
and five replicates, respectively, in Table 4. Since no significant differences

Tastg 4. Dry-matter production (g per pot or ring) and nitrogen yield {mg!* + 15N per pot
or ring) of the herbage on sandy soil of pots and rings.

Cutting date

Total Neeflect
Added NOs-N 1447 L6 275 Nvida
mg per pot Dry N Dry vie
Dy | N | Dy | N | Doy | N ] —_
mattee | vield | matter | yield |matier | yield matter | yield |matter mg l %

Pots 20 | 183 923 |237]754 545|634 | 9.65 [231.1
o |068|165 |033| 80|277 469|378 14| 387|107} 66

Rings| 240 | 152|797 | 193|620 | 2.80 | 680 | 6.25 |199.7
o | 111|289 | 037|106 | 250 | 63.5 | 3.98 |103.0| 227 | 967 40

were observed between the values of the two moisture levels (80 and 95%
W.H.C.) in the pots with sandy-soil sods, both series were averaged. The ef-
fect of added nitrate on dry-matter production and nitrogen yield (N-effect),
estimated by subtracting the vields of the controls from those dressed with
nitrate, was considerably higher in the pots than in the field. The low recovery
of the fertilizer nitrogen under field conditions may have been due to uptake
by the roots of plants grown outside the rings which had not been dressed with
nitrogen. More soil was at the disposal of the plants in the field than in the
pots, resulting in a higher uptake of soil nitrogen and consequently in a higher
dry-matter production and nitrogen yield of the untreated rings.

3. Effect of the moisture level on dry-matter production and nitrogen
(14+15N) yield of the herbage

The moisture level appeared to have no significant influence on either dry-
matter production or nitrogen yield of the grass grown on clay and sandy soil.
On peat soil, however, a pronounced effect was observed (Table 5). Except

TABLE 5, F;f:ficxtsof 240 mg nitrate nitrogen on dry-matter production (g per pot) and nitrogen
( N) yvield (mg N per pot) of the herbage of sods derived from peat, clay and

sandy soil,
Treatment Nitrogen effect
W.I;/I.C. 240 mg NO,-N No Nitrogen N-yield
D pulia
| Dyt | N | Dryr | Nt | potier | Dry | Per-
matter | yield | matter | yield matter | centage
Peat soil 80 793 |193 +8| 286 46 +6| 507 147 61
95 7.65 |1634+1| 341 45+1 | 424 118 49
Clay soil 80 883 1188 6| 3.01 I5+£5) 582 153 64
95 8.19 [181 46 312 42413 3507 139 58
Sandy soil 80 964 (222 47| 391 542 573 147 61
95 9.65 1238-L4| 3.95 684121 570 170 71

1 Mean values of 3 pots.
* Mean values of 2 pots. -
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in the case of peat soil at 95 per cent of the waterholding capacity (where a
considerably lower value was found), the average figure for nitrogen recovery
found in this experiment was about 65 per cent. Deviation from this value may
have been due to variations between the. sods, which is shown by the high
standard deviations of the nitrogen yields.

4. Nitrogen (15N ) balances at the end of the experiment

The distribution of labeled nitrogen among herbage, roots and soil in the
separate pots of each soil is presented in Table 6. The nitrogen balances of

TaBLE 6. Distribution of Iabeled nitrogen among herbage, roots and soil at the end of the

experiment.
WHC | Me N | Herb R Soil Total Notaccounted for
s H.C £ erbage oots 0l otal }—— e
Soil | Pot No o/ applied | mg ¥N | mg N | mg 5N | mg "N mg N Per-
centage
Peat 8 95 80.0 333 1.5 12.7 47.5 325 41
13 80 80.0 45.6 1.7 174 64.7 15.3 i9
Clay 8 95 50.0 27.5 4.1 29 4.5 15.5 31
12 95 50.0 29.9 5.6 6.5 42.0 8.0 16
13t 80 50.0 257 6.5 1.5 3.8 16.2 32
14 80 50.0 31.0 6.0 3.7 40.6 94 19
Sandy 20 935 50.0 0.8 4.0 28 317 12.3 25
soil 29 a5 . 50.0 336 5.1 6.0 44,5 5.5 11
232 80 50.0 31.7 4.7 6.4 42,8 1.2 14
267 80 50.0 33.3 53 3.7 424 7.6 15
252 80 50.0 29.8 8.3 4,2 42.3 7.7 15
242 80 50.0 27.8 7.3 6.3 41.5 8.5 17
222 80 50.0 273 7.3 6.2 40.8 9.2 19

1 Erroneously 480 mg N applied. )
2 Pots of the cutting-frequency experiment; 23 and 26, Series I {cut on 27 May, 10 June and
14 July); 25, Series II {cut on 10 June and 14 July); 24 and 22, Series 1T (cut on 19 June

and 14 July).

all pots showed considerable deficits. These losses undoubtedly were due to
volatilization. As to the mechanism of the latter process, the results of this
experiment give no information. Volatilization of nitrogen from living plants
has been claimed by PEARSALL and BILLIMORIA (83). Other investigators (2,
3), however, were unable to confirm these results. Therefore, losses by vola-
tilization of nitrate nitrogen (denitrification) are more likely to have occurred.
In two of the three soils tested, the infiuence of the moisture level on loss of
nitrogen was not significant. Only in peat soil had volatilization increased
at the high moisture level (Table 6). The low nitrogen yield in the herbage on
this soil at 95 per cent of the waterholding capacity (Table 5) is in agreement
with this result. In the clay and sandy soils, the differences between the sepa-
rate pots do not allow any conclusion.

As mentioned in chapter I1.B.6, the digestion method with H28O; and
H:03, used in this experiment to estimate the nitrogen content of the herbage,
did not account for all of the nitrate the grass may have contained. Therefore,
the real losses may have been some 5 per cent lower.

A linear negative correlation existed in the separate pots between the up-
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take of fertilizer nitrogen by the herbage and the nitrogen not accounted for
(Fig. 1). The consequence of this relationship is that, under field conditions,
apart from leaching, the losses by volatilization determine to a high degree
the recovery of fertilizer nitrate in the herbage.

784
60

504

recovery in herbage (%)

WS
N

40

0 10 20 30 0 50
N® Loss ()

FIG. 1. Refationship between the nitrogen recovery in the herbage of the separate pots and
the fertilizer nitrogen not accounted for,

used in this experiment, as the 4N-content
of the herbage and roots at the beginning of the experiment had not heen

estimated. Therefore, it was impossible to decide if the 15N-content of the soil- -
organic matter represented a net increase in soil nitrogen or merely was due
to nitrogen turnover. Nor was it possible to establish whether or not part of
the label found in the soil at the end of the experiment had passed the plant,

5. The effect of cutting frequency on d
(HHI5N) vield of the herbage ry

Nitrogen yields and dry-matter production of the herb i i

: : age at different cutt
frequencies are presented In Table 7. The dry-matter f)roducltis;el':vazuc:)?f
siderably en}arged by delaying the first cut. This confirms the well-known fact

that dry-weight production is reduced by higher cutting frequency. The nitro-

gen yield of the fertilized pots of series I1 and IIT was lower than that of

-matter production and nitrogen

6. The effect of cutting frequency on 15N—distribution

The influence of the cutting date on fertili i istri

. ttilizer-nitrogen distribution is shown
in Table 6 (pots 23, 26, 25, 24, 22). The quantity of nitrogen not accounted
20 Meded. Landbouwhogeschool, Wageningen 63 (13}, 1-100 (1963)
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for seems to have been unchanged by the cutting frequency. The amount of
labeled nitrogen present in the roots at the end of the experiment, however,
was considerably higher in the case of series II and ITI, This may be explained
by assuming an increased uptake of fertilizer nitrogen by the herbage at a
higher cutting frequency. A transport of labeled nitrogen from the herbage
to the roots in the case of a delayed first cut is also possible.

At the end of the experiment, the amount of fertilizer nitrogen in the soil
was somewhat higher in series III (Table 6); nevertheless the differences were
not significant. An enlarged quantity of fertilizer nitrogen in the soil might
indicate that after a delayed first cut, nitrogenous compounds had been ex-
creted by the plants to the soil.

An analysis of the 14N: 15N distribution in the different cuts provides some
indication concerning the replacement of fertilizer nitrogen by unlabeled
nitrogen (Table 8). The effect of the fertilizer can be estimated in the con-
ventional way ‘by subtracting the nitrogen yields of the controls from those
of the fertilized pots (Indirect Method). This method is based on the assump-
tion that the uptake and the distribution of nitrogen among roots and herbage
is the same in the treated and untreated plants. This is not entirely true. The
fertilizer effect also can be determined directly from 1N-data (Direct Method).
The difference between both methods provides a measure of the biological
exchange between 1*N and 15N, In Table 8 the values for Direct Recovery have
been calculated as percentages of those of Indirect Recovery. These values
are lower with reduced cutting frequency. It is unlikely that the nitrogen turn-
over in the soil has been influenced by the cutting frequency. The only other
explanation is, that in series II and YiI exchange between “N and 15N has
occurred inside the plants. This implies that part of the fertilizer nitrogen pre-
sent in the tops has been transported downwards and replaced by 14N. The
downward movement can also been shown by comparing the first cuts of
. series IT and I (Table 8). Although between 10 and 19 June the total nitrogen

level of the herbage remained constant, the quantity of fertilizer nitrogen had
considerably decreased (112 and 94 mg N, respectively). From these results it

may be concluded that the Direct Mcthod is unreliable for ascertaining the
efiect of fertilizer nitrogen,

D. SuMMARY

Labeled nitrate was added to permanent grassland sods derived from peat,
clay and sandy soil. The sods were maintained at 80 and 95 per cent of the
waterholding capacity, field conditions being imitated as closely as possible.
At the end of the experiment, nitrogen balances were established by estimating
8N-content of her_bage, roots and soil. Considerable losses by volatilization
occurred (summarized data in Table 9), no influence of the moisture level

TasLe 9. Distribution of fertilizer nitrogen after addition of labeled nitrate.

Soil type Herbage Roots Soil Not accounted for
Sandy soil : 65% - 10% 102 °
4 ; 2 15%
Clay 578 11% 7% 25?
Peat, 809 W.H.C. 579 282 2% 19%
Peat, 95% W.H.C. 44 2% 17% 7%
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being observed on clay and sandy soil (Table 6). A linear, negative correlation-
ship was shown to exist between fertilizer uptake by the herbage and the quan-
tity of nitrogen lost by volatilization. At the end of the experiment all soils
still contained part of the fertilizer Jabel in the organic-matter fraction. The
experiment provided no information concerning the mechanism of this incor-
poration.

By varying the cuiting frequency of the herbage with sandy-soil sods, it
was shown that, by delaying the first cut, the roots retained more fertilizer
nitrogen. There were indications that a downward movement of fertilizer
nitrogen from the herbage to the roots and soil may occur (summarized data
in Table 10).

TasLE 10. Tnfluence of cutting frequency on fertilizer nitrogen distribution.

Cutting frequency i Herbage ~ Roots Soil Not accounted for
3 cuttings 65% 10%; 10%, lS:A
2 cuttings 35% 14.5%, 12.5% 189

The information and hypothesis derived from these preliminary experi-
ments were investigated further in separate experiments which are described

. in the next chapters.

CHAPTER IV

VOLATILIZATION, AND INCORPORATION OF
FERTILIZER NITROGEN INTO SOIL
ORGANIC MATTER

A, INTRODUCTION

In the preceding chapter it was shown that considerable amounts of fer-
tilizer nitrogen were lost by volatilization, when nitrate was added to perma-
nent-grassland sods. The mechanism of this volatilization, however, remained
obscure. Losses from the grass plants as well as from the soil had to be con-
sidered. In order to decide which was the more likely possibility, nitrogen
balances were cstablished as soon as the nitrate had disappeared from the
soil (Ty). A comparison was made with nitrogen balances of sods which were
analysed one month Jater (T4). A difference between these values would point
to losses from the grass plants. . . '

In order to investigate the direct surplus incorporation of fertilizer nitrogen
into soil organic matter (see page 8), a further experiment with grass sods
was carried out in which the living roots had been killed so that uptake by the
plant was eliminated. Direct surplus incorporation of fertilizer nitrogen would
result in a decrease of the mineral-nitrogen content of the soil.

B. EXPERIMENTAL PROCEDURE

ilizati i i i ditions similar
The volatilization experiment* was performed in 1959 (under e.xpenmentz'll condil
to those of 1958) in two series of sods derived from sandy soil. One series received 206 mg

1 Experiment in collaboration with Ir. X. DiLz.
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nitrate nitrogen (as a KNOQ;-solution) of which 47 mg were labeled; the other serics received
205 mg amr%loni(um nitrogen {applied as a (NH,), SO -solution), containing 50.2 mg ™N.
Fach series consisted of 6 pots. Since the moisture content had not significantly influenced the
losses in the previous year, the experiment was carried out at 60 per cent of the watcrl}oldmg
capacity. In two additional series of sods which had received the same quantities of nitrogen
in the unlzbeled form, the mineral nitrogen was estimated periodically in order to trap To.
Three pots of each series with labeled nitrogen were analysed at T,, The balances of the
remaining pots were established at Ty. The nitrogen was added on 10 June, Sgds of the nitrate
series were analysed on 20 June (T,) and 20 July (Ty); those of the ammonium-treated sods

on 24 June (T,) and 24 July (Ty). » ) ) . o
The direct sutplus incorporation of fertilizer nitrogen was ascertained by investigating the

mineralization-immobilization turnover 'in 8
carried out at 60 per cent of the waterholdin

and 7 ¢m thick,

series the soil was thoroughly mixed. The subsoil
few roots, was also incubated. The mineral nitrogen conte:
estimated.

In a second experiment, sods 8 ¢m in diameter and 6 cm t
in to the level of the lawn. The
surface was covered with Enkalo
roots had died, 20 pots received
were given 95 mg nitrate nitrogen (as KNO,)
The mineral-nitrogen content of the sods was e
each series.

The experiment was repeated with label
started at the same time as the volatilization

100 mg amm

200 mg nitrate nitrogen of which 30 m
nitrogen of which 28 mg were labeled.

L.5 hours after the nitrogen addition to e
remaining pots were analysed after 27 days,

ods with killed plants in three experiments,
g capacity. Sods from sandy soil, 11 cm in diameter
were incubated in the dark at 28

°C after clipping the grass. In a second

(between

One of the ammoni
stima

C. RESULTS AND DISCUSSION

1. Volatilization of fertilizer nitrogen

nitrate nitrogen, applied to permanent
11. Climatological conditions prevailin

TaBLE 11, Nitrogen distribution at two cuttin,

to sods from permanent grassland.

The results of the volatilization experiment with labeled ammonium and

grassland sods, are presented in Table
g during the experiment differed con-

~7 and -15 ¢m), which contained
nt of each series was periodically

hick, contained in pots, were dug
grass was clipped several times to kill the roots and the soil
n-fibre to prevent evaporation and growth of algae. When the
onjum nitrogen (as (NH,), $0,), 20 more pots
, and 20 pots were left without added nitrogen.
stimated at different times in 4 replicate pots of

ed ammonium and nitrate nitrogen, and was
experiment described above. Three pots received
g were labeled; 4 pots received 200 mg ammonium
um-treated pots was analysed
te the chemical fixation of this compound, The

g limes upon addition of labeled ammonium and nitrate nitroget

Nitrogen Date . Not ac-
applied(mgN | Mg | Pot | of | Herbage Roots Soil Total counted for
perpot) and | N | no | apal —_— —
timeof analysis ysis |MEUN| ¢ Imgley %% |mguN[ o mg¥N| 9 Iimg¥N %
205 NHN | 50091 1| 2i6 12770 | 552 | 836 | 166 | 1092 | 217 4698 | 935 | 321 | 63

) o191 3 | 246 12647 | 31| 893 | 177 | gos 195 14536 | 903 | 4831 97
50191 49 | 24/6 |27.63 | 551 | 791 | 157 1218 | 242 (4772 | 940 | 247 50
205, NH-N 5019 21 | 24/7 (27.52 | 550 895 | 17.8 (1035 | 206 [46.82 | 93.4 | 3.37| 66
1 30191 24 | 2477 | 2767 | 552 870 | 173 | 940 | 188 |4577 | 013 | 442 | 87
019 26 | 2477 127.34 | 545 | 885 17.6 | 885 | 17.9 | 4504 | 90.0 | 5.15| 100
206, NOSN 14700, 7 | 2056 1760 | 374 | 5331 114 ], 194
. . . 411475 | 314 | a7, 802 | 9.32 :
T, 27.09 12206 11885 | 40.1 | 270 | 1011 1249 | 266 32.33 76.8 | 1096 | 23.2
. 7001 19 | 20/6 11988 | 423 | 402 | g6 1438 | 306 |38.24 | 81.5 | 8.76 | 185
206, NO,-N ij".oo 271201 | 2432 517 | 770 164 | 740 | 156 |30.44 | 837 | 7.54 | 163
1 47-00 28 1207 | 2827 | 0.1 | 853 1821 785 | 167 |44.65 950 | 235 350
001 29 {207 12354 | s00 | 76 1621 776 | 16.5 {3892 | 827 | .08 | 173

24 ’
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siderably from those during the experiment described in chapter 11I1.C.4, when
temperatures were considerably lower. The maximum and minimum temper-
atures during the first 15 days of the experiment were 25.5°C and 15.8°C,
respectively, at —10 cm, and 29.4°C and 7.4°C, respectively, at + 10 cm.

In each of the pots the nitrogen was only partly recovered. The highest
losses were observed with nitrate. The higher values at To, as compared with
those at Ty, can be explained only by the variability of the sods. Since no losses
occurred between To and Ty, it is obvious that the deficits were caused by
volatilization of mineral nitrogen from the soil and not by volatilization from
the plants. It may be assumed that, in the case of nitrate, the losses were caused
by denitrification, although this was not directly proved by gas analysis. An
alternative explanation of the losses would be a microbial reduction to nitrite,
followed by a chemical decomposition of this compound. Since all other re-
sults obtained in further experiments pointed to denitrification, and no indica-
tions were obtained in favour of the chemical decomposition of nitrite, the
losses were ascribed to the former mechanism. :

In spite of the low moisture level (60 per cent of the waterholding capacity),
the losses after a nitrate dressing were higher than in the 1958-experiment.
Since other experimental conditions were the same, this increase can be ex-
plained only by considering the abnormal high soil fcemperatures.ifl 1959.
Oxygen consumption by roots and microorganisms is stimulated by rising tem-
peratures, while oxygen solubility is reduced. Both factors lower the quantity
of oxygen dissolved in the soil solution, thus promoting denitrification which
as such is also stimulated by the higher temperaturc. Therefore it is plausible
that, in permanent-grassland soils, temperature is an important factor con-
cerning losses caused by denitrification. ] )

The mechanism causing the losses of nitrogen after an ammonium dressing
remained unclear. Although some information was obtained in favour of nitri-
fication, followed by denitrification, no serious attempt was made to clarify
the process. .

The nitrogen distribution among herbage, roots and soil was the same at
To and Ty upon application of ammonium sulphate. In the case of nitrate
treatment, however, a considerable part of the nitrogen, present in the soil at
To, was transported afterwards to the plants. The fact, that at Ty the soil con-
tained higher amounts of labeled nitrogen when nitrate was used as a fertil-
izer than at Ti, cannot be explained in terms of an enlarged turnover, since
microorganisms seem to prefer ammonium in the immobilization of mineral

nitrogen (54).

2. Incorporation of fertilizer nitrogen (4N} into soil-organic matter of sods
with killed roots: mineralization-immobilization experiments '
The mineralization rate of undisturbed and mixed sods wit'hout added fertil-
izer upon incubation at 28°C is shown in Table 12. In undls_turbed sods, the
amount of ammonium and nitrate nitrogen present was relatively low during
the first 50 days of the expetiment. This may have been caused by the pre-
sence of an excess of carbogeneous material which favours re-immobiliza-

tion. Tn addition, the mineralization rate may have been slow., By mixing the
sods, the rate of production of mineral nitrogen was very much enlarged. Ob-
viously, carbogeneous material did not become available at a sufficient rate to

re-immobitize the vigorously mineralized nitrogen. This different behaviour of
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TaBLE 12. Mineral-nitrogen content (ppm) of undisturbed sods and mixed sods (plants killed) and subsoil,

upon incubation at 28°C,

Incubation time (days)

pH 0 8 26 53 112
NH,* | NOy~ | NH*+ | NO;- NH4+| NO,- NH4+| NO,~ | NH* | Ny~ -
Sods, undisturbed 53| o ] 0 19 0 i6 0o | 27 78 | 125
Sods, mixed 53 0 0 4 28 3 63 9 132 34 244
Subsoil 541 0 0 0 2 0 26 0 52 0| %

undisturbed sods and mixed sods supports the hypothesis proposed in chapter
LB.1. that the high organic matter content of permanent-grassland soils in the

temperate humid regions is caused by a slow decomposition of organic matter.

The experiment also indicated that the nitrification in the sods seems to be
retarded compared with the subsoil.

In order to establish whether a surplus immobilization of added fertilizer
nitrogen might occur, unlabeled ammonium and nitrate nitrogen were sup-
plied to undisturbed sods with killed roots, The results of this experiment are
recorded in Table 13. No surplus immobilization occurred with either ammo-

TaBLE 13. Mineral-nitrogen content (ppm)
an addition of ammoninm and

of undisturbed sods

nitrate nitrogen,

with killed root systems, upon

Incubation time (days)
Nitrogen
addition 0 4 10 27 63
NH.* | NO,~ | NH;* | NO,~ NH;* | NO;~ | NH* [ NO,- | NH,* | NO,~
100 mg NH,-N 996 | 7.7 | 981 27| 891 | 165 | 850 | 236 | 672 | 736
95 mg NO,-N 190 | 92.1 | 206 | 868 | 231 867 | 29.1 | 853 | 241 | 71.8
No nitrogen 140 | 112 | 134 | 93| 120 8.0 | 140 | 189 8.0 | 124

nium or nitrate nit__rogen, since no decrease in the tota] level of mineral nitrogen
was observed dun'ng the experiment. Therefore it is unlikely that this sandy
soil has increased in organic nitrogen by direct immobilization of added fertil-

; n permanent-grassland soils,
During the first 27 days of the experiment the nitrate content was more or

less constant (Table 13). This observation may indicate that during that pe-
riod no denitrification accurred, |

’1?13&: mineral-nitrogen content of the sods which received no nitrogenous
fertilizer was low

fertili ] during the entire experimental period. Since it was shown
In this experiment that a surplus of carbogeneous material was not available

(add?d fertilizer was not immobilized), it is obvious that the mineralization
rate in undisturbed sods of this sandy soil is low.

3. Volatilization, and incorporation of
organic matter (sods with killed roots)

The experiment described above was repeated with labelled nitrate and

Meded, Landbouwhogeschool, Wageningen 63 (13), 1-100 (1963}
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ammonium nitrogen, in order to establish the differences between sods with
living roots (see Table 11) and those with killed roots regarding volatilization
and immobilization. The nitrogen fractions of sods with killed roots after
addition of labeled fertilizer nitrogen, are recorded in Table 14. Compared

TagLE 14, Nitrogen distribution in sods with killed roots after an addition of labeled nitrate and ammonium

nitrogen. :
Nedressi Mg |Pot] Time Nitrate Ammonium |Org. + fixedN Total Loss
~dressing BN |[no|(days) mg 15Nl % mg 15| % mgN % |mg BN % i mgN %
200 mg NO,-N | 30,00 (66| 27 |2595| 864 0.04 01 089 30 (2688 | 89.6 | 322 104
30,00 [67] 27 2558 | 83.8 | Q.05 621 063 222628 | B6.2 | 4.72 | 13.8
30,00 |70| 27 |24.84| 829 003 01| 417 | 13812905 | 97.0 | 0.95 3.0
200 mg NH,-N | 28.00 {76} 1.5h | 0.28 10 | 2581 | 922 | 271 9.6 |28.80 | 102.8 | +0.80 | +2.8
28.00 | 77| 27 6651 23.7 (14321 512 524 | 187 (2621 | 936 179 6.4
28.00 79| 27 |13.34 | 477 985 | 352 | 473 ] 169 12792} 99.7! 0.08 0.3
28.00 83| 27 946 | 33.8 (13.02| 46,5 6,70 | 23,8 [29.18 | 104.0 |+1.18 | -+4.0

with the balances of sods containing living roots (Table 11), the losses were
much lower. With ammonium sulphate the nitrogen was completely recovered,
and in the case of nitrate the average loss was about 9 per cent versus 17 per
cent in the system with living plants (Table 11). When the experiment was
repeated in 1960, losses of about 3 per cent were observet_i, 19 and 51 .days,
respectively after the addition of nitrate. These observations can be inter-
preted only by assuming that the root system of living plants exerts a stimulat-
ing influence on the losses caused by denitrification. To explain this effect
of living plants on denitrification, two mechanisms .have to be considered. The
oxygen uptake by roots and by rhizosphere organisms may reduce the quan-
tity of oxygen dissolved in the soil solution, thus causing the conditions of
oxygen deficiency needed in denitrification. Again the plants may stimulate
denitrification by the excretion of organic compounds which can be used as
hydrogen donors. The former certainly will be encountered, since no denitri-
fication occurs in the presence of sufficient oxygen. .
Except in the case of pot 70, only a small amount of the label present in
the added nitrate was recovered in the soil organic matter (Table 14). When
the experiment was repeated, the organic matter in the case of nitrate con-
tained 6 per cent of the label and with ammonia approximately 20 per cent.
This observation is in agreement with that of 1 ANSSON (54), who exp_!ame_d th.e
results of his incubation experiments by assuming that heterotrophic soil mi-
croorganisms prefer ammonia to nitrate as a nitrogen source. .
The validity of this interpretation was shown by the present author in a
number of experiments with pure cultures of soil microorganisms; the resulfs
of such an experiment, performed with an Arthro!;:wcter—sgeaes, isolated from
grassland soil, are shown in Table 15. The organism, which was aple to use
ammonium as well as nitrate as the sole nitrogen source, was grown in shaking
cultures using a medium of the following composition: glucose, 4 g; yeast
extract 0.1 g; casamino acids, 1 g; KHzPOy, 3.75 & Na:HPOy, 4.8 g; minor
elements; distilled water, 1 litre. The results of this experiment show that prac-
tically no nitrate was consumed as long as ammonium nitrogen was avail-

able.
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Taste 15. Ammonium and nitrate utilization by Arthrobacter str. 51.

Initial amounts | Nitrogen recovered (mg N per D) after different periods of growth (days)
mg N perl 1.5 2.5 4 8

NH,* | NO,- | NH;+ | NOg- | NH+ | NOy- | NH;t | NOy~ | NH" | NOy~

110 304 47 303 35 305 24 304 27 304
84 340 3 339 2 346 2 341 6 340
41 402 3 386 3 386 6 384 4 388
16 456 8 437 4 436 4 435 4 438

A considerably higher percentage of the label from nitrate was found in
the soil organic matter in sods with living roots, both at To and T1 (Table 11),
than in sods with killed roots. The origin of this high level can only be ascribed
to mechanisms in which the living plants are involved. Since denitrification is
stimulated by the plants, nitrate may have been reduced to the ammonium
level, followed by incorporation of the ammonium into soil organic matter.
An alternative cxplanation is that part of the Jabeled nitrate taken up by the
plants had been excreted to the soil,

In the case of ammonium fertilizer after 30 days, about 20 per cent of the
nitrogen added to pots with killed roots was found in the organic matter and
the clay minerals; about half of this quantity may have been fixed chemically
(pot 76, Table {4). Since the total amount of mineral nitrogen (14-t15N) had
not decreased at the end of the experiment, no increase of soil-organic nitro-
gen had occurred; the increase of 15N in soil organic matter (Table 14) has
been the result of tumover, In the experiment with living roots (Table 11)
the soil organic matter and clay minerals contained the same percentage of
label as in the experiment with killed roots. Since it is not likely that living
roots will repress mineralization, it must be assumed that the incorporation
of fertilizer ammonia in the experiment with living roots (Table 11) will also

have been the result of a turnover mechanism, not being attended with in-
creases in organic soil nitrogen,

D. SUMMARY

By establishing nitrogen balances of permanent grassland sods at different
times after the application of labeled nitrate and ammonia, it could be shown
that part of the fertilizer was lost by volatilization of mineral nitrogen. In the
case of nitrate, the losses were ascribed to denitrification. When the roots,
present in the sods, were killed, the losses were considerably lower (Table

I6t).. It was concluded that living plants have a stimulative effect on denitrifi-
canon.

TasLE 16. The influence of living roots on nitrogen distribution and volatilization.

Percentage label
N-source
Herbage Roots Fixed N - Org. N Loss
Living raots NO, 50 17 16 17
NH, 55 17.5 19 8.5
Mineral ni .
Killed roots NO, " Slgltrogen 6 9
NH, - 8¢ 20 ¢
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In the experiments using sods with killed roots, the mineralization rate ap-
peared to be low and nitrification was retarded. Although in the sandy soil
used in this investigation a considerable amount of 15N derived from added
fertilizer nitrogen was found to be incorporated in the soil organic matter,
particularly in sods with living roots, no gains in soil nitrogen by surplus im-
mobilization of fertilizer nitrogen were observed. Nitrate was involved only to
a small extent in the nitrogen turnover. Indications were obtained that, with

_nitrate being used as a fertilizer, part of the nitrogen is incorporated in soil
organic matter by mechanisms other than nitrogen turnover.

CHAPTER V .

THE INFLUENCE OF LIVING PLANTS ON
DENITRIFICATION, AND ON INCORPORATION
OF FERTILIZER NITROGEN INTO SOIL
ORGANIC MATTER:
EXPERIMENTS WITH SODS AND SOWN GRASS

A. INTRODUCTION

By comparing nitrogen balances of nitrate—d_ressed sods with ']iying and
killed root systems, it was shown in the preceding chapter that living roots
exert a stimulative effect on denitrification. This effect may be brought about
by lowering the quantity of dissolved oxygen, excretion of organic compounds
(hydrogen donors), or & combination of both. If this hypothesis is valid, then
the large quantity of organic matter present in permanent-grassland sods is
not an jntrinsic factor in denitrification. The same effect would be observed
in any soil with living roots, assuming that the quantity of hydrogen donors
is not a limiting factor. To test this hypothesis, a comparson was made of
nitrogen balances of permanent-grassland sods and sown grass after a nitrate
dressing. ) )

Also in the preceding chapter, strong evidence was obta_med that part of
the fertilizer nitrogen may be incorporated in soil organic matter PX me-
chanisms in which the living plants are involved. Thus, nitrogen originally
taken up by the plants is supposed to reach the soil in the form of excreted
products or dead roots. In addition, tlgese Qroducts may _be us_ed as hydrogen |
donors by denitrifying organisms. This point was also investigated by esta-

blishing nitrogen balances of sown grass.

B. EXPERIMENTAL PROCEDURES

balances of established sods and sown grla;saan cc{xpﬁlge]nt;
was designed, similar to that of the previous year w§th permanent-grassland sods. ele

ammo:ilxi'r:f and ni:;rate nitrogen were added to two serics of sods from sandy soil at 60 per cent
Nitrogen balances were cstablished in three sods of each series

of the waterholding capacity. b - A
atT, :n"?iaTc:}'}‘on wﬁisti&agﬁ in two additional series with unlabeled nitrogen. The ammonium
serics were given 200 mg N of which 48.5 mg were labeled .The nitrate Series were given 185.2

i i dded on 4 June; nitrogen balances
mg N of which 50 mg were labeled. The nitrogen was & :
were established in both series on 23 June (Tp) and 25 J uly (Tp.

In order to compare nitrogen

1 Experiments of this chapter in collaboration with Ir. K. DILZ.
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The experiment with sown grass was carried out in glass jars containing 1,5 kg sandy soil
(pH 5.5) at 60 per cent of the waterholding capacity, To each of the jars, 0.6 g superphosphate
and 0.6 g of a mixture of potassium and magnesium sulphates were added. Perennial ryegrass
(containing 19 mg N) was sown on 21 May. The jars were arranged in three series according
to the following scheme:

Cutting date and Date of analysis

date of analysis of herbage of roots and soil
Series T 21 June 21 June
Series II 21 June, 25 July 25 July
Series TIT 25 July 25 July

Each series consisted of 8 pots, which on 21 May received the following treatments:

2 pots: 200 mg N, applied as a KNO,-solution; herbage and roots analysed,

2 pots: 200 mg N, applied as a KNO,-solution; herbage and total soil (roots -+ soil) ana-
lysed,

2 pots: 180 mg N + 20 mg N, applied as 2 KNO;-solution; herbage and roots analysed,

2 pots: 11':’0 mg “N + 30 mg N, applied as a KNOy-solution; herbage and total soil ana-
ysed.

Two additional series (Series 1V and V) received 200 mg unlabeled nitrate nitrogen on 21 May.
These series were cut on 25 July and subsequently received the following treatments:
Series IV

2 pots: 171.3 mg “N + 28.7 mg N, applied as a (NH,).S8O,-solution; herbage and total
soil analysed,

2 pots: 1180 c;’ng YN + 20 mg *N, applied as a (NH,),50,solution herbage and roots ana-
ysed.
Series V:

2 pots: 11’:’0 éng YN + 30 mg N, applied as a KNO,-solution; herbage and total soil ana-
ysed,

2 pots: 180 mg N + 20 mg N, applied as a KNO-solution; herbage and roots analysed.
Both series were analysed on 24 August.

In a second experiment with sown perennial ryegrass growing in Mitscherlich pots, con-
taining 5.5 kg szndy soil (pH 5.5), unlabeled nitrogen was addeg. The experimentpcor;sisted
of 3 series, each of 4 pots, receiving the following treatments: Series A, 600 mg N; Series B,
1200 mg N; Series C, 1800 mg N. The nitrogen was added on 2 April as ammonium nitrate
limestone, simultancously with 3 g superphosphate and 3 g of a mixture of potassium and

maggesium sulp}'la}tes. In two pots of cach series, herbage and roots were analysed on 25 May,
and in the remaining pots on 17 June,

C. RESULTS AND DISCUSSION
1. Experiments with sods

The soil temperatures during the experiment were intermediate between
those of the previous years. The nitrogen balances of this experiment which
are recorded in Table 17, are somewhat different from those obtained in 1959
(Table 11). Although ‘part of the nitrogen had volatilized, the losses with
nitrate were generally considerably lower and those with ammonia higher than
in the previous year, With nitrate, especially at Ty, large differences were
observed between replicate sods. The average losses after an ammonium
dressing amounted to 10 per cent, after a nitrate dressing to 14 per cent.

At Ti the roots contained considerably higher quantities of label than at Te.
Obviously large amounts of nitrogen were transported from the herbage to
the roots during the ageing of the grass. The higher percentage 15N-excess in
the herbage at Ty indicates that, afterwards, part of the labeled nitrogen in

the tops was replaced by unlabeled nit . .
nitrogen cycle, v e itrogen, thus suggesting an internal
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With ammonia, the soil also contained more of the label at Ty than at To; the
differences were, however, hardly significant. These results were in agreement
with those obtained in the cutting-time experiment (Table 6). In both experi-
ments part of the nitrogen, originally present in the herbage, was transporte:d
to the roots during the ageing of the plants, and, to a smaller extent, to the soil.

2. Experiments with sown grass

The nitrogen balances of the pots of Series I, IT and III with sown grass
are presented in Table 18. Since different amounts of labeled nitrogen were
applied, the 15N-values are presented as fertilizer nitrogen; the fertilizer nitro-
- gen was calculated by multiplying the 13N-values with a factor 10 in the case

of 20 mg 15N being applied, and with 6.66 in the case of 30 mg 15N, The
nitrogen content of the soil was estimated by subtracting the nitrogen content
of the roots from the total amount of soil nitrogen (roots 4 soil).

The results of this experiment show that, exept in the case of Series I, signi-

“ficant nitrogen losses occurred. Unfortunately Series I was analysed before
the fertilizer nitrogen was completely taken up by the plants. Therefore, this
series cannot be compared with Series I and ITL. The losses were smaller
than those with sods of permanent grassland of the same pH. With Series IV
and V, in which labeled ammonium and nitrate nitrogen were added to plants
which had been cut once, the same results were obtained. In the case of nitrate,
8.5 per cent and in that of ammonium nitrogen 9.3 per cent of the label were
not recovered. In an additional experiment potassium nitrate and ammonivm
sulphate were added to the same soil without plants. After 3 months incuba-
tion at 28°C, the added nitrogen of both sources was completely recovered.
Therefore, it is obvious that in the experiment with sown grass, the living
plants also have stimulated denitrification.

Recently a similar experiment was carried out by BROADRENT and TYLOR
(20). These investigators arrived at the opposite result, viz. higher losses of
nitrogen in unplanted soils than in soils planted with Sudan grass, with both
nitrate and ammonium nitrogen. Since these investigations were performed
with alkaline soils, volatilization of ammonia may have occurred which may
have been prevented by uptake by the plants. In the case of nitrate, one of the
other factors (described in chapter 1.C. of this thesis) which may cause deni-
trification, will have reduced the quantity of dissolved oxygen, since also in
the absence of plants losses occurred. Under such conditions the plants will
prevent the complete denitrification of the added nitrate by uptake of part of
the dressing. Therefore, a promoting effect of living plants on denitrification
may only be expected, when no other factor is lowering the quantity of
dissolved oxygen below the critical level.

During the ageing of the grass plants, considerable amounts of nitrogen
were transported to the roots (Table 18). By clipping the tops (Series 1T), the
downward movement of the nitrogen was repressed. At the end of the exper-
iment, total fertilizer nitrogen taken up by the plants was 162 mg N in Series
1L and 152 mg N in Series Ul This indicates that, during the ageing of the
grass of Series 1L, part of the nitrogen (approximately 10 mg N) was trans-
ported to the soil. Incorporated fertilizer nitrogen of the soil in Series III was
indeed higher than that in Series 1T (32 viz. 24 mg N).

_Fro‘m the d{lta presented in Table 18, it is possible to calculate whether
gams In organic soil nitrogen had occurred. The difference between 14+15N
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and fertilizer-nitrogen content of the plants was 53 mg N in Series III. The
nitrogen content of the seeds was 19 mg N. Consequently 34 mg of mineralized
soil nitrogen had been taken up by the plants at the end of the experiment. At
the same time 32 mg of the fertilizer nitrogen were incorporated into soil-or-
ganic matter, Therefore, it is obvious that in Series III no significant gains
or losses of organic soil nitrogen had occurred. This result is in disagreement
with that of the experiments of WALKER (119), described in chapter 1.B.2.a,

TaBLE 19. Nitrogen content of herbage and roots {mg N per pot) 0f4 perennial ryegrass, sown
in Mitscherlich pots, at different stages of development.

Date of analysis
Transported to the
n‘:;dg:f pljt 25 May 17 June soil (by difference of
- - 4 and
Herb Roots | Totat Herb Roots | Total row 4 and 7)
age age

600 mg N 398 | 256 | 654 | 336 | 236 | 572 82
1200 mg N 813 378 | 1191 702 369 | 1071 120
1800 mg N 1201 451 (1652 {1088 484 | 1572 80

from which it could be calculated that significant increases in organic soil
nitrogen had occurred when nitrogen was added to sown perennial ryegrass.
The experiment with sown grass was preceded by an identical one with un-
labeled nitrogen (ammonium nitrate limestone) in Mitscherlich pots. In this
experiment considerable quantities of nitrogen were transported to the soil as
is shown in Table 19. On 25 May the highest amount of nitrogen applied was
not completely taken up by the plants. The discrepancy in nitrogen transport
to the soil between the glass jars and the Mitscherlich pots was doubtlessly
caused by the size of the vessels. When the expenrrfents were repeat_ed, also
with unlabeled nitrogen, the same results were obtained. Again considerable
quantities of nitrogen were transported to thci; soil dunr_lg the ageing of plants
grown in Mitscherlich pots, while in glass jars the nitrogen content of the
plants remained nearly constant. With plants grown in culture §olutlon, 1no
decreases of the nitrogen content were observed (DiLz, unpublished data).
Although the experiments described in this chapter cgearly demqqstrate that
nitrogen may be transported from the plants to the soil, the conditions un_der
which the process takes place, are still rather obscure. As to the. mechanism
of the transport, the experiments give oo decisive answer. Excretion of nitro-
genous compounds, as well as breakdown of dying roots, may be responsible
for the phenomenon. Transport to the soil may also occur during the earlier
stages of the development of the plants. JanssoN (35) has shc_an that re-
mineralization of labeled nitrogen, which was immobilized during nitrogen
turnover, starts after only 6 days. Uptake from this source will obscure an
eventual transport from the plants t0 the soil, since the quantity of label mea-

sured in the soil is the overall result of both processes. The hlgh amount of
label found at To in organic soil nitrogen, when a nitrate dressing was given

to permanent-grassland sods (Table 11, 17), may have been caused by e:;ctrﬂe-
' tion of nitrogenous compounds during the earlier stages of developmept of the

plants. :
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D. DISCUSSION OF THE EXPERIMENTS DESCRIBED IN CHAPTERS I1I, IV AND V¥

The principal aim of the experiments, described in the preceding chapters,
was to trace the fate of fertilizer-nitrogen dressings applied on permanent
grassland. Leaching, denitrification of nitrate nitrogen and immobilization in
soil organic matter were expected to play an important role in preventing the
nitrogen from being taken up by the plants. Under varying experimental con-
ditions where no leaching was possible, 45-65 per cent of a nitrate dressugg
was found in the herbage, 1025 per cent in the roots, and 7-22 per cent in
the soil, while 10-40 per cent was lost by denitrification. When ammonium
nitrogen was supplied, about 10 per cent was lost by a volatilization mechan-
ism.

It appeared that denitrification was stimulated considerably by the pre-
sence of living plants. The results obtained with sown grass suggest that deni-
trification may occur in any soil with living roots; in arable soils as well as in
permanent grasstand.

In the sandy soil used in the present investigation, no direct immobilization
of fertilizer nitrogen in soil organic matter occurred other than by the normal
turnover mechanism. After an ammonium dressing, 10 per cent of the label
was fixed chemically in clay minerals or organic matter of the soil. The si-
tuation may be different in other soils, especially in peat soils.

During the ageing of the grass, considerable amounts of fertilizer nitrogen
may return to the soil. The mechanism of this process remained unclear. The
experiments gave no proof that the process would result in an increase of soil
nitrogen, since at the same time mineralized nitrogen was taken up by the
plants, completing a turpover mechanism in which the plants are involved.
The transport of organic nitrogenous compounds to the soil may start at an
early stage of development of plants, thus supplying hydrogen donors to deni-
trifying organisms. In the short-time experiments, described in this thesis,
Increases n soil nitrogen by roots dying during the winter and by excrements
of cattle were not considered.

) The to_tal quantity of nitrogen present in herbage and roots when all mineral
Ditrogen is taken up from the soil (Ny), is determined by the quantity of fertil-
izer nitrogen (F), the quantity of mineralized nitrogen (M), the initial nitrogen
content of the plants or seeds (I), the quantity of nitrogen lost by leaching
(L), and the losses by volatilization (V), or Ny — F +M4I—L—V.
The validity of this equation was tested in some pot experiments with sown
grass. Two of these tests will be discussed here.

_Glass jars containing sandy soil and sown perennial ryegrass were supplied
with a solution of ammonium nitrate in amounts of 100, 200 and 300 mg
NitrogeN per pot, respectively. The seeds contained 15 mg N, When the nitro-
£en l}ad becn taken up, the plants were analysed. The total amounts of nitro-
gen in the Plants were 130, 213 and 301 mg nitrogen per pot, respectively.
The assumption was Made that the mineralization of soil nitrogen was not
influenced by the addition of fertilizer nitrogen and that a constant percentage
V of the fertilizer volatilized. The following equations were derived:

Series I 1 130 == 100 4 15 -+ M — 100V (1)
+ Series 11 : 213 = 200 4 15 -+ M — 200V (2)
Series T11: 301 = 300 + 15 + M — 300V (3)
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From these equations M and V may be solved. The following M-values
were obtained:
M — 32 (equations 1 and 2 combined)
M = 23 (equations 2 and 3 combined)
M = 29 (equations 1 and 3 combined)

In a series of control pots to which no nitrogen was added, a M-value of
28 mg was obtained, thus showing the validity of the assumptions. When the
known M-value of 28 mg was substituted in the equations, the losses appeared
to be 13-14 per cent, which demonstrated that a constant percentage was
volatilized. Both mineralization and denitrification were found to be strongly
stimulated, when the experiment was repeated at a higher soil temperature.

As a second example, the results of Table 18, Series II were used. In this
series the plants contained 212.9 — 162.0 = 51 mg non-fertilizer nitrogen, of
which 32 mg were derived from the soil and 19 mg from the seed. The soil
contained 24 mg fertilizer nitrogen. Thus the net mineralization was 32 — 24
— 8 mg N. Thercfore, the cquation in this example will be: 213 — 200 +
19 + 8 — V. From this equation a V-value of 14 mg was obtained, which
agrees with the value obtained by substituting the 1*N-values of herbage (H),
roots (R) and soil (S) in the formula F = H 4 R + § 4 V, as was done in
the experiments described in the preceding chaplers.

The equation described above enables the study of the effect of environ-
mental conditions on denitrification and mineralization without using labeled
nitrogen, by analysing total nitrogen content at two fertilizer levels.

E. SUMMARY

In chapter IV strong evidence was obtained concerning a promoting effect
of living plants on denitrification. By comparing Ditrogen balances of per-
manent grassland with those of grass sown I pots, the validity of this assump-
tion was made probable. .

In both the grass sods and the sown grass, & mechanism was shown to be
operating by which, during the ageing of the plants, nitrogen was transported
from the tops to the roots and in some cases also to the soil. The existence of
a nitrogen turnover mechanism, in which the plants are involved, was made
probable. . .

The results presented in the chapters 11, IV and V were briefly discussed
and recapitulated. From the results an equation was derlv.ed which enabled
the study of denitrification without making use of labeled nitrogen.

CHAPTER VI

FACTORS EFFECTING DENITRIFICATION
IN THE RHIZOSPHERE

A. INTRODUCTION

s shown that living plants stimulate deni-
ue to two factors. Firstly low oxygen
either caused by respiration of the
flora using root excretions as sub-

In the preceding chapters it wa
trification in soil. This effect might be d
tensions might occur in the rhizosphere,
root system, or by activities of the micro
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strates for aerobic respiration. Secondly, root excretions might serve as a
source of hydrogen donors during denitrification. o

Experiments pertaining to the influence of these factors on denitnification
are described below. In studies of this type, other factors which also effect
denitrification (e.g. oxygen deficiency caused by high moisture content of the
soil, effect of soil organic matter) have to be climinated. For that reason
several of the experiments were carried out with a simplified soil-plant system
in which pereanial ryegrass (Lolium perenne} and green pea (Pisumn sativum)
were sown in vermiculite, free from organic matter.

B. CONSUMPTION OF OXYGEN IN THE RHIZOSPHERE

1. The root-soil system as a whole

To gain an impression of the contribution of living roots to the total oxygen
consumption of permanent grassland, the uptake of sods with a living root
" system was compared with that of sods with killed roots. Small sods, 4.5 cm
in diameter and 3 cm thick, at 55 per cent of the waterholding capacity, were
placed in Warburg vessels of 130 ml capacity, containing 4 ml of a 4 per cent
KOH-solution for the absorption of carbon dioxide. The oxygen uptake was
measured at 25°C. ' : &

The uptake by sods with killed roots appeared to be 0.9 ul Oz per gram of
dry soil per hour, whereas in the presence of living roots 25.1 pl Oz per gram
of dry soil per hour was consumed (mean values of 5 replicates). These data
support the hypothesis that in soils containing living roots, low oxygen tensions
are more commonly encountered than in fallow land of the same soil type.

2. The components of the root-soil system

~ The increased oxygen consumption by sods containing living roots will have
been the result of uptake by roots and rhizosphere organisms. It is a well-
known fact that the number of microorganisms in the rhizosphere is con-
siderably higher than in the non-rhizosphere soil (106). In addition, it has been
proved (59) that the rhizosphere organisms are more active in oxidyzing
various substrates than non-rhizosphere organisms. It thus might be expected

starila pac plants
vermiculite -

baecterial filter G4

4 Hoagland solution F1G. 2. Technique used for the cultivation of pea plants under
without nitrote sterile conditions,

that a considerable part of the observed oxygen consumption was due to
microbial activitics, To determine the extent of these activities, oXygen up-
take of sterile and non-sterile root systems was measured. Since experiments
with sterile grass plants are difficult to perform, the experiment was carried
out with green peas.

Seeds of this plant species werte sterilized with 3 per cent hydrogen-peroxide
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solution, After germinating, two seeds were placed under sterile conditions
in bacterial filters, containing vermiculite (Fig. 2). The latter was freed from
organic matter, and brought to pH 6.8 after three subsequent washings with
Hoagland solution. The tubes containing the sterile peas were placed in 2 light
cabinet under controlled growth conditions. When 3 days old, one series of
peas was inoculated with 1 ml of a soil suspension; a second series was kept
sterile. A bacterial filter containing vermiculite inoculated with soil suspension
but without pea plants served as a blanc. After 14 days, the filters, after
removal of the tops of the plants, were placed in sterile Warburg vessels; sub-
sequently the oxygen uptake of both scries was estimated. At the end of the
Warburg cxperiment sterility was controlled by plating the vermiculite of the
sterile tubes on casein-soil extract-agar. .

An oxygen consumption of 3.2 ml per gram of dry roots per hour was mea-
sured in the case of sterile pea roots; 4.8 ml oxygen was taken up by non-
sterile roots. No oxygen was consumed by the unplanted filters, indicating
that the vermiculite contained no organic substrates to be used by microorgan-
isms. When the experiment was repeated, again 67 per cent of the total
oxygen consumption was accounted for by the roots, the remainder (33 per
cent) by the microorganisms. This ratio of 2 : 1 agrees with that found by
LUNDEGARDH (69) for carbon dioxide production by sterile and non-sterile
root systems of various plant species.

3. Discussion

It is obvious that in soils containing living roots the oxygen consumpgion
is not evenly distributed in the soil, but is mainly restricted to the root region.
Therefore, the conditions in the immediate root environment det_err_nme the
occurrence of oxygen deficiency to a high degree. Although it was incidentally
proposed (81) that anaerobic conditions could temporal:ﬂ){ occur in the _rh1zo-
sphere, no direct proof was obtained of a higher denitrification rate in the
rhizosphere than in the non-rhizosphere soil, and in 1958 STARKEY (106)
stated: “There is no evidence that denitrification is rapid in the rhlzo_sphel"e,
although it may be more rapid than in soil owing to t’l’le greater microbial
activity which might provide local areas of anacrobiosis.” The data presented
in the preceding chapters show, however, that denitrification is considerably
higher in the presence of living plants. )

The occurrence of anacrobic conditions in the thizosphere was also demon-
strated in soil physical investigations by WIEGAND and LeMoN (121). These
workers found that oxygen diffusion to the root surface depends to a high
degree on the diffusion rate through the water fl}m surroun(!mg the roots. It
was calculated and afterwards confirmed in experiments that in many soils the
oxygen concentration on the root surface is the limiting factor for plant growth
and that this concentration sometimes will drop to zero. However, in the cal-

culations of WieGanp and LEMON only the oxygen consumption by higher

plants was considered, that of rhizosphere organisms was not taken into ac-
deficiency in the root region

count. Therefore, it may be concluded that oxygen el
will occur easier than was assumed by these investigators and that conse-
quently the conditions required for denitrification will often occur. For that
reason it js assumed that the effect of living plants on denitrification in soil has
to be ascribed in the first place to bringing about oxygen lensions which

permit denitrification in the rhizosphere.
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C. HYDROGEN DONORS SUPPLIED BY PLANTS

1. Introductory remarks

In addition to creating anaerobic conditions in the rhizosphere, living plants
may promote denitrification by root excretions serving as a source of hydrogen
donors for denitrifying organisms. With respect to this it should be mentioned
that perennial ryegrass under certain conditions may supply considerably
amounts of nitrogenous compounds to the soil (chapter V), However, the
results recorded in that chapter provided no indications concerning the nature
of these compounds,

Although a considerable number of investigations has dealt with the excre-
tion of organic compounds by roots, the quantitative aspects of the process
have been hardly investigated. RovIRA (95) surveyed in a recent publication
the compounds, excreted by plants. A large number of products, among which
amino acids and sugars were the most abundant, was detected in root ex-
udates. Since paper chromatography and microbial-assay methods were ge-
nerally used to trace these compounds, most reports give only qualitative
estimates. The few papers in which quantitative data are presented (93, 94),
deal with investigations using sterile plants. It is possible, however, that un-
der non-sterile conditions the continuous removal of the excreted compounds
by the microorganisms on the root surface promotes the excretion process.
Under such conditions the excreted products will immediately be converted by
the microorganisms to cell material, so that the detection of the compounds
themselves is prevented. Therefore, it is not surprising that it was recently
found by HARMSEN and JaGer (48) that much higher quantities of organic
compounds are excreted by non-sterile plants than is generally assumed.

In order to investigate whether higher plants excrete organic compounds
at a rate which permits denitrification in the rhizosphere, perennial ryegrass
was sown in vermiculite which contained no organic matter. In such a system
only products, originating from plant roots, are available as a source of hy-
drogen donors during denitrification. -

2. Nitrogen balances of the plant-vermiculite system

Perennial ryegrass seeds (containing 0.74 == 0.04 mg N per baskef) were
sown 1n a series of plastic baskets, 4.5 ¢m in diameter and 3 em high, filled
with vermiculite at 60 per cent of the waterholding capacity. The vermiculite,
previously freed from organic matter, was washed three times with Hoagland
solution, and contained 3.48 = 0.03 mg of nitrate nitrogen per basket. After
germination, the seed was inoculated with 1 ml of a soil suspension containing
0.14 = 0.01 mg N. An additional series of unplanted baskets was treated
similarly. The grass was grown for 2 period of 30 days in a light cabinet at
20°C. The unplanted baskets were kept in the dark to prevent growth of algae,
which were found to be able to supply organic compounds to other micro-
organisms. During this period, small amounts of nitrtate were periodically
supplied to keep the grass growing; in total 10 mg of nitrate nitrogen were
added. After 30 days, five baskets of each series were analysed. At this time
the planted baskets contained 13.87 = 0.13 mg N, and the unplanted ones
14.08 = 0.07 mg N. Subsequently 10 mg of nitrate or 10 mg of ammonium
nitrogen were added to both planted and unplanted baskets. After 45 days the
nitrogen content of these baskets was estimated (Table 20). It will be seen that
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TanLe 20. Nitrogen recovery of 10 mg of nitrate and ammonium nitrogen added to planted
and unplanted baskets containing vermiculite free from organic matter.

Nitrogen recovery
Nitrogen added
mg per basket Planted Unplanted
mg N % of added N mg N | % of added N
10 mg NO;-N 21.5 4 04 74 24.0 &+ 0.3 99
10 mg NH-N 24.0 4+ 0.8 100.0 239 + 0.2 98
0 157 £ 0.2 141 £ 01

a considerable percentage of the nitrate was volatilized in the planted baskets:
the ammonium nitrogen, however, was completely recovered. Since no losses
were observed in the unplanted baskets, denitrification can only have pro-
ceeded by the utilization of hydrogen donors derived from perennial ryegrass
plants. From this experiment it appears that grass plants supply a sufficient
amount of substrate to denitrifying organisms to permit denitrification.

3. Experiments in Warburg vessels under anaerobic conditions

Since the method used to study denitrification in soil by means of nitrogen
balances was laborious, it was abandoned and replaced by the Warburg tech-
nique. If some precautions are taken, this technique proved to be very suit-
able for studying soil respiration; it appeared to be useful in denitrification
studies as well. Recently the technigue was adopted by Mc GARITY 37 to
investigate the effect of soil organic matter on denitrification. )

To establish the effect of root excretions on denitrification, perennial rye-
grass was grown in the same way as in the previous experiment. At different
stages in the development of the plants, the tops were clipped 1 cm above the
surface of the soil, The baskets were then placed in large Wa_rhurg w_iessels,
containing 4 ml of a 4 per cent KOH-solution and 10 mg of nitrate nitrogen
were added. Then the vessels were attached to the manometers; the air inside
the vessels was replaced by nitrogen gas, which was freed from oxygen by
passing it through a column containing heated, reduced metallic copper.
Assuming that no products were evolved other than nitrogen gas, nitrous
oxide and carbon dioxide, denitrification in the presence of grass plants of
different ages could be followed mapometrically (Fig. 3). It appeared that the
quantity of hydrbgen donors supplied by r_ogtg, oﬁ perennial ryegrass, 4 days
old, was insufficient to effect complete denitrification of the added nitrate. At
14 days, the plants apparently placed much more subst_rate at‘the disposal of
the denitrifying organisms; denitrification continued until Phe_: nitrate was com-
pletely converted to gaseous products. The same denitrification rate was
observed with perennial ryegrass at 28 days. )

Since it was likely that the excretion of hydrogen 40n0rs was not restricted
to perennial ryegrass, the experiment was repeated with root systems of green
peas which were grown in the same way as those of perennial ryegrass. Wgth
this species a considerably higher denitrification rate occurred than with

erennial ryegrass (Fig. 3). : .
P To explas.;ngthe d(ivegrse 1,ffect of root systems of peas and ryegrass on deni-
trification, it was supposed that the hydr'ogen donors exar?ted by peas were
a more favourable substrate for denitrifying organisms. With respect to this,
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40 Fic. 3.

Formation of gaseous reduction
products{expressed as mg N,) during
denitrification of 10 mg nitrate nitro-
gen with hydrogen donors supplied
by root systems of perennial rye-
grass and pea plants of different
ages, I, unplanted control; II, peren-
nial ryegrass, 4 days old; IIT, idem,
14 or 28 days old; IV, green peas, 8
days old; V, idem, 21 days old.
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experiments of Rovira (93) should be mentioned, in which it was shown that
sterile pea plants excreted more amino acids than sterile monocotyles. Since in
the pot experiments with perennial ryegrass (chapter V) considerable amounts
of nitrogenous products were found to be excreted, it seemed worthwile to in-
vestigate the effect of amino acids on denitrification in more detail. The ex-
periments performed on the influence of amino acids on denitrification by
pure cultures of denitrifying organisms will be recorded in the following
chapters.

4. Experiments in Warburg vessels under aerobic conditions

The drawback in studying denitrification with the technique.as used in the
experiment described above is that the plants are placed under anaerobic con-
ditions, so that they soon die. These dead plants may have induced enlarged
excretion or decomposition. It appeared to be possible, however, to perform
the dsame experiment under aerobic conditions, if the following principle was
used.

The initial pressure in a Warburg vessel at the beginning of an aerobic ex-
periment is equivalent to 1000 cm Brodie’s solution, assuming an atmospheric
pressure of 760 mm Hg. The partial oxygen pressure in the vessel is equi-
valent to 200 cm. When the oxygen in the vessel is completely consumed, an
oxygen uptake equivalent to 200 cm can be read on the manometer, irrespec-
tive of the size of the vessel. However, air, equivalent to 200 cm must be in-
troduced into the vessel during the experiment, in order to permit manometer
readings at a constant volume. The partial oxygen pressure of the introduced
air is equivalent to 40 cm. When the introduction of air is continued, the addi-
tional supply of the oxygen gradually decreases to zero. At the same time
(To) an oxygen consumption corresponding to manometer readings which
approach asymptotically to 250 cm (200 + 40 + 8 + 1.6 + 0.32) can be
read ont the manometer. This principle is based on the assumption that evolved
carbon dioxide is taken up by alkali, and that no gasses, other than carbon
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dioxide and oxygen, are produced or consumed. However, when gaseous
nitrogen or nitrous oxide are given off during the experiment, due to denitri-
fication, less than 250 cm will be read. The deviation from this value is a
measure of the production of nitrogen gas and nitrous oxide. In that case the
net gas consumption will change at T into gas production. '
Using this principle, an aerobic Warburg experiment was carried out under
the same experimental conditions as in the previous experiment, in which 10
mg of nitrate nitrogen were added to root systems of pea plants (Fig. 4). When

1co

Fia. 4.

Pressure changes (in ¢m Brodies solution) as

caused by O,-uptake by non-sterile root systems of

pea plants (IT, no nitrogen added), and O;-uptake 2001

and gas production after the addition of nitrate to

non-sterile plants (1). o s LT %% 32 Q4
. hours

0, consumead, ¢m

To was reached, an apparent oxygen uptake of 208 cm was measured (I). A
series of pea plants, without added nitrate, had taken up oxygen,'equlvalent
to 251 em (I0). It may be concluded that 251 — 208 = 43 cm nitrogen gas
and nitrous oxide were evolved during the experiment. When it is assumed
that the denitrification rate before and after To was the same, t_he point Ty
at which denitrification started, can be calculated (Fig. 4). This point appeared
to be 13 hours after the experiment began. After 13 hours about half of the
oxygen inside the vessel was consumed; under such conditions th(_e Plants will
not have been damaged. The results conseqm?ntly prove that living plants
may supply sufficient hydrogen donors to the rhizosphere organisms to permit

denitrification.

5. Discussion

From the experiments describe
ditions for denitrification are very
of the roots. Oxygen deficiency is easi
donors are available. Morecover, 4 continu_ )
the application of nitrate-containing fertili

take by the roots, thus causing a constant _this ) '
throug%’l the rhizosphere. Finally, the number of denitrifying organisms 1n the

rhizosphere is much higher than that in non-rhizosphere soil. Therefore, it
seems justified to conclude that in soils under vqgetatloq,_ll}(e per;Inanent-
grassland soils, denitrification will occur preferably in the vicimty of the roots.

D. SUMMARY

By comparing the oxygen uptake of pex:manent—gr:{ssland ]slods, cgn:ei!n}ng
living roots, with that of sods, containing li_nlled roots, it waf,1 shown tt a fwmg
roots and rhizosphere organisms may considerably reduce the quant; jt(ho ?;iyi
gen in the soil. The roots were found to consume 66 per_cznt g . et ?( a
oxygen consumption of a non-sterile root system, the remainder being taken

d in this section it appears that the con-
favourable in the immediate environment
ly obtained, while sufficient hydrogen
ous supply of nitrate is assured after
zers, as a consequence of the up-
flow of this soluble compound
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up by the rhizosphere organisms. A sufficient quantity of hydrogen dE)Ill:Jl:S
proved to be excreted by the roots of grass and pea plants to permit denitrifi-
cation in the rhizosphere. Indications were obtained that different types of
compounds were excreted by roots of perennial ryegrass and peas, the latter
(possibly because of animo acids) causing a higher denitrification rate. From
the results it was concluded that the rhizosphere constituted an excellent en-
vironment for the occurrence of the denitrification process.

CHAPTER Vil
THE MICROORGANISMS OF GRASSLAND SOILS

A. INTRODUCTION

The operation of the nitrogen cycle in permanent grassland soils is largely
the result of an interaction between microorganjsms and higher plants, as was
shown in the preceding chapters. For a further study of this interaction more
knowledge was required of the microflora of these soils, particularly of the
species involved in denitrification. Experiments pertaining to the microflora
of grassland soils will be described below.

B. THE MICROFLORA OF GRASSLAND SOILS
1. Literature

Relatively few investigators have dealt with the microflora of permanent-
grassland soils. WIERINGA (122) found that generally more than 50 per cent
of the total number of microorganisms counted in pastures consisted of ac-
tinomyeetes. Ploughing up the soil resulted in a rapid decrease in the number
of actinomycetes with a concomitant rise in the number of bacteria. HARM-
SEN (45), studying aerobic cellulose decomposition in various soils, observed
that in permanent-grassland soils mainly actinomycetes were involved in the
process.

An extensive study of the microflora of New Zealand pastures was made by
THORNTON and his collaborators (110), who showed that Streptomyces-species
accounted for 41-58 per cent of the total population. It was suggested that
the fungus flora in these soils represented a rhizosphere population. Pseudo-
monas-species were reported to be the most numerous bacteria in these soils.

2. Methods

The microfiora of grassland soils was studied using the plating method. Aithough this
method is subject to many difficulties (e.g. selectivity of the medium, influence of sampling,
preparatory treatment) it can give satisfactory results, if a comparison is made of different
soil samples treated in the same way. : :

_From the grassland soils to be investigated 10 samples of cach 100 g were taken, The com-
bined samples were thoroughly mixed; then two aliquots of 5 g were suspended in 500 ml of a
0.8 per cent NaCl-solution. After shaking mechanically during 1 hour, two samples of 5 mi
were taken_from the suspension which was stirred during sampling, From each aliquot a
dilution series was prepared. From the final dilution § samples of 0,5 m! were taken which
were distributed with a bent glass rod over casein-agar plates (diam. 13 cm), The agar medium
contained: casein, 5 g; KHPO,, 1 g; agar 10 £; soil extract, 1 litre, The casein was added as a
saturated solution in lime water. The agar plates were dried on a hot plate (50°C) before use,
so that water was readily taken up, thus preventing the spread of bacteria, The final dilutions
were prepared so as to allow about 100 colonies to develop on each plate. The average number
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of microorgapisms on _replicate plates was multiplied by the dilution; in this way the total
number of microorganisms per gram oven-dry soil could be calculated. The moisture content
of the initial soil sample was estimated scparately.

3. The population of esmblished-grassland sods under field conditions

a. Occurrence of actinomycetes, fungi and bacteria. The microflora
of permanent-grassland sods derived from sandy soil which were used through-
out this investigation, was studied under different climatological conditions. A
comparison was made with two different unplanted arable soils. For that
purpose the proportions of bacteria, actinomycetes and fungi were estimated
with the plating method. The bacteria were subdivided into Gram-negative
rods, bacilli and arthrobacters, by examining microscopically 100 strains from
each sample. Arthrobacters were identified as organisms with rod form, some-
times branched cells in 18-hours old cultures on glucose-yeast extract-agar and
coceoid forms on casein agar after 5 day’s incubation at 28°C.

The actinomycetes (mainly Streptomyces-species) were relatively more
numerous in pasture than in arable soil (Table 21) which confirmed the results

TasLE 21. Population of permanent-grassland sods derived from sandy soil, under different
climatelogical conditions, as compared with that of unplanted arable soil,

' Total Percentage of total };I‘aml Percentage of bacteria
Soil o, of | popula- - acte-
coions (WA o | | e || 0 | e A

Pasture, winter 90 9.3 40 59 1 3.7 53 23 24
Pasture, spring 75 | 16.0 32 64 4 5.1 58 10 30
Pasture, summer 68 | 10.2 47 52 1 4.7 43 14 43
Pasture, summer 5 6.4 70 30 0 4.5 63 19 18
Arable soil, sand* 60 5.6 66| 31 3 37 16 20 64
Arable soil, clay* 55 8.6 | 90 9 i 71 1 14 75

1 Unpublished data of J. Antheunisse and E. G. Mulder.

of other investigators (45, 112). Of the bacteria, the percentage Gram-nega-
iderably higher in permanent-grassland sods

tive rods was found to be considerd h o 3
than in arable soils, arthrobacters being relatively less numerous. 1he coccol

forms of the latter from permanent grassland were on the whole more refrac-
tive on microscopic examination. : .

b. The rhizosphere character of the bacterial population 'ofgrags-
land soils. The bacterial population of permanent-grassland soils — hlglh
percentages of Gram-negative rods, low percentages of arthrqbacters (Tab?_
21) — resembles the microflora usually found to be agsociated with the roots o
graminaceous plants. In the rhizosphere qf these plants, t‘he. numbeli1 of Srf:m-
negative rods in general is also relatively high, that of bacilli and Ia;rt ro af(gr)g
being proportionally low (106, 42). As an exception SPERBER and d?va ( > ,
however, found a much higher proportiof (78 per cent) of branched forms in the
rhizosphere of grass plants < of 140 bacteria from the

In an oation of the nutritional requirements 0 :
fng plates. the blance between the bacterial population of grass-

counting plates, the resem .
land SO(gispand that associated with grass roots was more deflmtelyitdelfrlgli}-
strated (for the composition of the media, cf. chapter V1IT). The resuiis of this

investigation (Table 22), showing the occurrence of a high proportion (about
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TagLE 22. The nutritional requirements of bacteria isolated from a permanent-grassland soil.

Simplest medium Medium showing Growth
Group Number showing growth maximum growth stimulated by
of of tested| (% of total group) (7 of total group) | 7o g
bacteria cultures 0
: c |ev ] a l av | ¢ | cv | a | av o
Gram-negative rods | 80 54 0| 44 2 1] 0 98 2 100
Arthrobacters 51 41 | 41 61122929 | 13 ! 29 42
Bacilli 9 0 0| 89 ¢ 11 0 0| 8% | 11 100
Total collection 140 46 | 15 | 33 6 | 11 | 11 | 66 | 12 78

¢ Basal medium 4 ammonia

cv Basal medium + ammonia + B-vitamins

a Basal medium - amino acids

av Basal medivm + amino acids -~ B-vitamins

80 per cent) of organisms (mainly Gram-negative rods) stimulated by amino
acids, are similar to those obtained by GYLLENBERG (43} with strains isolated
{from the rhizosphere or graminaceous plants. It is a well-known fact (106)
that also in the rhizosphere of other plant species the number of Gram-nega-
tive rods stimulated by amino. acids, is much higher than in the non-rhizo-
sphere soil,

4. The effect of fertilizer nitrogen on the microflora of recently sown grass-
land soilt

a. Experimental. Plots of sandy arable soil of different pH were partly sown with
perennial ryegrass in the spring of 1960, The plots received different amounts of fertilizer
nitrogen, applied as ammonium nitrate limestone, Samples from grassland plots at pH 6.5
without added nitrogen, from grassland plots with an annual dressing equivalent to 480 kg
per ha (3 applications of 160 kg) and from the same plots cropped with arable crops (receiving
60 kg N annually), were taken periodically, and the number of bacteria, actinomycetes and
fungi was estimated as described in VIL.B.2, The bacteria were subdivided in Gram-negative
rods, arthrobacters and bacilli,

b. Occurrence of bacteria, actionomycetes and fungi. It will be seen
(Table 23) :that as a result of the nitrogen application the total number of
Microorganisms in the grassland plots had increased already in the first year

TABLE 23, Number of microorganisms present in arable sandy soil and grassland {(sown in
the spring of 1960), after application of different amounts of fertilizer nitrogen.

i ( Sa?;ﬂing n'Iu; tﬂlr . :ﬂacteria NAc]t)i.nnmycctcs . bFungi

. umber 0, o T o,
X 10%g " 10%g| % ;11::)'7; % xml%‘fg %

Arable soil 1-12-1960 3.5 2.3 66 1.1 31 . 0.1 3
60 kg N per ha 1-1-1962 | 32 | 19| 61 | 12| 31 | 01 | 2
anually 15—8-1962‘ 2.6 1.6 65 0.9 B .| ot 2
Gras'land 1-12-1960 42 25 60 1.6 38 0..1 2
no nitrogen 1-1-1962 2.4 1.5 62 0.8 36 0.1 2
15-8-1962 2.1 1.5 66 0.5 33 0.1 1

. Grassland 1-12-1960 6.7 52 78 i4 20 0.1 2
480 kg N per ha 11962 © 45 | 34 | 76 | 09 | 19 o2 | 5
anually 15-8-1962 7.1 6. 85 1.0 14 0.1 1

* Experiment carried out in collaboration with Ir. K. Dz,
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after sowing the grass. This increase was completely due to the higher numbers of
bacteria. The numbers of actinomycetes and fungi had remained constant. It is
remarkable that the number of actinomycetes, two years after the grass had
been sown, did not increase as one would expect. No significant differences were
observed between arable soil, cropped with various crops, and grassland soil
that had received no fertilizer nitrogen.
¢. Occurrence of Gram-negative rods, arthrobacters and bacilli,
The favourable effect of fertilizer nitrogen on bacterial numbers was chiefly due
to theresponse of Gram-negative rods and arthrobacters (the latter to a lesser
extent). The bacilli were not affected by the fertilizer treatment (Table 24).
Similar results were obtained with plots of different pH.
TABLE 24. Number of Gram-negative rods, bacilli and arthrobacters, present in arable soil
and grassland (sown in the spring of 1960), after application of different amounts
of fertilizer nitrogen.

Number Gram;:;sgative Bacilli Arthrobacters
Soil Sa?ptling bacteria
ate ri
e e A I
Arable soil 1-12-1960 23 | 116 50 | 053 24 | 0.61 26
60 kg N per ha 111962 | 19 | 085 | 45 | 052 ] 28 | 051 27 .
annuaily 15-8-1962 1.6 | 0.55 34 0.32 20 0.73 45
Grassland 1-12-1960 25 | 1.22 47 .1 043 17 0.85 34
1o nitrogen 1-1-1962 1.5 | 0.81 54 0.44 29 0.25 16
15-8-1962 1.5 | 043 29 0.62 42 0.43 29
Grassland 1-12-1960 52 | 280 54 0.47 9 1.92 37
480 kg N per ha 1-1-1962 34 | 222 63 084 | 25 0.34 10
anually 15-8-1962 6.0 | 432 72 042 7 1.26 21

5. Discussion o
It is a well-known fact that the root mass.of pennanent-grassland soils is
mainly restricted to the top layers. Therefore, it was supposed that permanent-

grassland sods obtained from the top layers would contain many organisms
associated with plant roots. The results of this section which demonstrate a
close relationship between the bacterial population of permanent-grassland
soils and that generally found in the rhizosphere of grass plants are In agree-
:s. The situation in permancnt grassland can be con-

ment with this hypothesi ing in arable soils, where during

sidered as a continuation of the process occuril : X
the ageing of the crops the non-rhizosphere flora shows an ncreasing rescm-

blance to the rhizosphere flora (44). Similar results were obtained with sub-

ic soi 21). In these soils which are permanently
antarctic soils by BuNT and ROVIRA (21} ist between the bacteria of

covered by plants, no differences :}ppearetis to ext
the soil and those associated with plant roots. )

In plots of arable soil sown with grass, a }'apld increase In .the numberbof
Gram-negative rods occurred after application of fertilizer mtroggn (Table
24), The stimulative effect may have been the result of an enlarged root ex-

A . ince in separate experiments
cre enous compounds, since 1S :
tion, presumably of nitrog p bers was observed when nitrogen

(not recorded) no effect on bacterial num n

Was addod o )unplanted soils. A comparable effect on the !I?l;mbelfo()beratgd

negative rods was described by ROUATT and KATZNELSON (92), who observ
45
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a rising number of bacteria requiring amino acids in the rhizosphere of plants
grown at increasing light intensities.

In the present investigation no attempts were made to elucidate the func-
tion of the actinomycetes which always form an essential part of the micro-
flora of established permanent-grassland soils. Since these organisms are
known to utilize cellulose, lignin, and other insoluble compounds, all of which
are difficult to attack, they may be involved in humus formation by decom-
position of dead roots, from which the readily available compounds have been
removed by the more rapidly growing bacteria and fungi.

A comparison of the data of Table 21 (permanent grassland, about 20 years
old) and Tables 23 and 24 (sown grass, 0-2 years old) reveals that in the
established sods actinomycetes were numerous, but that on the contrary no
increase of these organisms had occurred in the sown grassland as compared
with arable soit. In planted arable soils (Tables 23 and 24) more Gram-nega-
tive rods and less arthrobacters were present than in unplanted arable soils
(Table 21) which demonstrates the stimulative effect of plants on the former
organisms. -

6. Summary

The microflora of permanent-grassland soils was investigated under differ-
ent climatological conditions. Actinomycetes generally represented more than
50 per cent of the total population. The number of Gram-negative rods was
found to be considerably higher and that of arthrobacters to be lower than in
arable soils. It was concluded that the bacterial flora of permanent-grassland
soils represents a rhizosphere population. An investigation of the nutritional
requirements of these bacteria, of which about 80 per cent appeared to be
stimulated by amino acids, underlined the rhizosphere character of the bac-
terial flora. Application of fertilizer nitrogen to grassland soils resuited in an
increase of the number of Gram-negative rods which was in agreement with
the above-mentioned conclusion.

C. THE DENITRIFYING BACTERIA OF PERMANENT-GRASSLAND SOILS
1. Literature and introductory remarks

After the first isolation of denitrifying bacteria by GayoN and DUPETIT
{38), a considerable number of different microorganisms was shown to possess
a denitrifying capacity. Most of these organisms were isolated from enrich-
ment cultures and it is unknown whether they are involved in the denitrifica-
tion process in the soil. BEYERINCK and MINkMAN (9) observed that during the
first hours after inoculating enrichment media with soil, Bacillus-species were
the most numerous. Thus, they supposed that these organisms were the most
important ones in soil denitrification, a view which was endorsed by VER-
HOEVEN (115). However, the concept was never verified by isolating bacilli
directly fr_om soil upon the addition of nitrate.

A considerable number of investigations, reviewed by STARKEY (106), has
dealt with the occurrence of denitrifying bacteria in the rhizosphere of higher
plants, where they were found to be present in much higher numbers than in
th':e non-rhizosphere soil. This rise is almost certainly not due to the denitri-
fying capacity of the bacteria, since, unless nitrate has been added as a fertil-
izer, this compound will not be available in sufficient amounts in the rhizo-
sphere, to effect a selection of denitrifying organisms. The similar behaviour
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of denitrifying and ammonifying bacteria in the rhizosphere of mangels (58)
suggests that the stimulation of the former may be the result of their ammoni-
fying capacity.

As far as known to the present author, no investigations have dealt with
the denitrifying organisms of permanent-grassland soils. The rthizosphere
character of the bacterial population of these soils (see VILB) warrants the
supposition that they will occur in abundance. In the present investigation the
denitrifying population of permanent-grassland soils was studied before and
after the addition of nitrate. Experiments pertaining to this subject are re-
corded below. :

2. Methods

a. Determination of denitrifying capacity. The denitrifying capacity of pure
cultures of microorganisms was tested using a method described by VERHOEVEN (115). A few
ml of a dense bacterial suspension in sterile water were prepared. One palf of the suspension
was mixed in a test tube with 20 ml of a melted-agar medium, consisting of: peptone, 10 g;
glycerol, 10 g; potassium nitrate, 10 g; agar, 10 g tap water, 1 litre; the medium was cooled to
45°C. After mixing, the agar was solidified by further cooling. The other half of the suspension

was mixed with an analogous medium without potassium nitrate. Those bacteria which

showed good growth and gas formation in the nitrate-containing medium, but showed little

or no growth and no gas formation in the medium without nitrate, were considered to possess

a dissimilatory nitrate-reducing enzyme system. The method is recorded below as VERHOE-

vEN's method. o ) .
A number of strains which showed no denitrifying capacity, when tested using VER-

HOEVEN'S method, was tested anew, using a modification of a medium described by SmiTH
et al. (103). It contained: tryptose, 10 g; beef extract, 3 g; yeast extract, 2 g; K.HPQ,, 5eE
NaNQ,, 10 g; tapwaier, 1 litre. Approximately 8 ml of this broth were put in 16 mm tubes
and autoclaved. If the medium was not used immediately after preparation, it was steamed to
drive off the free oxygen, then quickly cooled and supplied \’Ylth 0.16 mi of & separately sterilized
50 per cent glycerol solution to make the final concentration 1 per cent, The tubes were then
inoculated, capped with 15 mm of sterile, melted vaspar, and incubated at 30° C. Tubes con-
taining the same medinm without nitrate were set up as a control. Gas preduction and growt’h
were used as criteria for denitrifying capacity. The method is recorded below as SMITH'S

method. _
» - - k) - * r der
b. Determination of the denitrifying population of .es.tabllshe.d sods und
field conditions withoutnitrate being added. The denitrifying capacity of 400 strains
(70 Streptomyces and 330 bacterial strains) jsolated from the sandy-soil pasture by the plate

i oeveN's method. .
method (VIL.B.2) was tested, using VERHOE ! ure was estimated by preparing a

itrifyi {sms in this pas 1
e total mucaber of demmfymgd;;g?;éd in VILB.2. Of each dilution, 5 samples of 1 mi

* dilution series of a soil sample as 1 I 1

were mixedl?rs: test fubes wifh 20 mi of the peptone-glycerol-nitrate-agar r;gc}gm_} tfle;cr%;eqt
above (VIL.C.2.a). After the agar had solidified, the tubes were mcubatcl;i at 8 Th t? ; r:g g:-
dilution showing gas production was used to estimate the total num \e(r of denitrify efh o
ganisms. From the tubes 40 strains were isolated which were tes:ted usllln% ;RH_?E\;E; Sa gs hod.
Strains giving a negative result were tested again Using Swrra’s method. Positive str

identified

- i itrifyi i blished sods upon the
¢. Det i the denitrifying populatien of esta :
additizgm(;?aﬁti]t(;gt‘;.f Toeeach of 5 sandy-soil sods (at 55 per cent of _thlet waterhoégu:lg
capacity), which were 11 cm in diameter and 7 o (hicks 2d.1 s Izl?ﬁif;?m?sﬂg:a\:erwceil:czba&&
a treatment which was repeated twice at intervals of three days. 1€ e om &

i i series of dilutions was p
in & nitrogen atmosphere 2t s After 10 o a.];r2). From the dilutions five samples of

mixed s, as described above ! .
0.5 mi ?;15 ﬁl?gtrl::h?cioiem Jistributed with a sterile, bent glass roii over a%a; slg;tes'wtg:slz
had been dried previously. The agar mediom colntamcd: glycerol, 1 g pep Ubat,cd f{g‘{; 25
extract 0.1 g; KNO,, 3 g; agar, 10 g; tap wateh, 1 litre. The agar plates were incu ated at 18°C.
The dﬂ“tion’aUOWi;}; about a hundred colonies t© develop on the ;ﬁates wa;cl:sg ds dcénitri[' At

the total number of microorganisms per gram _ovan-dry soil. g‘ el :tuglusing VERHOEV{;N %
organisms was estimated by testing 100 strains, isolated from the plates,

method, Positive strains were identified.
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The same estimations were performed with two series of sods without added nitrate which
served as blancs. One of these series was incubated in a nitrogen atmosphere, the second
aerobically, both at 28°C.

3. Results

a. Denitrifying organisms of established sods under field condi-
tions without nitrate being added. When 400 strains, isolated from per-
manent grassland, were examined for denitrifying capacity, using VERHOEVEN'S
method, the tests with 70 Strepromyces-strains gave a negative result; of the
remaining 330 bacterial strains, 35 appeared to possess a denitrifying capacity.
Of these isclates, 33 were identified as B. cereus or B. cereus var. mycoides,
one as B. circulans and one as a Pseudomonas-species. The tests with Arthro-
bacter-strains gave a negative outcome. Some further B. cereus-strains which
also formed part of the collection of grassland microorganisms, tested for
denitrification, were unable to denitrify,

The total number of denitrifying organisms of the grass sods, estimated by
mixing dilutions of a soil suspension through a nitrate-containing agar me-
dium, was approximately 3.10% organisms per gram oven-dry soil.

The identification of 40 straing, isolated from the tubes, gave the following
result: B. cereus including var, mycoides, 24; B. circulans, 6; B. macerans, 3;
B. laterosporus, 1; B. coagulans, 1; strongly refractive coccoid forms (uniden-
tified), 5 strains. Pseudomonas-species and B. licheniformis were not found.
When the strains were tested for denitrification, using Verhoeven’s method,
negative results were obtained, except with 21 of the B. cereus isolates. Since
the negative results only demonstrated that the tested organisms did not exhibit
nitrate-reducing activity in the medium adopted for the test, positive results
might have been obtained with a different medium. Therefore, the strains
were re-investigated using Smith’s method. In this case all Bacillus-strains
produced gas in the presence of nitrate, demonstrating the presence of a dissi-
milatory nitrate-reducing enzyme system in these organisms, The unidentified

coccoid forms showed growth only in the presence of nitrate, but no gas was
produced.

b. Denitrifying organisms of established sods after the addition
of nitrate. The results of a comparison made between the denitrifying or-
ganisms of permanent-grassland sods, incubated with or without nitrate, are
shown in Table 25. The denitrifying population of sods, incubated anaerobically

TasLe 25. Numbets of organisms, present in permanent-grassland sods, incubated with and
without nitrate; numbers in 10° per gram oven-dry soil.

Conditions of incubation
Microorganisms .Anaerobic Anacrobic Acrobic
with nitrate without nitrate without nitrate
Total number 85 8 32
Bacteria 85 8 ZZ
Total denitrifying org. 73 6 4
Pseudomonas str, 241 39 0 0
Achremobacter str. 181 12 0 0
B. macerans 12 0 0
B, cereus 2 5 3
Other denitrifying org. - 8 1 1
Other bacteria 12 2 20
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with nitrate, consisted mainly of Pseudomonas str. 241, Achromobacter str. 181
and B. macerans, although small numbers of other denitrifying organisms were
also present, Numbers of B. cereus had not increased and B. licheniformis was
not isolated under these conditions. B. cereus was isolated as the predominant
denitrifying species from sods incubated without nitrate. In the sods, incubated
aerobically, the proportion of bacteria was high as compared with that of
actinomycetes. In separate experiments this result was shown to be due to the
selectivity of the agar medium which favoured the growth of bacteria more

than did casein agar.

4, Discussion

A comparison of the denitrifying populations of grassland sods, without and
with nitrate addition, revealed that under normal field conditions the popula-
tion consisted mainly of Bacillus-species, of which B. cereus was by far the
most numerous. Addition of nitrate resulted in the development of a flora of
denitrifying bacteria which consisted mainly of Pseudomonas, Achromobacter
and B. macerans-strains. . - )

Since the denitrifying bacteria, found under nprmal flelgl <_:9nd1_t10ns, with-
out nitrate addition, appeared to be not involved in the dqmtnflcanon process,
it is likely that their presence, at least in the sods tested in the present expet-
iment, is not the result of their denitrifying capacity, but depends on some,
other characteristic. Using the same techniques, B. cereus was found to be also
the most common denitrifying organism in two arable soils which hgad received
no nitrate. The results obtained with pemauent—grasslgmgl soil indicate that a
direct relationship between the original number of demtnfymg organisms and
the denitrifying capacity of the soil, as was assumed to exist by POCHON (86)
and VALERA and ALEXANDER (113), may not be expected, unless the soil has

been treated regularly with nitrate. .
Although B_gcereu}; and some other Bacillus-species have been recorded to
produce gas in the presence of nitrate (103), these organisms, except B. licheni-

' idered as denitrifying organisms. As early as
T e e i M o ated denitrifying bacill with not

1910, BEYERINCK and MINKMAN (9) isolat :
swollen and with definitely swollen sporangia from ennchm;rilt cultures. ,11‘1]:31
proposed that these orgapisms belonged to one.polymc'n’p c spec1§§ W lich
they named B. nitroxus. VERHOEVEN (115),. using enrlChI}le.IEt'me Bla %l

i i i anis
species with a not swollen sporangium, an OI the original observations

B, Ii i ; : nents described above, the | !
licheniformis. In the experim S do o be correct, since B. circulans, B.

of Beyerinck and Minkman were ) . .
macer?;ns and B. laterosporus arc characterized by a definitely S“if;ﬁ“;ﬂgrﬁﬂ_
gium. Recently, Dr. F. D. Cook, Ottaws, (personal COMMATHCT ed to re-
served the deniirifying capacity of B. circulans; the organism appear !
duce nitrate mainly to nitrous oxide.

5. Summary . . .

The denitrifying population of permanent—gr'assland ;mls :Ssa ;Ilg:;’gig;;(:
without nitrate addition and with nitrate addition. Un .‘:11; I:ie nitrifying capa-
(without nitrate added) the population of orgap,lSme “gich B. cereus was the
city consisted nearly exclusively of Bacillus-species i?ﬂ iseu d (;m onas, Achro-
most numerous, In the denitrification process mainly !
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mobacter, and B. macerans-strains were involved, (sods incubated anaerobi-
cally in the presence of nitrate). It was concluded that the presence of deni-
trifying organisms under normal field conditions is not the result of their
denitrifying capacity. Therefore, no direct relationship between the original
denitrifying population and the denitrifying capacity of the soil may be ex-
pected.

D. Caracrty oF DENITRIFYING ORGANISMS TO UTILIZE ROOT EXCRETIONS

1. Introductory remarks

In the preceding chapter it was shown that the conditions in the immediate
root environment of grass plants (e.g. oxygen deficiency, root excretions, con-
tinuous supply of nitrate after a fertilizer dressing with this compound) were
favourable for the occurrence of denitrification in permanent-grassland soils.
During denitrification in these soils, Pseudomonas str. 241, Achromobacter
str. 181 and B. macerans were the main representatives of the denitrifying po-
pulation (VIL.C). Since root excretions may be used as a source of hydrogen
donors during denitrification (Fig. 3), the capacity of the three organisms to
use these compounds during denitrification had to be investigated, With
respect to this, a comparison was made with the denitrifying species which
were found to occur under normal field conditions. Experiments on this sub-
ject are recorded below. )

2. Experimental

a. Methods. Sterile pea plants were grown during 12 days in a vermiculite medium containing
Hoagland solution, free of nitrate, as described in chapter VLB, After the tops of the plants
were cut, the bacterial filters containing the vermiculite medium with sterile root systems, were
transferred to sterile Warburg vessels (containing 4ml of a 4 per cent KOH-solution to absorb
carbon dioxide). Suspensions of pure cultures of different denitrifying organisms were added
along with a sterile solution containing 10 mg of nitrate nhitrogen. After replacing the air
inside the vessels by' sterile nitrogen gas, the reduction of nitrate to gaseous products was
estimated manometrically, Planted filters without pure cultures but with nitrate added and
those with pure cultures but without nitraie added, served as blancs,

After 4 days the contents of the filters were transferred to 300 ml Erlenmeyer flasks con-
taining 100 ml ofa 1 N K,80,-solution. The flasks were shaken mechanically during 1 hour.
Then the content of the flasks was filtered, and the vermiculite on the filter was leached with
K.S0,-solution until 250 m] of the filtrate were collected, Nitrate, nitrite and ammonium
mitroget: were estimated in the filtrate as described in chapter 2.

b, Microqrganisms. Pure cultures of denitrifying organisms isolated from grassland sods,
with and' without added nitrate, served as test OTganisms in these experiments, Ps. aeruginosa,
B, licheniformis, Sp. itersonii and Spirilfum str. 425, isolated from enrichment media inoculated
with grassland soil, and M. denitrificans (obtained from the culiure collection of the Laboratory
of Microbiology, Wageningen) were also tested. The experiments were repeated several times

grelld the results obtained showed a similar trend, Examples of typical experiments will be given
ow,

3. Results and discussion &
a. Formation of gascous reduction products. The rate of gas pro-

supplied as t}3e sole source of hydrogen donors, is recorded in Fig. 5. The species
involved during denitrification in permanent-grassland soil (Pseudomonas str.
241, Achr_omobacter str. 181 and B. macerans) were all able to denitrify under
the experimental conditions, while denitrifying species present under normal
field conditions (B. cereus) were not. The latter was also true of B. licheniformis,
and the two Spirillum-species. Gas evolution by M, denitrificans began only
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F1G. 3.

Gaseous products (expressed
as mg N;-N) formed during
the denitrification of 10 mg
nitrate nitrogen by pure cul-
tures of denitrifying organis-
ms, using hydrogen donors,
supplied by pea plants. I,
Pseudomonas str. 241; 11, Ps.
aeruginosa;, 111, Achromobac-
ter str, 181; 1V, B. macerans;
V. M. denitrificans; VI B.
cereus, B. licheniformis, Sp.
itersonil, Spirillum str. 423,
blancs (root systems + ni-
trate, root systems -+ pure
cultures).

mg Na—~N

0

after a prolonged lag period. The denitrification pattern of both Pseydomonas'-
strains had much in common with that of non-sterile pea plants (Fig. 3). The
results support the hypothesis that B. cereus and B. .lichemfarmis are of restricted
importance in the denitrification process in the soil,

b. Formation of inorganic reduction products and n@troge.n pal-
ances, The amounts of reduction products of nitrate, formed during denitrifica-
tion by some of the tested species, are given in Table 26. W;:th all' species the
added nitrogen was nearly completely recovered. B. licheniformis, although
unable to reduce nitrate to gaseous compounds, produced considerable quanti-
ties of nitrite as well as some ammonia. The origin of the ammonium fraction
was not clear. Formation by reductioss of nitrate or by desamination of organic
compounds are both possible.

. itri i itrate mitrogen by pure
TabLE 26. Products formed during the denitrification of 10 mg of nitrate |
cultures of denitrifying organisms, using hydrogen donors supplied by pea plants.

‘Nitrogen recovered in mg N

Species ,@3_‘ NO,~ NH,* N + N:O Total
Ps. aeruginosat 375 240 8;% 13% 1?);%'
Ps. aeruginosa 0.20 0.00 031 680 9.87
M. denitrificans 2.76 0.00 0.14 0.00 9.59
Sp. itersonii 9.00 oo 0.95 0.00 10.05
B. licheniformis str. P 1 5.35 375 011 0.00 9,98
Sterile control 9.80 0.07 ' ) .

! Analysis after 2 days.

4. Summary ' o, HE e T .

An investigation has been made of the capacity of denitrifying actenaé
isolated from permanent-grassland soil, to utilize root excretlggsi ail ahszl;:g-
of hydrogen donors during denitrification. Pseudomondas strEl 41, g r.t 0
bacter str. 181 and B. macerans which were mainly mvolvq in t 1&: enitrifi-
cation process in this soil were fgulijld? piidigea%? gog}cgg;?ftg;m; g:;:::)iléz
reducti ere formed by B. cere . lichenifornus, Spe
which \(:r:rfls f(?tuicntsroﬁed in the denitrification process i this soil. A consider-
able quantity of nitrite was found t0 be produced by the Jatter specics.
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CHAPTER VIII

THE NUTRITIONAL REQUIREMENTS
OF THE DENITRIFYING BACTERIA

A. INTRODUCTION

In the Warburg experiments described in chapter VI.C.3 (Fig. 3) a higher
denitrification rate was observed when root excretions of mon-sterile pea
plants were used as the sole source of hydrogen donors instead of compounds
excreted by perennial ryegrass. Since pea plants are known 1o excrete higher
amounts of amino acids than monocotyles, the promoting effect of the former
species on denitrification was supposed to be due to the excretion of these -
compounds. To prove the validity of this hypothesis, the effect of amino acids
on denitrification by the microorganisms, Tesponsible for the process in the
soil, had to be investigated. The experiments described in the preceding
chapter gave rise to the conclusion that Pseudomonas str. 241, Achromo-
bacter str. 181 and B. macerans were the main representatives of the popu-
lation involved in the denitrification process in grassland soils. These species
were able to use root excretions of pea plants as a source of hydrogen donors
during denitrification (chapter VILD.3.a). The experiments pertaining to the
effect of nutritional conditions (particularly amino acids) on growth and deni-
trification of these organisms are recorded below. In addition, a comparison
was made between the nutritional requirements of these species and those of

- the bacteria with denitrifying capacity (mainly Bacillus-species) present in the
soil under normal field conditions. The latter species proved to play no part
in the denitrification process in the soil (Table 25), and they were unable to
produce gas from nitrate when supplied with root excretions of pea plants as
the s§)Ie source of hydrogen donors (Fig. 5). The comparison of the nutritional
requirements might answer the question, why these organisms, although ini-
tially being more numerous, are outstriped by the species mentioned above
after a nitrate addition to the soil. ’ '

The nutritional requirements of the denitrifying bacteria, mentioned in Ber-
gey’s Manual of Determinative Bacteriology, are more or less known. Those

used, supplemented with different nitrogenous com itami i
~upp pounds and vitamins. The basal medium
;ggtam?g- KH,PO,, 500 mg; Na,HPO,, 1190 mg; MgS0,.7 H,0, 500 mg; CaCl,.6 H,0,
™e; ke, 10 mg as Fe-sequesterenc; MnSO0,. 5 H,0, 3 mg; ZnS0,.7 H;0, 0.25 mg; CuS0,.5
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H,0, 0.25 mg; H,BO,, 0.25 mg; Na;Mo0,.2 H.0, 0.05 mg; distilled water, 1 litre. From this

basal medium the following media were derived:

Medium b.  Basal medium supplemented with | g KNO; per litre.

Medium c. Basal medium supplemented with 1 g (NH,),80, per litre,

Medium a. Basal medium supplemented with vitamin-free casamino acids, 1 g; tryptophane,

. 50 mg; cystine, 10 mg per litre.

Mediwm cv. Basal medium supplemented with (NH,),S0,, 1 g and 7 B-vitamins: biotin,
1 pg; folic acid, 2 pg; riboflavin, 100 pg; thiamine, 500 pg; nicotinic acid, 500 pg;
pyridoxine-HCI, 500 pg; Ca-pantothenate, 500 ug per litre.

Medium av. Basal medium supplemented with amino acids and B-vitamins in amounts equal
to those of media a and cv.

Test tubes, 18 mm in diameter were filled with 5 ml of the media and autoclaved. To these
tubes .1 ml of a separately sterilized 5 per cent glucose solution was added, making the final
glucose concentration 1000 mg per litre. The tubes were then inoculated with one drop of a
very dilute suspension of the denitrifying bacteria and incubated at 28°C, being placed in a
slanting position to permit sufficient aeration. The growth was estimated qualitatively after
different periods of time.

b. Nutritional requirements under anaerobic conditions. For studying the nutrit-
ional requirements under anaerobic conditions media were used different from those des-
cribed above.

Medium B. Basal medium, identical to medium b. . '
Medium €. KH,PO,, 1.5 g; (NH,HPO., 7 &; MgS0,.7 H,0, 0.5 g; distilled water 1 litre.
Minor elements were added in guantities identical to those of the basal medium.
Medium A, K,HPO,, 5 g; NaCL 1 g vitamin-free casamino acids, 1.25 g; tryptophane,
100 mg; cystine, 15 mg; distilled water 1 litre. : _
Medium CV, Medium C supplemented with B-vitamins in amounts equal to those of medium

ev. . o ]
Medium AV, Medium A supplemented with B-vitamins in amounts equal to those of medium
cv. .

Test tubes, 16 mm in diameter were filled with 10 m! of the media and autoclaved. If the tubes
were not used immediately after preparation, they were.stcamed before use to drive off the
free oxygen and rapidly cooled. With each of the media half of the number of tubes was
supplemented with 0.5 ml of a 20 per cent potassium-nitrate solution; all tubes received
0.2 ml of a 50 per cent glucose solution, making the final cpncentratmn of both compounds
1 per cent. Finally the tubes were inoculated and capped with 15 mm of rpe!ted vaspar. The
bacteria were incubated at approximately the optimum temperature VYhICh was estimated
separately. Growth was estimated quatitatively after different periods of time.

¢. Effect of the carbon source, For studying the _inﬂucnce of various carbon sources
on the denitrification process, a medium was used, described by SMITH cs. {103). The medium

i H ; ; litre.
contained: tryptose, 10 g; beef extract, 3 g; yeast extract, 2 g; K,HPO,, 5 g; tap water, 1 X
A i di re transferred to 16 mm tubes and avtoclaved., If the

pproximately 10 ml of the medium we 6 I e e, cooled, e e

tubes were not used immediately after preparation, they :
mented with aliquots of separately sterilized glucose, glycerol and Ca-lactate solutions to

i i 20 per cent
make the final concentration 1 per cent. Half of the tubes received 0.5 ml of a :
potassium-nitrate solution, Finally the tubes were inoculated, cgpp_ec_i with 15 mm of sterile,
melted vaspar, and incubated at the optimum temperature of the individual bacteria.

2. Microorganisms
in the media described above:

The following species-were tested
rans, isolated from grassland

1. Pseudomonas str. 241, Achramabactei sir. 181 and B. mace
sods incubated anaerobically with nitratc. : B 8. cougtl
2, B. cereus, B. cerens var. mycoides B. circulans, B. macerans, 2 aterosporus, B. coaguians
and unidentified coccoid forms, which were all isolated from grassland sods under normal field

conditions. _ o
3. Ps. aeruginosa, Sp. itersomii, Spirillum str. 425 and B. licheniformis, isolated from en-
tichment cultures inoculated with grassland soil. ‘ ;
4. Ps. stutzeri, Ps. denitrificans, M. denitrificans and B. polymyxa, obtained from the culture
collection of the Laboratory of Microbiology, Wageninger.
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C. - ResuLTS

1. Nutritional requirements

The nutritional requirements of the denitrifying bacteria isolated during
the experiments described in the preceding chapter, were estimated aerobi-
cally, and anacrobically with and without nitrate (Table 27). The total col-
lection clearly broke up in two distinct groups. The organisms of the first
group, of which Ps. aeruginosa was a representative, were able to grow under
anaerobic conditions only when nitrate was present in the medium. The organ-
isms of the second group, of which B. licheniformis was a representative,
developed under anaerobic conditions also in the absence of nitrate. Except in
the case of B. polymyxa and B. macerans (which are known to produce car-
bon dioxide from carbohydrates under anaerobic conditions), formation of gas
by representatives of the second group was observed only in the media con-
taining nitrate. Although it is not certain that the gas produced under these
conditions consisted entirely of reduction products of nitrate, it is clear that
the metabolic pattern was modified by nitrate.

The second difference between the bacteria of the Ps. aeruginosa-group and
those of the B. licheniformis-group, is that the dissimilatory reduction of
nitrate by the former proceeded very rapidly and usually was completed within
a few days. The second group, except Spirillum str. 425 and Achromobacter
str. 181, reduced nitrate slowly, nitrate sometimes being still present in the
medium after 14 days’ incubation.

In separate experiments it was found that the organisms of the Ps. gerugi-
nosa-group transformed 20 to 25 per cent of the glucose into cell material un-
der anaerobic conditions in the presence of nitrate, while under the same
conditions the dry-matter production by the species of the B. licheniformis-
group seldom exceeded 6 per cent of the weight of the added glucose.

Although considerable differences obviously existed between the various
organisms tested, attention was mainly focussed on their ability to transform
nitrate to gaseous products. The influence of amino acids on this process was
especially considered. From the data presented in Table 27 it appears that,
generally, the nutritional requirements of the various bacteria were the same
under both acrobic and anaerobic conditions. Spirillum str. 425 and B. licheni-
formis, however, required amino acids for growth under anaerobic but not
under aerobic conditions. The results obtained with B. licheniformis are in
accordance with the findings of VERuOEVEN (115) and VALERA and ALEXAN-
DER (113). Sp. itersonii, Achromobacter str. 181 and B. cereus were de-
pendent on amino acids, under anaerobic as well as under aerobic conditions.
This was also true for Ps. stutzeri, an observation which was already recorded
by VALERA and ALEXANDER (113). This organism, however, was found
capable of growing in a mineral medium with ammoniam sulphate as a nitro-
gen source, \yhen alcohols or organic acids were used as a source of carbon
and energy instead of carbohydrates. The other Pseudomonas-species also
developed in the mineral medium supplemented with glucose, as did M. denitri-
ficans, both aerobically and anaerobically in the presence of nitrate. The state-
ment by VALERA and ALEXANDER (113), that the latter organism also requires
amino acids, was not confirmed.

_B. circulans, B. laterosporus, B. macerans, and B. polymyxa required B-
vitamins for growth under both aerobic and anaerobic conditions and with in-
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organic~- or organic-nitrogen sources. The same nuiritional requirements of
these species under aerobic conditions were found by KNIGHT and ProoM
(64). B. coagulans and the coccoid forms required both amino acids and B.
vitamins. The latter forms, B. cereus and some B. licheniformis-strains did
not show gas production from nitrate in the media adopted for the tests. How-
ever, in more complex media containing tryptose, beef extract and yeast
extract, the latter two species were able to form gaseous products from
nitrate {Table 29).

2. Influence of amino acids on denitrification rate

Although amino acids appeared to be required by some of the denitrifying
bacteria, these compounds did not seem to be of primary importance for
others. Moreover, the species dependent on amino acids, except Achromo-
bacter str. 181, were not involved in the denitrification process in the grass
sods. Pseudomonas str. 241 which was the main representative of the deni-
trifying population of the grass sods showed growth and vigorous gas produc-
tion in the basal medium supplemented with glucose and nitrate.

A different picture of the influence of amino acids on denitrification was
obtained, when attention was paid to the rate of gas production by the bac-
teria not requiring amino acids for growth (Table 28). Both growth rate and
rate of gas production of the organisms of the Ps. ageruginosa-group were
strongly stimulated by the presence of amino acids in the medium. On the
other hand, only the growth rate of B. macerans, B. polvmyxa, B. circulans
and B. laterosporus (B. licheniformis-group) was increased by amino acids
but not the rate of gas production. This might indicate that amino acids had a
favourable effect on the rate of production of cell material of both groups of
denitrifying bacteria, and in addition, stimulated the reduction rate of nitrate
to gaseous products by the species of the Ps. aeruginosa-group. The latter
could be explained by assuming that amino acids constitute a more favourable
type of hydrogen donor for these organisms than carbohydrates. This hypo-
thesis will be discussed in more detail in the next chapter.

The results of the above experiment demonstrate that amino acids increase
the rate of growth and gas production of many of the tested denitrifying bac-
teria. Some of these organisms required the compounds as indispensable
nutrients for growth, while others were merely stimulated. Therefore, it is
likely that the nutritional conditions are more optimal for denitrification in the
root environment of plants, which ¢xcrete amino acids, than in the rest of the
soil. The high denitrification rate observed when compounds supplied by pea
roots were used, may be due to their amino-acid excretion,

'Although the effect of amino acids on denitrification was obvious, it was
still not understood why some species, like Pseudomonas str. 241, were prefer-
entially _stmmlated during the denitrification process in the soil, whereas
0ther§, like B. cereus and B. licheniformis, were not affected. As already
mer}tloned,‘ ghe production of cell material of the latter species, under anae-
robic conditions in the presence of nitrate, was very low compared with that
of the species of the Ps. aeruginosa-group. This may have resulted in a low
competition capacity of the bacilli, when both groups were present in the same
environment. The next chapters will show that the capacity of the bacilli to
compete with other denitrifying organisms is weak for other reasons as well.
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TasLe 28. The influence of amino p.cids on growth and gas production of denitrifying bacteria
under anaerobic conditions in the presence of nitrate,

Time (days
Species Medinm (days)
2 3 s T 17
Ps, aeruginosa B — — — +G +G
¢ - +G +G +G +G
CvV + +G +G +G +G
A +G +G +G +G +G
AV +G +G +G +G +G
Ps. denitrificans B _— — - — +G
C — — +G +G +G
cv — +G +G +G +G
A +G +G +G +G +G
AV +G +G +G +G +G
Pseudomonas str. 241 B —_ _— — — e
C - - — +G +G
cv — + +G +G +G
A +G +G +G +G +G
AV +G +G +G +G +G
M. deniirificans B — — _— — +G
C - - + +G +G
Ccv -+ -+ +G +G +G
A +G +G +G +G +G
AV +G +G +G +G +G
B. macerans Ccv —_ —-— -+ +G +G
_ AV + + + +G +G
B. polymyxa Cv — — — +G +G
) AV - + + +G +G
B. circulans Cv — -— + +G +G
AV + =+ + +G +G
B. laterosporus Cv — - + + +G
AV + + + + +G
- positive growth B Basal medium ) )
— no growth C Mineral medium with ammonium nitrogen o
G gas production CV Mineral medium with ammonium nitrogen and B-vitamins

A Mineral medium with amino ac'ids o
AV Mineral medium with amino acids and B-vitamins

3. Effect of the carbon source on growth of organisms of the B. licheniformis-

group

When the results were discussed of the experiments in which representatives
of the B. licheniformis-group were tested for their denitrifying capacity, these
organisms were considered to perform a dissimilatory nitrate reduction (see
preceding chapter), since growth occurred under anaerobic conditions only
with nitrate added. In that test glycerol was used as a carbon source. In the
experiment described above (Table 27), however, the presence of nitrate was
not required to enable growth of these bacteria under anaerobic _condxt:ons;
in that experiment glucose was the carbon source. To clear up this discrepancy,
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the effect of different carbon sources on the growth of the bacteria of the B.
licheniformis-group was examined under anaerobic conditions. As it was
shown by VERHOEVEN (115) that B. licheniformis denitrified only in the pre-
sence of glucose, glycerol, or lactate, these compounds were selected for the
experiment (Table 29). It is obvious that only using glucose as a carbon
source, mitrate was not required for growth under anaerobic conditions; its
presence may even cause lower yields of cell material. With glycerol and lac-
tate, however, generally no growth occurred under such conditions. Some

species gave a slight growth with glycerol in the absence of nitrate.

TaBLE 29. Effect of the carbon source on the growth of the organisms of the B. ficheniformis-
group under anaerobic conditions in a complex medium containing iryptose, beef
extract and yeast extract,

Specs Time Glucose Glycerol Lactate Ncs)oc:i_r:éon
pecies (days)
- INOsl - INOg - (NoSl - INos
B. licheniformis 3 8 G| o 3G 0 iG 0 1
str. 434 10 8 2G 0 1G 0 +G 0 +G
B. licheniformis 3 4 1 0 2 0 1 0 1
ser. P I 10 4 2G 0 1G 0 1G 0 1G
B. circulans 3 4. 4 0 2 0 + 0 2
str. 439 B 10 4 2G 0. iG 0 -+ 0 2
B. circulans 3 4 4G -+ 3G 0 + 0 3
str, 465 x 10 4 2G 2 G 0 + 0 2
B. laterosporus 3 4 3G 2 2 Q 1 Q +
str. 468 B 10 3 3G 2 3G 0 1 0 1
B. coagulans 3 [ 4 + 2 0 1 0 1
str. 465 A 10 5 3G + 2G 0 1 0 1
B. cereus 3 3 4 + 3 + . 3 +- 2
str. 372 10 3 4G + 3G -+ G + 2G
B. macerans 3 6G G 1 3 0 + 0 +
str, 408 10 6G 2G 1 2G 0 +G| 0 +
B. polymyxa 3 5G 3 2G 3 0 1 0 +
str, 3 10 3G 2G 2G 3G 0 i 0 1
Spirillum 3 4 4G 1 4G 0 4G 0 AG
str, 425 10 6 6G 1 aG ¢ 5G 0 2G
Achromobacter 3 6 4G 0 3G 0 2 0 2
str. 181 10 6 4G 0 G 0 2G 0 2G
Coccoid forms 3 2 2 0 2 0 2 4] 2
str. 471 10 2 2 0 2 0 2 0 2

* Isolated and kindly supplied by Dr. W. Verhoeven, who has used this strain in his investi-

gations (115).

0 no growth

+- doubtful growth

58

1-8 rising amounts of growth

G gas production
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D. DiscussioN

VERHOEVEN (115) distinguished two different types of dissimilatory nitrate
reduction: a. incidental dissimilatory nitrate reduction in which the nitrate
merely acts as a non-essential hydrogen acceptor, b. true dissimilatory nitrate
reduction in which the nitrate acts as a hydrogen acceptor essential for growth.
B. licheniformis, tested by VERROEVEN only in a medium with glycerol as the
carbon source, was assumed to possess the Jatter type of nitrate reduction,
The results of the present investigation (Table 29) show that according to
their growth on glycerol and lactate, the organisms of the B. licheniformis-
group indeed should be reckoned among the true denitrifying bacteria. Ac-
cording to their growth on giucose, however, these organisms should be re-
garded as incidental denitrifyers.

It is a well-known fact that the tested Bacillus-species may ferment glucose;
e.g. B. licheniformis produces lactate, glycerol and acetylmethylcarbinol as the
main products from glucose (11). The restricted growth of most of the or-
ganisms with glycerol and especially with lactate under anaerobic conditions
in the presence of nitrate, favours the hypothesis that nitrate under these con-
ditions is only needed to enable fermentation of these compounds by achieving
their first oxidation steps. Therefore, the importance of nitrate is limited and
cannot be compared with its function in Ps. aeruginosa, where it brings about
the complete degradation of glucose to carbon dioxide and water (116).

In those cases, where, with glycerol as the carbon source, growth occurred
also in the absence of nitrate, the large quantiy of amino acids present in the
medium, may have taken over the function of nitrate as a hydrogen acceptor
in a way, similar to that observed with some organisms of the E. coli-group
(12). At the end of the experimental part of the present investigation, an E.
coli-strain was isolated which also needed nitrate for growth under anaerobic
conditions in a peptone-containing medium with glycerol as the carbon
source, This strain was not included in the investigation.

The results of Table 29 explain the observation of VALERA and ALEXANDER
(113), who counted the highest numbers of denitrifying organisms in the soil
when glycerol was used as a carbon source in the test medium. Considerably
lower numbers were found using glucose.

Although it appeared that nitrate was required only under certain condi-
tions by the organisms of the B. licheniformis-group, no information was ob-
tained concerning the activity of the nitrate-reducing enzymes under these
conditions. This subject will be discussed in chapters IX and X where an
attempt will be made to discover why the organisms of the Ps. aeruginosa-
group are preferentially stimulated during soil denitrification in competition
with those of the B. licheniformis-group.

E. SUMMARY

By investigating the nutritrional requirements of the isolated denitrifying
bacteria, it was shown that amino acids are indispensable for growth of some
of these organisms and exert a stimulative effect on both growth and gas pro-
duction of others. It appeared that the denitrifying organisms can be divided
into two groups. The Ps. aeruginosa-group always required nitrate under anae-
robic conditions. The B. licheniformis-group was able to grow in the absence
of nitrate when glucose was used as a carbon source, but needed this compound
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when glucose was replaced by glycerol or lactate. Tt was suggested that in the
latter case, nitrate was required to enable the oxydation of these compounds
to dihydroxy acetone and pyruvic acid. Also in other respects large differ-
ences existed between both groups of organisms (slow denitrification and low
production of cell material by the bacteria of the B. licheniformis-group as
compared with those of the Ps. geruginosa-group).

The low yields of cell material of most organisms of the B. lcheniformis-
group under anaerobic conditions in the presence of nitrate may indicate that,
during denitrification in soil, this group is at a disadvantage in the competition
with organisms of the Ps. aeruginosa-group.

CHAPTER 1X

THE- EFFECT OF DIFFERENT HYDROGEN
DONORS ON THE DISSIMILATORY NITRATE
REDUCTION BY PS. AERUGINOSA

A. INTRODUCTION

In chapter VII Pseudomonas-species were shown to be involved in the deni-
trification process in permanent-grassland soils. The isolated species may use
root excretions as the sole source of hydrogen donors during denitrification.
It was supposed that particularly excreted amino acids constitute a favour-
able substrate for denitrifying organisms. The examination of the nutritional
requirecments of the Ps. aeruginosa-group demonstrated that amino acids were
essential for the growth of some organisms and stimulated both growth rate
and rate of gas production of the other species which were able to grow in a
medium containing glucose, with nitrate as the sole nitrogen source.

In order to investigate in more detail the effect of amino acids on denitrifi-
cation by the Pseudomonas-group, the influence of various hydrogen donors
on denitrification by washed cells of Ps. aeruginosa was examined. The exper-
iments pertaining to this subject are recorded below.

B. LITERATURE

Few data are recorded in the literature concerning the effect of hydrogen
donors on the denitrification rate of the organisms of the Ps. aeruginosa-
group. VERHOEVEN and Goos {116), using glucose as a hydrogen donor, ob-
served a complete dissimilation into carbon dioxide and water during denitri-
fication by Ps. aeruginosa. Approximately twenty-five per cent of the added
glucose were incorporated into cell material. Glutamate and succinate were
also completely dehydrogenated by Ps. denitrificans during dissimilatory
nitrate reduction (97), but only eight per cent of the added carbon source was
converted into dry matter. According to CaaNG and Mogris (23), cell yield of
M. denitrificans under anaerobic conditions in the presence of nitrate was
scarcely FQWer than that obtained under aerobic conditions. The results suggest
that during denitrification by the organisms of the Pseudomonas-group the
hydrogen donors are dehydrogenated in the same way as when oxygen is used
as the terminal hydrogen acceptor.

The effect of various substrates on growth of Ps. indigofera was studied by
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Mc_; FAI')DEN and Howes (29). It appeared that growth under anaerobic con-
ditions in the presence of nitrate was more rapid with aspartic acid than with
succinate. :

C. EXPERIMENTAL

To investigate the effect of different hydrogen donors on the denitrification rate of washed
cells of Ps. aeruginosa, the organism was cultivated in 300 ml Erlenmeyer flasks containing
100 ml of the following media:

L. Tryptose, 10 g, beef extract, 3 g; yeast extract, 2 g; glucose, 10 g; K,HPQ,, 5 g; KNO,,
10 g; tap water, 1 litre.

2. Identical to medium 1, but glucose omitted,

3. Glucose, 10 g; KNO;, 10 g; KHPO,, ! g; MgSQ,.7 H,0, 0.5 g; CaCl,.6 H,0, 20 mg;
Fe as Fe-sequesterene, 10 mg; MnSO,.5 H;0, 3 mg; Zn$0,.7 H;0, 0.25 mg; Cus0,.5 H,0,
0.25 mg; H,BOy, 0.25 mg; Na,Mo0,.2 H,0, 0,05 mg; distilled water, 1 litre.

The flasks were inoculated with a culture maintzined on peptone-glycerol-nitrate-agar
slopes, and incubated at 28°C in 2 nitrogen atmosphere. The cells were harvested in the
exponential phase, washed once with distilled water and once with 0.05 M phosphate-salts
buffer, pH 7.0. Subsequently the cells were re-suspended in 1/15 M phosphate-salts buffer pH
7.0. Two ml of the cell suspensions, which contained approximately 3 mg dry matter per ml
solution, were transferred to Warburg vessels containing 0.3 ml of a 10 per cent KXOH-
solution in the center well. The air inside the vessels was replaced by oxygen-free gaseous
nitrogen, Varying amounts of glucose, a-ketoglutaric acid and glutamic acid were added
separately or in combination as hydrogen donors, Nitrate and nitrite were used as hydrogen
acceptors. (Gas production was estimated manometrically at 28°C, Although the gas may
have consisted of a small guantity of nitrous oxide, apart from gaseous nitrogen (116), the
greater solubility of the former gas was neglected. The gas production was expressed as p mole
gaseous nitrogen. Nitrate, nitrite and ammonium-nitrogen content of the solutions were
estimated periodically by analysing duplicate vessels.

Since the uptake of «-ketoglutaric acid by the cells proceeded less rapidly than that of
glutamic acid, some additional ¢xperiments were performed with frozen cells in order to
eliminate the selective permeability of the cell membrane, Dense suspensions of washed cells
were frozen for 5 minutes in a solid carbon dioxide-alcohol mixture and then rapidly thawed.
This procedure was repeated four times. Experiments were carried out with these cells, iden-
tical to those executed with normal washed cells.

Duyring the experiments, organic acids were estimated qualitatively in the medium, For that
purpose the cells were centrifugated. The acidified centrifugate was extracted with ether for
48 hours. After distillation of the ether, the residue was diluted by adding a small quantity of
water, and acidified. The non-volatile organic acids were estimated by two-dimensional paper
chromatography, using a method described by Herrsuss and WOLFGANG (50).

The formation of intermediary nitrite in growing cultures with various carbon sources was
studied in a mineral medium which had the following composition: K,;HPQ,, 5 g; KNO,,
1 g; MeS0,.7 H,0, 0.2 g; minor elements in the same quantities as in Medium 3 described
above; carbon source, 4 g; distilled water, 1 litre. Tubes were filled with 10 mi of the medium,
antoclaved, inoculated and incubated at 28 °C in a nitrogen atmosphere.

D. RESULTS

1. Comparison of glucose and glutamic acid as hydrogen donors

The effect of glucose, glutamic acid, separate and in combination on the
dissimilatory nitrate reduction of washed cells of Ps. aeruginosa, grown under
anaerobic conditions in the presence of nitrate, is shown in Fig. 6. Since 'the
washed cells had been adapted to nitrate dissimilation, the gas production
started without a lag period. Gaseous nitrogen was produced at the same rate
as nitrate was consumed, indicating that no intermediary compounds accu-
mulated. The gas production ceased immediately after the nitrate was ex-
hausted. Without added hydrogen donors, no denitrification occurred. Nitrite
and ammonia were not detected at any stage of the experiment. The latter ob-
servation was in accordance with the results obtained by VERHOEVEN and
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Fi6. 6. Production of gas and consumption of nitrate during denitrification by washed cells
of Ps. aeruginosa, grown in Medium 1. The cell suspension was supplied with different
hydrogen donors, A. Production of gas, expressed as N, p mole per ml
e—e 2.45 1 mole glucose -+ 6 @ mole KNO, per ml; A— A 4.75 ¢ mole glutamic
acid + 6 p mole KNQ, per ml; 0—-0 2.45 p mole glucose -~ 4.75 i mole glrtamic
acid + 6 . mole KNO; per ml. B. consumption of nitrate, ¢ mole per ml, (3----0
glucose; x--~-+-x glutamic acid.

Goos (116). Saces and BARKER (96), using acetate as a hydrogen donor in
denitrification, observed a temporary accumulation of nitrite by washed cells
of Ps. denitrificans. Washed cells of Ps. aeruginosa, grown in the medium used
by Sacus and BARKER, produced only a neglegible quantity of intermediary
nitrite using acetate as a hydrogen donor.

The rate of gas production using glutamic acid as a hydrogen donor was
considerably higher than that using glucose. The combination of both hydro-
gen donors increased the rate even more. Since in additional experiments the
concentrations of the separate hydrogen donors in the range used in this ex-
periment appeared to have no influence on denitrification rate (Fig. 7), it was
concluded that glutamic acid is superior to glucose as a hydrogen donor.
Similar results were obtained with other amino acids (alanine, lysine, vita-
min-free casamino acids) which always effected a higher denitrification rate
than carbohydrates.

Because the combination of glucose and glutamic acid brought about a
higher denitrification rate than the separate compounds (Fig. 6), the nitratase
activity obviously was not limiting the rate of gas production in the case of
the separate compounds. The lower denitrification rates with the separate
compounds may indicate that either the rate of uptake by the cells, or the ac-
tivity of the enzymes involved in the dehydrogenation of glucose and glumatic
acid, respectively, is limiting the process. Since cells in which the selective up-
take was eliminated by alternately freezing and thawing, gave results, identi-
cal to those presented in Table 6, the former hypothesis is unlikely.

To demonstrate that dehydrogenation of glutamic acid and glucose are
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Fre. 7. Production of gas (expressed as N, & mole per ml) during denitrification by washed
cells of Ps. aeruginosa, grown in Medium 1; the cell suspension was supplied with
ditferent quantities of glucose and glutamic acid, e—e 2.45 p mole glucose - 6 1t
mole KNO; per ml; O—7 5.50 p mole glucose + 6 i mele KNQy perml; A——A
4.75 1 mole glutamic acid + 6 p mole KNGO, per ml; x—x 9.50 . mole glutamic
acid + 6 ¢ mole KNQO; per ml,

limiting the denitrification rate, some experiments were performed with nitrite
as a hydrogen acceptor. As compared with nitrate less hydrogen will be re-
quired to reduce this compound to nitrogen gas:

2 HNO; + 10 H —— N, + 6 H,O

2HNO, + 6 H N, + 4 H,0

Therefore, if the dehydrogenase activity is limiting the denitrification rate,

a higher rate of gas production may be expected when nitrate is used as a hy-
drogen acceptor than in the case of nitrite. The experiments in which nitrite
and nitrate were compared as a hydrogen acceptor are recorded below.

2. Comparison of nitrite and nitrate as a hydrogen acceptor

It appeared that with both glucose and glutamic acid the denitrification
rate using nitrite was considerably higher than that using nitrate (Fig. 8).
Therefore it was concluded that under the experimental conditions the dehy-
drogenase activity was limiting the rate of gas production from nitrate. Similar
results were obtained by ALLEN and VaN NIEL (1) and explained similarly.

In most experiments, over 85 per cent of the added nitrate was reduced to
nitrogen gas, whereas in the case of nitrite this percentage varied between fifty
and seventy per cent. No attempts were made to trace the fate of the nitrite
nitrogen not recovered as gaseous nitrogenous products.

Curiously, the effects of glucose and glutamic acid on the reduction rate of
nitrite were the. reverse of those observed with nitrate. In the presence of
nitrite the denitrification rate was considerably higher with glucose than with
glutamic acid. This led to the conclusion that glutamic acid as compared with
glucose was a superior hydrogen donor only in the reduction from nitrate to
nitrite. Since the latter step limits the denitrification rate (nitrite did not accu-
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Fic. 8. Production of gas (expressed as Ny, ¢ mole per ml) during denitrification by washed
cells of Ps. aeruginosa, grown in Medium 1; the cell suspension was supplied with
glucose and glutamic acid as hydrogen donors and with nitrate and nitrite as hydrogen
acceptors. a—w 2,45 1 mole glucose -+ 6 p. mole KNO, per ml; [J—7 2.45 ;2 mole
glucose + 6 1+ mole KNGO, per ml; A— A 4.75 j» mole glutamic acid + 6 1 mole
KNO, per ml; x— x 4.75 p mole glutamic acid + 6 & mole KNO; per ml.

mulate), the whole denitrification process proceeds more rapidly with glutamic
acid than with glucose. The fact that glutamic acid was superior to glucose in
the reduction of nitrate to nitrite, whereas the reverse was observed in nitrite
reduction, may be attributed to the existence of different hydrogen-transport-
ing systems in nitrate and nitrite reduction. Investigations with Ps. aeruginosa,
which showed that DPNH was involved in the reduction of nitrate to nitrite
(33) but could not be used as an electron donor in the subsequent reduction of
nitrite (124), may support this hypothesis. : .

3. Comparison of glutamic acid and a-ketoglutaric acid as hydrogen donors
using nitrate as a hydrogen acceptor

Since a-ketoglutaric acid is an intermediate in the breakdown of both glu-
cose and glutamic acid, some experiments were performed with this compound
as a hydrogen donor. It appeared, however, that, with washed cells, the rate
of gas production from nitrate and the rate of oxygen uptake in an aerobic
experiment, were about 40 per cent of those when glucose was used. This
result presutnably was due to a slow uptake of a-ketoglutaric acid by the intact
cells. To eliminate the selective uptake by the cells, the experiment was re-
peated with alternately frozen and thawed cells (Fig. 9). The denitrification
rate using glutamic acid proved to be higher than that using s-ketoglutaric
acid. Under aerobic conditions, however, oxygen was consumed at nearly the
same rate with each of both compounds. Using glutamic acid as a hydrogen
((iipnor during denitrification, a-ketoglutaric acid was accumulated in the me-

ium.

On repeating the experiment with a crude cell extract, obtained by using
a MSE sonic oscillator, no gaseous reduction products were observed; in the
presence of glumatic acid 1 y mole nitrite was produced, accompagnied by
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Fig. 9, Oxygen uptake and production of gas (expressed as N,, 1 mole per ml} during the
dehydrogenation of glutamic acid and a-ketogiutaric acid by alternately frozen and
thawed cells of Ps. geruginosa (8 mg dry matter per ml), grown in Medium 1; oxygen
and nitrate were used as terminal hydrogen acceptors CT—[J oxygen uptake with
4,75 1+ mole glutamic acid per ml; x-—— 3 oxygen uptake with 4.25 12 mole a-keto-
gluteric acié per ml; A - - - - A nitrogen production with 4,75 p mole glutamic acid
+ 6 u. mole KNO, per ml; © - - - - 0 nitrogen production with 4.25 p mole «-keto-
glutaric acid -+ 6 p mole KNO, per ml.

an accumulation of x-ketoglutaric acid and some succinic acid. Using a-keto-
glutaric acid as the substrate, 0.2 4 mole nitrite was formed along with a small
amount of succinic acid. No organic acids were produced from glutamic acid
or a-ketoglutaric acid, when nitrate was omitted. These results, which were
repeatedly obtained, support the hypothesis that the favourable effect of glu-
tamic acid as a hydrogen donor during denitrification may be attributed to the
activity of glutamic-acid dehydrogenase which effects a more rapid hydrogen
transport to nitratc than the dehydrogenase systems involved in the dissimila-
tion of glucose and a-ketoglutaric acid.

4. Effect of differences of the precultivation medinm on the denitrification
rate of washed cells

“When glucose was used as a hydrogen donor in an experiment with washed
cells which had been grown in a medium without glucose (Medium 2), an ex-
tended lag was observed before the production of gaseous nitrogen started
(Fig. 10). Apparently the enzymes involved in the hydrogen transport from
glucose to nitrate, were not present as constitutive enzymes. When, however,
the washed cells had beer grown in a medium containing no amino acids
(Medium 3), glutamic acid could be used as a hydrogen donor without any
lag period, indicating that the cells contained the responsible dehydrogenases
as constitutive enzymes, although their activity had considerably decreased
(Fig. 11). From these results it may be concluded that under natural condi-
tions (c.g. in soil) Ps. aeruginosa may use glutamic acid more readily than
glucose as a hydrogen donor in denitrification.

5. Root systems as a source of hydrogen donors

In an experiment with root systems of sterile pea plants, a heavy suspension
of washed cells of Ps. aeruginosa, grown in Medium 1. was added to the roots.
It appeared that denitrification did not start immediately; during the experi-
ment a considerable accumulation of nitrite was observed. This was in con-
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Fic, 10, Production of gas (expressed as N,, & mole per ml) during denitrification by washed
cells of Ps. aeruginosa, grown without glucose (Medium 2); the cell suspension was
supplied with different hydrogen donors. s——s 2.45 1. mole glucose + 6 p mole
KNO,; per ml; A— A 4.75 » mole glutamic acid + 6 11+ mole KNO, per ml; o—o0
2.45 u mole glucose + 4.75 . mole glutamic acid + 6 1 mole KNQ, per ml

3.0

254 < 0808

2.0 4

1.6

1 mola Ny

1.0+

0,5

. e — T —
minites
Fic. 11. Production of gas (expressed as N, i mole per ml) during denitrification by washed
cells of Ps. geruginesa, grown without glutamic acid (Medium 3); the cell suspension
was supplied with different hydrogen donors. e—e 2,45 . mole glucose + 6 £ mole
KNO; per ml; A — A 4,75 p. mole glutamic acid + 6 ¢ mole KNO, per ml; 0—o0

2.45 p mole glucose + 4.75 1 mole glutamic acid +- 6 & mole KNO, per ml.

trast with the experiments with washed cells described above, in which nitrite
was never observed as an intermediate. Tt was supposed that the accumulation
of nitrite in the experiment with root systems was due to the presence of oxy-
gen inclusions between the vermiculite particles of the root-artificial soil me-
dium, which could have altered the relative activities of the nitrate and nitrite
reductases. To test the cffect of oxygen on nitrite formation, an experiment
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with washed cells was carried out in Warburg vessels with partial oxygen
pressures ranging from (.1 to 20 per cent. No nitrite accumulation was ob-
served at any of these pressures, showing that the presence of air inclusions
in the root-soil medium cannot have been responsible for the observed nitrite
accumulation in this medium.

In experiments with washed cell suspensions of Ps. aeruginosa, nitrite for-
mation was observed only after re-suspension, when the cells started to grow.
Table 30 gives the results of an experiment in which cells, grown in Medium
1, were transferred to complete media with different carbon sources, In most
cases nitrite was formed in the early stages of growth. From these results it
was concluded that the accumulation of nitrite in the experiment with pea
roots, was the result of growth of the bacteria.

Tasce 30, Nitrite formation by growing cultures of Ps, geruginosa in a mineral medium with
different carbon sources.

Carbon NO;- Carbon NO,-

source Days | Growth formation source Days | Growth formation

Glutamic acid 1 - + Acetate 1 _ —

3 + + 3 — +

Asparagine 1 — + Pyruvate 1 _— -

3 + + 3 - —

Aspartic acid 1 — -+ Lactate 1 -— —

3 + + 3 + 4

Casamino 1 + disappeared| Maltose 1 — —

acids 3 + disappeared 3 + —

Fumarate 1 e + Galactose 1 —_ —

3 + -+ 3 + +

Citrate 1 — —_ Gilucose 1 —_ —

3 -+ -+ 3 + -+

Succinate 1 — — Ethanol 1 —_ —

3 — + 3 +- +

Control ; — —

E. DiscUSSION

The results, obtained with washed cells of Ps. aeruginosa, agree with the
conception that amino acids promote denitrification in the soil. The stimula-
tive effect may be brought about by relatively high activities of the amino-acid
dehydrogenases during denitrification and the ability of the bacteria to use
amino acids without an adaptation period. Results of BROADBENT (19} demon-
strate that during denitrification in soil ammonification proceeded at the
same rate as in air, whereas carbon-dioxide production had consjderably
decreased. These results can also be attributed to the fact that during deni-
trification desaminating activities are relatively high but that further break-
down is retarded. ) ) .

The arguments in favour of the stimulative effect of amino acids on deni-
trification may be summarized as follows:

1. Denitrification is stimulated by root excretions of living plants.

2. Root excretions of pea plants effect a higher denitrification rate than
those of perennial ryegrass. _ )

3. Sterile pea plants excrete more amino acids than peren.mal ryegrass (ex-
cretion of amino acids by non-sterile peas cannot be estimated).
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4. The bacteria involved in the denitrification process in the soil may use
) root excretions of pea plants as the sole source of hydrogen donors during
denitrification.

5. Amino acids stimulate growth rate and rate of gas production from nitrate
of the bacteria involved in the denitrification process in the soil.

6. Amino acids proved to be superior to carbohydrates as a source of hydro-
gen donors in experiments with washed cells of Ps. geruginosa, a species
which was chosen as the type species of the Pseudomonas-group. In con-
trast with glucose, the cells were able to use amino acids without an adap-
tation period.

F. SuMMARY

A study was made of the effect of glucose, a-ketoglutaric acid and glutamic
acid as hydrogen donors in denitrification by washed cells of Ps. aeruginosa.
Glutamic acid appeared to be superior to the other compounds as a hydrogen
donor. This was probably due to the high activity of glutamic-acid dehydro-
genase in denitrification. An accumulation of x-ketoglutaric acid was observed
during denitrification using glutamic acid as a hydrogen donor, Glutamic-acid
dehydrogenase was found to be a constitutive enzyme, whereas the dehydro-
genases responsible for the breakdown of glucose had to be formed adaptively.
Glutamic acid was superior to glucose as a hydrogen donor only in the first
step of the nitrate reduction. Since this step limits the denitrification rate, the
presence of amino acids stimulates the entire denitrification process. It was
concluded that also denitrification rate in soil by Ps. aeruginosa is more readily
stimulated by these compounds than by carbohydrates.

When root systems of pea plants were used as a source of hydrogen donors,
nitrite was formed as an intermediate product in denitrification by washed cells
of Ps. aeruginosa. This was assumed to depend on the presence of growing
cells, since in separate experiments nitrite accumulation was only found in
growing cultures,

CHAPTER X

THE EFFECT OF DIFFERENT HYDROGEN
DONORS ON THE DISSIMILATORY NITRATE
REDUCTION BY B. LICHENIFORMIS AND B. CEREUS

A. INTRODUCTION

In chapter VII, it was shown that B. cereus was not involved in the denitri-
fication process in grassland soils, although it was the most numerous or-
ganism with dissimilatory nitrate-reducing capacity in these soils under nor-
mal field conditions. B. licheniformis and other Bacillus-species (except B.
macerans) also appeared to be not involved in the process. As contrasted to
the species of the Ps. aeruginosa-group, the Bacillus-species (except B.
macerans) were unable to produce gas from nitrate when supplied with root
excretions as the sole source of hydrogen donors during denitrification. The
investigation of the nutritional requirements of the organisms of the Bacillus-
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group revealed that growth under anaerobic conditions was not always de-
pendent on the presence of nitrate in the medium (chapter VIII), From the
agricultural point of view, however, it was important to know, whether or
not nitrate can be reduced by these organisms to gaseous products under the
conditions prevailing in the soil, irrespective its essentiality for growth under
anaerobic conditions. :

To explain the ineffectiviness of the Bacillus-species in soil denitrification,
the influence of nutritional conditions on their dissimilatory nitrate reduction
was investigated. The tesults obtained are reported in this chapter, Attention
has been paid mainly to B. licheniformis; only a few experiments with B.
cereus were included.

From the data presented in Table 27 it can be seen that both Bacillus-
species required amino acids for anaerobic growth. The other species of the
B. licheniformis-group were not dependent on amino acids, but their growth
rate was stimulated by these compounds (Table 28). However, the rate of gas
production of these organisms was not affected, in contrast with species of the
Ps. aeruginosa-group, in which both rate of growth and gas production were
stimulated by amino acids. Therefore, the influence of amino acids on dissi-
milatory nitrate reduction by B. licheniformis and B. cereus was a point of
special interest. -

In chapter VIII it was shown that B. licheniformis was capable of growing
under aerobic conditions in the basal medium with glucose as the carbon
source and nitrate as the nitrogen source (Table 27); in the absence of oxygen
amino acids were required, an observation in keeping with the results of VER-
HOEVEN (115) and VALERA and ALEXANDER (113). The other bacteria of the
B. licheniformis-group behaved differently. To explain the response of B.
licheniformis to amino acids under anaerobic conditions, use may be made of
results obtained by GARY and Barp (39) with the closely related species B.
subtilis which is aerobic and unable to grow under anerobic conditions in the
presence of nitrate. The strain of B. subtilis tested by the above authors dissi-
milated glucose via the hexose-monophosphate pathway and possessed no fer-
mentative capacity when grown in a mineral medium supplemented with glu-
cose. On the contraty, cells grown in a complex medium dissimilated glucose
via the Embden-Meyerhof scheme. The latter cells also fermented glucose
under anaerobic conditions, although no growth occurred. It appeared that
particularly amino acids were responsible for the formation of the enzymes
required for the fermentative pathway. Furthermore, it was shown that cells
grown in the complex medium, produced more carbon dioxide during the
anacrobic breakdown of glucose when supplied with nitrate than without
added nitrate. If B. licheniformis behaved similarly, amino acids would be
required by this species to enable the formation of the enzymes of the Emb-
den-Meyerhof system. In addition, it could be assumed that nitrate under
anaerobic conditions is unable to effect the dissimilation of glucose via the
gluconate pathway in this organism, but only has a function coupled with the
Embden-Meyerhof system.

- Aside from the earlier investigations of BEYERINCK and MINKMAN (9) and
KLAESER (62), the denitrification by B. licheniformis was studied by VERHOE-
VEN (115). It was shown that in a peptone-containing medium, with glucose,
glycerol or lactate as a carbon source, nitrate and nitrite were reduced to
nitrous oxide, gaseous nitrogen or ammonia. With some strains a considerable
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part of the added nitrate was not accounted for. More recently, the dissimila-
tory nitrate reduction in cell-free extracts was studied by NAWAR and ALLEN
(75) and by TanNiGucHI cs. (109) wsing strains of B. subtilis and B. pumilus,
respectively. These organisms were recorded as producing nitrogen gas,
nitrous oxide and nitric oxide from nitrate (75) and ammonia from nitrite
(109). Since B. subtilis is unable to produce gaseous products from nitrite
(115) and B. pumilus cannot reduce this compound either assimilatorily or
dissimilatorily, it is very likely that these investigators have dealt with strains
of the related B. licheniformis.

The breakdown of glucose under anaerobic conditions by B. licheniformis
was studied by Brackwoop c¢s. (11). Lactic acid, 2,3-butanediol, glycerol,
ethanol and carbon dioxide, all in varying quantities, were the most abundant
products formed. Some strains of this organism did not produce glycerol but
formed lactic acid almost exclusively. The organism closely resembles B. sub-
tilis in this latter characteristic (39).

Practically no data are available on dissimilatory nitrate reduction by B.
cerens. HENNERERG (51) isolated a spore-forming, aerobic bacterium which
was able to reduce nitrate to nitrogen dioxide under anaerobic conditions.
VERHOEVEN (115), however, was unable to confirm this observation, although
he exclusively isolated B. cereus from an enrichment culture identical to that
of Henneberg, which had an unmistakable smell of nitrogen dioxide. In
pure-culture studies with this organism, nitrite was found to be the only reduc-
tion product of nitrate, and in no case was any production of nitrogen dioxide
noted.

Under anaerobic conditions, in the absence of nitrate, B. cereus fermented
glucose chiefly to acetylmethylcarbinol, lactic acid, succinic acid, acetic acid
and carbon dioxide (88).

B. EXPERIMENTAL

The experiments were performed with B. leheniformis str. P 1, kindly supplied by Dr.
W. VERHOEVEN, and with B. cereus str. 372, isolated from a permanent-grassland soil. The
cultures were maintained on peptone-glycerol-nitrate-agar slopes.

1. Experiments with washed cells

The effect of different hydrogen donors on the dissimilatory nitrate reduction by these
organisms was studied using the washed-cells technique. The cells were grown in Medium 1
(chapter IX). In some experiments the glucose in this medium was replaced by an equal
amount of glycerol. The cells were grown and treated similarly to those of Ps. aeruginosa
(chapter IX). Glucose, glycerol, glutamic acid and vitamin-free casamino acids were used as
hydrogen donors, nitrate and nitrite as hydrogen acceptors. B. licheniformis was incubated
at 37°C and B. cereus at 28°C.

Glutamic acid was estimated quantitatively using glutamic acid decarboxylase, as described
by GALE (35). Glupose was determined according to the anthron method of TrREvELYAN and
Hagrison (111). Since glucose, in a sulphuric acid-water mixture, is oxidized by nitrate, the
latter compound was removed by reduction prior to analysis, One m! of a 50 per cent H,5Q4-
solution and 50 mg of reduced iron powder were added to 2 ml of glucose solution. The mixture
was heated on a boiling water bath until the iron powder had disappeared. Subsequently 1 m!
of the soluiton was m]xed with 5 ml of anthron solution (0.2 g anthron per 100 m! of 70 per
cent H,80,). The mixture was heated on a boiling water bath for 10 minutes and then rapidly
cooled. Finally glhicose was determined colorimetrically with a BECckMaN DV spectrophoto-
meter at 620 my,

Carbon dioxide was estimated by means of the WARBURG technique. Glycerol and lactic
acid were estimated qualitatively by two dimensional paper chromatography using methods
of HoucH (52}, and Herrruss and WoLFGANG (50), respectively.
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2. Experiments with growing cultures

The aerobic and anaerobic growth requirements were ascertained in Medium C (with
{NH,),;S0, as the nitrogen source) and Medium A (with amino acids as the nitrogen source),
sce chapter VIIL. Test tubes, 18 mm in diameter, were filled with 5 ml (acrobic growth) and
10 il (anaerobic growth) of the media. Half of the tubes containing 10 ml of medium were
supplemented with a nitrate solution making the final concentration 1 per cent. To fest acrobic
growth, the tubes were placed in a slanting position, For anaerobic growth they were capped
with melied vaspar. B. licheniformis was incubated at 37°C and B. eereus at 28°C. The growth
was estimated qualitatively.

For the quantitative estimation of the growth of B. lickeniformis under anaerobic conditions
in the presence or absence of nitrate, an experiment was performed in Medium 1 (chapter IX)
supplemented with glucose, The cells were separated from the medium by centrifugation,
washed twice with distilled water, dried for 24 hours at 105°C and weighed. The number of
viable cells was determined by plating on peptone-glycerol-nitrate-agar, Gas production was
estimated by means of a gas burette, upon removal of carbon dioxide,

C. RESULTS AND DISCUSSION

1. Effect of various hydrogen donors on dissimilatory mitrate reduction by
B. licheniformis

In a preliminary experiment on the dissimilatory nitrate reduction by B.
licheniformis str. P 1, no evolution of gaseous nitrogenous products was ob-
served when washed cell suspensions were supplied with different hydrogen
donors. With glucose as hydrogen source, npitrate was mainly reduced to
nitrite. Some ammonia was also formed (Table 31). The added nitrate nitrogen

" TasLe 31. Products formed during the dissimilatory nitrate reduction by washed cells of
B. licheniformis str. P 1 (12 mg dry matter per ml), grown in Medium 1 supple-
mented with glucose; the cell suspension was supplied with glucose as a hydrogen

donor.

Time Nitrogen recovered in 2 mole per ml Glucose
(minutes) NO,~ i NO,~ NH, 1 Total p mole per m}
0 7.64 0.00 000 7.64 2,39

45 7.00 0.32 0.25 7.57 217
20 5.89 0.81 0.64 7.34 1.78
130 4,97 1.37 1.07 7.41 1,22
195 3.78 2.41 1.21 7.41 0.61
225 2.93 3.09 1.29 7.31 0.00

I Values after subtracting the ammonia formed by celis which received no nitrate.

was nearly completely recovered at the end of the experiment. The produc-
tion of ammonia was irregular, however. Moreover, nitrite could not be used
as a hydrogen acceptor by the cells. Therefore, although closed balances were
obtained, it is not certain that the ammonia was originating from nitrate; its
occurrence may have been the resuit of the breakdown of cell components
under the influence of nitrate, accompagnied by an incomplete recovery of an
intermediary reduction product.

In a subsequent experiment the effect of various hydrogen donors on the
reduction of nitrate to nitrite was investigated (Table 32). It will bfe seen that
nitrate was reduced only when glucose was present in the suspension. In the
presence of glutamic acid or a2 mixture of amino acids, nitrite productxon. was
not effected. A mixture of glucose and amino acids gave considerably higher
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amounts of nitrite than the separate substrates. Glycerol and vitamin-free
casamino acids were also not used as hydrogen donors under the experimental
conditions.

TaBLE 32. The effect of various hydrogen donors on the dissimilatory reduction of nitrate
(6 . mole per ml) to nitrite by washed cclls of B. lichenifornis str. P 1, grown in
Medium 1 supplemented with glucose.

1 mole nitrite recovered per ml
Hydrogen donor i mole per ml Time (minutes)

45 110 190
Control, no H-donor 0.07 0.10 0.15
Glycerol 225 0.08 0.10 0.1¢
Glucose 2.40 0.15 0.44 0.94
Glutamic acid 4.75 0.07 0.09 0.15
Glucose + glutamic acid 2.40 + 4.75 0.17 0.99 2,19
Casamino acids 4.50 0.07 0.10 0.15
Glucose -+ casamino acids 2,40 + 4.50 0.i38 1.02 2.08

2. The uptake of amino acids by B. licheniformis

To explain the negative results obtained with amino acids as hydrogen
donors and the stimulative effect of these compounds on nitrite production
when combined with glucose, the suggestion was made that the uptake of
amino acids was coupled with the dissimilatory activity of the cells. GALE
(36) found such a behaviour in Streptococcus-species, when grown in a me-
dium deficient in amino acids. Glutamic acid was taken up by these species
only in the presence of glucose; lysine, however, entered the cell mainly by
diffusion, and its uptake was not affected by glucose.

The above hypothesis was tested by estimating the uptake of glutamic acid
under anaerobic conditions in the presence or absence of glucose (Table 33).

TazsLe 33. The uptake of gluiamic acid under anaerobic conditions in the presence or absence

of glucose by washed cells of B. licheniformis str. P 1, grown in Medium [ supple-~
mented with ghucose. P

- .o Glutamic acid

Hydrogen donor Time (minutes) 2 mole per ml
Glucose 0 0.21
180 0.23
Glutamic acid 0 4.06
180 4.19
Glucose + glutamic acid 0 4.09
180 2.70

It will be seen that, under the experimental conditions the presence of glucose
was required for the uptake of glutamic acid. The same results, which are in
accordance with those obtained with vitamin-free casamino acids in the pre-
sence and absence of glucose (Table 32), were found with a number of other
amino acids, Under aerobic conditions, however, the same cells were able to
take up glutamic acid in the absence of glucose (Fig. 12). No attempts were
made to investigate the discrepancy between the uptake of amino acids under
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FiG. 12, 250+

Oxygen uptake by washed cells of B,

ficheniformis str, P 1, grown under an-

aerobic conditions in Medium 1 supple-

mented with glucose ; the cell suspension

was supplied with different hydrogen

donors.

[1—— 1 endogeneous respiration;

A —1— & 4.75 womole glutamic acid per
mi;

o— e 2,45 p mole glucose per ml;

0—04.75 ¢ mole glutamic acid +
2.45 . mole glucose per mi,

Tt T

minutes

anacrobic and aerobic conditions. An experiment was carried out, however,
to see if B. licheniformis was able to grow under anaerobic conditions in a
medium containing only amino acids as a carbon source (Table 34). For
anaerobic growth, the presence of both glucose and amino acids were required.

TanrLe 34. Growth of B. licheniformis str. P 1 and B. cereus str. 372 under aerobic and an-
aerobic conditions in the presence or absence of glucose, glycerol, amino acids and

nifrate,
Aerobic Anaerobic
. . Glu- | Gly- |Amino Amino
Medium Species o 0;16 ce rgl a ci::[s Glucose | Glycerol acids
— iNOy | — [NOg{ -— |NOg~
C (mineral) | B. lickeniformis | + | + | + |—|—|— | —1—] —
B, cereus — —_ -+ —_ | = =] =] = —
A(aminoacids) | B. licheniformis + + + + |+ =1 + | = —
B, cerens + + + + +  — |+ =] -

— No growth <+ Positive growth.

With glycerol as the carbon source, under anaerobic conditions, nitrate was
needed in addition. The presence of the separate compounds enabled growth
under aerobic conditions only. These results which are in accordance with the
data presented in Tables 27, 29 and 33, indicate that, under anaerobic con-
ditions, the growth requirements of B. licheniformis were more comple:_c than
those of Ps. aeruginosa. This provides further support for the hypothesis that
B. licheniformis can be ecasily eliminated in competition with species of the
Pseudomonas-group during denitrification in the soil.

3. Glucose metabolism during dissimilatory nitrate reduction by

B. licheniformis _

By investigating the effect of the glucose concentration on ni_trate reduc-
tion, it could be shown that the glucose consumption was largely n}dependent
of this reduction (Table 35). With increasing concentrations relatively more
glicose was consumed by a mechanism not coupled with the dissimilatory re-

duction of nitrate. :
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TasLE 35. The effect of the glucose concentration on the reduction of 6 mole nitrate per
ml by washed cells of B. lickeniformis str. P |, grown in Medium 1, supplemented
with glucose.

Initial glucose Glucose consumption | Nitrite production & mel;éltfﬁ::ofl'grmed
¢ mole per ml . mole per ml g mole per ml glucose consumed
0.26 0.26 0.48 1.88
0.77 0.77 1.00 1.31
1.53 1.53 L.51 0.59
2.39 2.39 1.96 (.82
5.17 4.70 2.31 0.4%

In the absence of nitrate the main products formed from glucose by washed
cells grown in Medium 1 were lactic acid, glycerol and acetylmethylcarbinol.
When nitrate was added, less lactic acid and glycerol were produced, aithough
both compounds were still present when the cells were supplicd with 2.39
u mole glucose (qualitative estimations). At this glucose concentration, 0.75
p mole carbon dioxide was produced in the absence of nitrate, and 2 p mole
in its presence. These data suggest that nitrate, under the experimental con-
ditions, had a similar function as observed by VERHOEVEN in E. coli (117),
growing anaerobically in the presence of this compound. This species produced
less succinic acid, lactic acid and ethyl alcohol and more acetic acid and
carbon dioxide from glucose in the presence of nitrate than in its absence.
Apparently part of the formed DPNH is utilized by B. licheniformis and E.
coli to reduce nitrate instead of dihydroxyacetone, pyruvic acid and acetal-
dehyde.

4. Experiments with B, cereus str. 372 :

When supplied with glucose or glutamic acid as a hydrogen donor, washed
cells of this organism, grown in Medium 1, supplemented with glucose, were
unable to reduce nitrate to gaseous compounds. The formation of nitrite, a
reduction which was accomplished by B. licheniformis under the same con-
ditions, was also neglegible (Table 36). Both glucose and glutamic acid were

TasLE 36. The effect of glucose and glutamic acid on the dissimilatory nitrate reduction by
washed cells of B, cereus str, 372, grown in Medium 1, supplemented with glucose.

Glucose Glutamic acid Glucose Glutamic Nitrate Nitrate Nitrite
(initial) (initial} (final acid {Gnal) {initial) {final} {final)
it mole/m? # molefml % mole/ml 1 mole/ml 4 mole/ml 1 molefml # mole/ml
2.39 . 019 0 0,24 6.00 595 0.15
0 4,20 0 1.06 6,00 5.82 0.16
2.39 4.20 0 1.30 6.00 5.87 0.15
0 0.20 0 0.34 6.00 592 0.10

taken up under anaerobic conditions when added separately, in contrast with
B. licheniformis which required glucose for the uptake of glutamic acid (Table
33). However, under these conditions, growth of B. cereus occurred only in
the presence of both glucose and glutamic acid (Table 34).

5. The effect of glucose and glycerol on nitrate-reductase activity

In Table 29 it is shown that nitrate was required by both B. licheniformis
and B. cereus for growth under anaerobic conditions using glycerol as a carbon
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source. In the present experiment, the effect of this substrate on nitrate re-
dgctlon by washed cells of both species, grown in Medium 1 supplemented
with glycerol, was investigated. Although no reduction to gascous compounds
was observed, the nitrate-reductase activity was considerabiy higher than that
of cells grown in Medium 1 supplemented with glucose and tested on glucose
as a substrate (Table 37).

TasLE 37. Nitrate-reductase activity (mole nitrite produced per mg cell-N per hour) of washed

cells of B. licheniformis str. P 1 and B. cereas str, 372, grown in Medium 1 supple-
mented with glucose and glycerol, and tested on glucose and glycerol, respectively.

Species I Substrate Nitrate-reductase activity
B, licheniformis glucose 0.5
glycerol 280
B. cereus glucose 0.06
glycerol ’ 21.0

It is uniikely that amino acids and glycerol or lactate will be available in
sufficient amounts in soil to enable any appreciable dissimilatory nitrate re-
duction by B. licheniformis and B. cereus, even when these organisms are not
eliminated by other denitrifying bacteria. On the contrary, Pseudomonas-
species are better adapted to perform denitrification in the soil. The nutritional
requirements of B. macerans and Achromobacter str. 181 were not sufficient-
ly investigated to provide an explanation of the phenomenon of both these
species being involved in soil dentrification.

In cans containing nitrate-cured ham, an ample supply of amino acids and
glycerol derived from fats is available, while non-sporeforming denitrifying
bacteria are killed during the conservation procedure. Therefore, it is not
surprising that B. licheniformis was isolated when VERHOEVEN (114) investi-
gated the cause of the swelling of cans containing cured ham.

6. Gus production in growing cultures

The results reported in the preceding section disagreed with those of VEr-
HOEVEN (115) in that the formation of nitrous oxide or nitrogen gas was not
. observed. This was true of washed cells; growing cells of the spore-forming,
denitrifying bacteria which were also used by VERHOEVEN, did form gascous
products (Table 29). These results agree with those of Dr. F. D. Cook, Ottawa
(personal communication) who also found that gaseous reduction products
from nitrate were formed in growing cultures of B. licheniformis, but not by
washed cells. Attempts made by the present author to explain the different
behaviour of growing cultures and washed cells were unsuccesful. However, it
may be worthwhile to record some observations.

Although it is firmly established that nitrite is the first reduction product
of nitrate, the mechanisms beyond the nitrite stage are still much in need of
clarification. Some evidence was obtained that nitric oxide, or a compound
with which it equilibrates, is an intermediate in both assimilatory and dissi-
milatory nitrate reduction (32). The tole of nitrous oxide is especially obscure.
Apparently it is not involved as an intermediate compound (97), as was sug-
gested by KLuyver and VERHOEVEN (63, 115). Several workers have reported
that pitrous oxide can be reduced to gascous nitrogen or ammonia (115, 97,
77); for this reaction the formation of an adaptive enzyme is necessary. Re-
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cently, Fewson and N1csoras (34) suggested that nitrous oxide may be formed
non-enzymatically when a compound at the nitroxyl level accumulates. Al-
though this suggestion was not supported by any experimental evidence, it
may explain to a large extent the results obtained with growing cultures of
B. licheniformis.

In the experiments of Verhoeven with growing cultures of B. licheniformis,
gas production usually started after some lag period and continued at a linear
rate after nitrate and nitrite had been completely consumed. In the earlier
stages of growth, nitrous oxide was the main produoct formed; the evolution of
nitrogen gas usually began at a more advanced stage. Thus, VERHOEVEN sup-
posed that nitrous oxide accumulated as an intermediate product in nitrate
reduction and gave rise to the formation of gaseous nitrogen. As to the en-
zymatic nature of the nitrous-oxide producing reaction, no data were pre-
sented. Moreover, the methods remained obscure by which VERHOEVEN suc-
ceeded in obtaining more or less closed nitrogen balances in the presence of
paraffin oil, a substance known to absorb nitrous oxide to such a high degree
that it is used to estimate this compound quantitatively.

In the present investigation, it was observed that the production of gas from
nitrate continued long after the growth of B. licheniformis had ceased. During
this period the amount of cell material, as well as the number of viable cells,
decreased (Table 38). Hence, it is unlikely that gas production was connected

TaBLE 38. Dry-matter production and numbers of viable cells of B. licheniformis str. P 1
grown in Medium L, supplemented with 1 per cent glucose in the presence and
absence of nitrate.

. No nitrate: 1 per cent nitrate
“Time dry matter ;
(days) /100 ml Dry matter Number of | Gas production

meg, mg/100 ml viable cells ml/100 ml

1 26,0 13.7 8.108 4

2 26.1 13.1 3.1¢° 7

3 269 12.7 2108 i4

4 27.0 8.7 1.1¢2 31

9 28.0 8.4 0 49

with the active metabolism of the cells, since the carbon source was also ex-
hausted. This result may explain the fact that no gas production was observed
with washed cells exhibiting an active metabolism when supplied with a car-
bon source.
 The low yields of cell material in the presence of nitrate (Table 38) were
largely due to the accumulation of nitrite which had a detrimental effect on
growth, as was shown in a separate experiment. When the pitrate in Medium
1, supplemented with glucose, was replaced by an equivalent amount of nitrite,

(c;nly é,cant growth occurred, although a considerable amount of gas was pro-
uced.

D. SuMMARY

No gaseous reduction products were formed from nitrate by washed cells
of B. licheniformis during the dissimilatory nitrate reduction in the presence
of various hydrogen donors. Only nitrite and ammonia were detected as reac-
tion products. Under anacrobic conditions, the uptake of amino acids ap-
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peared to be coupled with glucose consumption. No direct relationship was
observed between the uptake of glucose and dissimilatory nitrate reduction.
Washed cells of B. cereus grown in a glucose-containing complex medium
were unable to reduce nitrate dissimilatorily. The nitrate-reductase activity of
washed cells of B. licheniformis and B. cereus, grown in a medium containing
glycerol as a carbon source, was found to be considerably higher than that of
cells grown in the presence of glucose. It was suggested that the conditions
under which these organisms possess an optimal nitrate-reducing activity will
seldom be found in the soil. Evidence was obtained concerning the non-en-
zymatic nature of the formation of gaseous reduction products from nitrate
in growing cultures of B. lichzniformis.

CHAPTER XI

THE REDUCTION OF NITRATE TO AMMONIA BY
DENITRIFYING BACTERIA '

A. INTRODUCTION

During the experiments described in chapter IV, it was observed that, after
adding tagged nitrate to sods of a permanent-grassland soil, containing living
roots, considerable quantities of the tracer were found in the organic-matter
fraction of the soil. Direct incorporation of nitraie nitrogen into the soil or-
ganic matter being unlikely (chapter IV), to explain this result the following
mechanisms were considered. Firstly, the nitrate might have been taken up
by the plants and excreted afterwards as organic nitrogenous compounds.
Secondly, the reduction of nitrate to ammonia, followed by incorporation of
the latter into the soil organic matter might be the case. In order to pursue this
problem, one must know to what extent reduction of nitrate to the ammonium
level occurs in the soil. The question is also important from the agricultural
point of view, since ammonia, in contrast with gaseous reduction products
derived from nitrate, remains in the soil.

Although an accumulation of ammoria during the denitrification process
in soil has often been observed, experiments with labeled nitrate have given
_ negative results, i.e. the ammonium fractions did not contain appreciable

amounts of label (19, 41, 79, 126). Therefore, it seems likely that the am-
monia had originated from deaminating reactions. This hypothesis is given
support by resuits of BRoADBENT and Storanovic (19) who observed that,
during the occurrence of denitrification in the soil as compared with aerobic
conditions, the carbon-dioxide production but not the ammonification was
retarded. Moreover, in the experiments with washed cells of Ps. aeruginosa,
it was found that a rapid hydrogen transfer to nitrate occurred during the
deamination of glutamic acid.

On the other hand, there are many reports of the ability of pure cultures of
microorganisms to reduce nitrate and other oxidized forms of nitrogen to
ammonia (76, 109, 115, 125). VERHOEVEN (115} showed that, particularly in
the cases of B. licheniformis and B. subtilis, large amounts of ammonia may
be produced under certain conditions. This led Verhoeven to the conclusion
that the reduction of nitrate to ammonia in the soil would be of practical im-
portance, especially since B. subtilis is a common soil organism. Till now it
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has not been possible to support this statement with experimental evidence.
Nevertheless, the question arises of why some common soil bacteria, which
in pure-culture studies reduces nitrate to ammonia, are unablie to perform
this reaction during denitrification in soil. Perhaps the organisms which are
able to bring about this reduction, are not involved in the dissimilatory reduc-
tion of nitrate in the soil. Doubtlessly, this explanation is true of B. licheni-
formis (chapter X). Nevertheless, when this organism was added to sterile root
systems of pea plants in vermiculite supplied with nitrate, formation of am-
monia was observed (Table 26). It was unknown, however, whether this am-
monia was derived from nitrate, or from amino acids excreted by pea roots.

Some experiments were carried out with grassland sods in order to obtain
more information concerning a possible reduction of nitrate to ammonia in
permanent-grassland soils, and the contribution of different species of deni-
trifying organisms to the process.

B. RESULTS

1. The formation of ammonia in grassland sods

The capacity of the permanent-grassland sods, derived from sandy soil
(see chapter III), to reduce nitrate to ammonia, was investigated by incubating
sods with tagged nitrate nitrogen. Sods, 4.5 cm in diameter and 3 cm thick,
contained in plastic baskets, were incubated in large Warburg vessels at
25°C. The air inside the vessels was replaced by nitrogen gas. One series of
sods received 20 mg nitrate nitrogen of which 4 mg were tagged; a second
series received no nitrogen. Gas production was followed manometrically,
In replicate sods the nitrate, nitrite and ammonium fractions were estimated
after different times of incubation. The percentage label of the ammonium
fraction was determined with the aid of a Metropolitan Vickers mass spectro-
meter after conversion of the ammonia into gaseous nitrogen. The results of
this experiment are presented in Table 39. It will be seen that, under the ex-
perimental conditions, the formation of ammonia from nitrate was neglegible

Tasce 39, The dissimilatory reduction of 20 mg partially labeled nitrate nitrogen to ammonia
by sods of a permanent-grassland soil.

Mg nitrogen recovered per sod
N(ilt;ogen Incu(lt)‘ation NH.+ .
addition | time (hours} NO.- | NO- 4
: 9 Total | % excess BN Ferl. N Ms+N,O Total
20 mg 16 11.4 0.6 1.75 0.42 0.04 2,6 164
NO,-N 28 9.5 0,4 7.95 0.36 0.14 3.6 20.5
40 8.6 04 2.50 0.44 0.05 52 16.7
52 8.5 0.1 2.00 045 0.04 5.6 16.2
76 14 0.8 7.20 0.34 0.12 138 23.2
100 0 0 6.50 0.67 027 | 19.2 26.1
no 16 0 0 1.10 - - 0 11
nitrogen 28 0 0 | 1.70 - - 0 1.7
40 0 0 2,10 - - 0 21
52 0 0 4 180 - - 0 18
76 0 0 1.50 - - 1] 1.5
100 0 0 6.407 - - 0 6.4
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and hardly exceeded the 1 per cent level at all stages of the denitrification
process. Nevertheless, the total amount of ammonia in the sods was clearly
higher upon the addition of nitrate. When the experiment was repeated with
unlabeled nitrate, similar results were obtained. It may be concluded that the
denitrification process is attended by an enlarged desamination activity., The
outcome of these experiments is in agreement with the results of other inves-
tigators (19, 41, 79, 84, 126), i.e. that during denitrification in soil the reduc-~
tion of nitrate to ammonia is of no practical importance. Ouly in the case of
soils gontaining considerable amounts of ferrous ions is a chemical reduction
possible, -

2. Experiments with root systems of pea plants inoculated with
B. licheniformis

In a second experiment, the extent to which B. licheniformis was capable
of reducing nitrate to ammonia under conditions prevailing during denitrifica~
tion in the rhizosphere, was investigated. Root systems of sterile pea plants
were cultivated as described in chapter VI.B.2. When the plants were 12 days
old, a suspension of B. licheniformis was added along with 20 mg sterile nitrate
nitrogen, 4 mg of which were tagged. The filters containing the inoculated root
systems, were placed under sterile conditions in Warburg vessels so that gas
production could be measured after the air inside the vessels had been re-
placed with oxygen-free nitrogen gas. At different incubation times the nitrate,
nitrite and ammonium contents. of replicate filters were estimated (Table 40).

TasLE 40, The reduction of 20 mg partially labeled nitrate nitrogen by B, licheniformis str:
P 1 in the presence of hydrogen donors supplied by sterile pea plants.

Nitrogen recovered in mg N

(1'11"ime NH*
ours) - _

NO. NO N, 4 N.O| Total

? ! | Total | o/ excess BN | Fert N [ © °

0 | 199 0.0 0.1 - - 0 20,0

30 15.0 3.2 1.4 2.58 0.18 0 19.6

60 3.2 91 1.9 2.63 025 0 19.2

100 74 9.3 2.5 2.45 0.31 0 19.2

It appeared that approximately 1.5 per cent of the added nitrate was reduced
to ammonia. The percentage excess *N in the ammonia was higher than that
in the experiment recorded in Table 39. This indicates that more nitrate was
reduced to ammonia by B. licheniformis than by the mixed denitrifying popu-
lation of permanent-grassland sods. Therefore, it is unlikely that this popula-
tion consisted mainly of B. licheniformis; if this had been so, the percentage
excess 15N in the ammonium fraction of the grassland sods would have been
higher. This result is in agreement with those of chapters VII, VIII and X in
which it was shown that B. licheniformis is not involved in soil denitrifica-
tion. The data of Table 40 show that also in this experiment the grealer part
of the ammonia originated from deamination reactions. Nitrate was reduced
mainly to nitrite, while gaseous products, in contrast with the experiment with
sods (Table 39), were not observed. These results which qorroberat_e with the
data given in Table 26, clearly demonstrate that denitrifying organisms other
than B. licheniformis are present in the sods.
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3. Formation of ammonia from nitrate by B. licheniformis and B. subtilis in
culture media.

Since hardly any nitrate was reduced to ammonia during denitrification
with sterile pea plants, it was supposed that the conditions under which pure
cultures are able to carry out this process, were not encountered in that expe-
riment, To test this hypothesis, an attempt was made to elucidate these con-
ditions in some preliminary experiments with B. licheniformis and B. subtilis
which are common soil organisms. VERHOEVEN showed that these species pro-
duce large quantitics of ammonia when grown in a mineral medium under
,»semi-aerobic™ conditions. '

a. Experiments in Erlenmeyer vessels with a shallow layer of nu-
trient medium. In an experiment with B. licheniformis, the validity of
VERHOEVEN's observations was checked. B. licheniformis str. P 1 was grown
under the conditions described by VERHOEVEN (115). The organism was culti-
vated in 300 ml Erlenmeyer flasks, containing 100 ml of a medium consisting
of: glucose, 10 g; K,HPO,, 1 g; Mg80,.7 H,0, 0.5 g; KNO,, 10 g; tap water,
1 litre. The depth of the medium was about 35 mm. The Erlenmeyer flasks
were plugged with a rubber stopper in which glass inlet and outlet tubes were
inserted for a continuous air renewal of the atmosphere above the medium. The
eniering air first passed through two washing-bottles containing sulphuric acid
to remove ammonia, and then through a washing-bottle containing distilled
water in order to saturate the air with moistare. On leaving the culture flask,
the air passed through a washing-bottle containing boric acid in order to trap
evolved ammonia. The rate of the air current passing through the flask was
about 60 ml per minute. After inoculation, the flasks were incubated at 37°C
in a water bath, At different times of incubation, the nitrate, nitrite, ammonia
and organic-nitrogen contents of replicate flasks were estimated. The number
of viable cells was counted by plating a dilution series of the medium on peptone-
glycerol-nitrate-agar. The result of this experiment is shown in Table 41.

“Tanre 41, The fate of nitrate nitrogen in z shallow-layer culture of B. licheniformis str. P 1
with surface aeration (mineral medium with glucose as the carbon source).

'i'ime Nitrogen recovered in mg N per 100 ml medium Nug]e?lesr of

@2y | Noym | No& | N | SOMBE | pag N | Total | perml
8.

0 133.9 0.0 0.0 0.0 0.0 133.9 8.107
3 107.0 16.5 1.7 0.0 4.8 130.0 6.10¢
7 91.2 5.0 24.9 0.6 13.4 1351 3.1
10 84.2 7.0 326 1.0 8.2 133.0 2.1¢
13 71.6 8.0 384 1.8 8.7 134.5 2.107
18 69.1 5.0 48.1 20 10.2 1344 3.107

Although at a lower rate than in the experiments of VERHOEVEN, considerable
quantities of ammonia were produced, mostly at a stage when the number of
viable cells was no longer increasing. Similar results were obtained with some
other strains of B. licheniformis and with B. subtilis str, Marburg. No gaseous
nitrogenous reduction products were observed during the dissimilatory reduc-
tion of nitrate, These results were entirely different from those obtained with
growing cultures of these bacteria in complex media under anaerobic conditions
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when nitrate was reduced chiefly to nitrogen gas and nitrous oxide. The occur-
rence of different reduction products under semi-aerobic and anaerobic condi-
tions was explained by VERHOEVEN (115) by assuming different degrees of
susceptibility to oxygen on the part of the enzymes involved in the production
of ammonia and gaseous reduction products, respectively. Such an explanation
is unsatisfactory, as no data were presented concerning the degree of anaero-
biosis in the shallow layers of the culture medium. It may be assumed that local
spots of oxygen deficiency will have occurred in the shallow layers, since dissimi-
latory nitrate reduction is usually only observed at very low levels of dissolved
oxygen. Very likely a different mechanism must have underlain the observed
differences in reduction products. As shown in chapter VIII, no growth of
B, licheniformis occurs under anaerobic conditions in a mineral medium supple-
mented with glucose, conditions used also in the shallow layer experiment.
Therefore, the cells in the latter experiment, which exhibited dissimilatory
nitrate-reducing capacity, must have developed under aerobic conditions. These
cells possessed an assimilatory nitrate-reducing enzyme system, since nitrate
was the sole source of nitrogen. The same holds for B. subrifis which is unable
to grow in the absence of oxygen; nevertheless this organism, like B. licheni-
JSormis when cultivated in the minimal medium in Erlenmeyer flasks, was able
to reduce nitrate dissimilatorily to ammonia. Therefore, it was suggested that
the enzymes needed for the dissimilatory formation of ammonia from nitrate
developed only when the cells had been grown under zerobic conditions in a
minimal medium and subsequently had been submitted io anacrobic condi-
tions.

To explain the behaviour of B. licheniformis and B. subtilis, the experi-
ments of Gary and BARrD (39), mentioned in the preceding chapter, may be
recalled. These authors found that cells of B, subtilis, grown in a mineral me-
dium supplemented with glucose, dissimilated glucose via the monophosphate
pathway; in a complex medium the Embden-Meyerhof system functioned.
Since B. licheniformis is closely related to B. subtilis and presumably behaves
similarly, the implication is that the dissimilatory nitrate reduction of both
organisms, when grown in a minimal medium, is linked with the hexose-mo-
nophosphate pathway of carbohydrate breakdown. In the presence of amino
acids, the dissimilatory nitrate reduction of B. licheniformis under anaerobic
conditions is coupled with the glycolytic pathway. The latter was made
plausible in chapter X.

b. Experiments withwashed cells of B. licheniformis grownaerobic-
ally onpotassium nitrate and subsequently submitted to anaerobic
conditions. To test the hypothesis that dissimilatory ammonia formation
from nitrate was accomplished by cells grown aerobicaily in a minimal medium
and subsequently submitted to anaerobic conditions, B. licheniformis str. P 1
was grown in the mineral medium under vigorous aeration. During the growth
of the organism, no accumulation of nitrite or ammonia was observed and
reduction of nitrate was restricted to that part used for assimilatory purposes.
A similar result was obtained by VERHOEVEN (115). When 4 days old, the cells
were harvested, washed once with distilled water and once with 0.05 M phos-
phate salts buffer, pH 6.9. Subsequently, | ml cell suspension (containing 4 mg
dry matter) was incubated with 2.4 p mole glucose and 12 ¢ mole nitrate in
Warburg vessels. The air inside the vessels was replaced by oxygen-free nitrogen
gas. Since B. lickeniformis forms no gas from nitrate under such conditions,
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carbon-dioxide production could be followed manometrically. Nitrate, nitrite
and ammonia were estimated periodically in replicate vessels. The result of
this experiment is presented in Table 42. It appears that nitrate was reduced to
nitrite and ammonia without an apparent lag. Carbon-dioxide production also
started immediately after adding the glucose. About 75 per cent of the glucose
was recovered as carbon dioxide, an amount which was considerably higher
than that formed anacrobically in complex media. When nitrite instead of
nitrate was used as a hydrogen acceptor, ammonia was formed also without any
adaptation period.

TaABLE 42. Dissimilatory reduction of nitrate to nitrite and ammonia by washed cells of B.
licheniformis str. P 1, grown aerobically in a mineral medium containing nitrate as
a nitrogen source, and suspended in phosphate salts buffer under anaerobic con-
ditions with glucose as a hydrogen donor and nitrate as a hydrogen acceptor.

Nitrogen recovery in 2 mole per mi
Ti i S

ime (mmuteA) NO,- NO,- NI Total
0 12.0 0 0.01 12.0

10 11.2 0.5 0.37 2.1

30 9.1 1.7 1.10 1.9

o0 5.8 T34 2.710 11.9

120 0 - 7.0 5.10 i2.1

Since the production of nitrite and ammenia by the aerobically grown cells
started without an adaptation period under anaerobic conditions {Table 42),
the cells must have already possessed the enzyme system required for dissimila-
tory nitrate reduction. Alternatively, a separate dissimilatory nitrate-reducing
enzyme system may have been present in the cells, the formation of which was
not inhibited by oxygen. Obviously the latter system was not operating under
aerobic conditions, as no ammonia accumulated during aerobic growth of the
cells. In general, molecular oxygen has been reported as reversibly inhibiting
action as well as adaptive formation of the dissimilatory enzyme system (63,
84, 85, 96, 99, 114). One can explain this by assuming that cytochromes are
involved in dissimilatory nitrate reduction. Under aerobic conditions the
reduced state of the cytochromes would be oxidized by cytochrome oxydase
in preference to nitrate reductase. However, during nitrate assimilation cyto-
chromes should not be involved. Thus, this process would be influenced by
oxygen, (cf. the following scheme drawn up by FEwson and NIcHOLAS (34):

(ASSIMILATION)
DPN or FAD Nitrate
TPN : reductase NO,~
[ (Mo)
H-donor — Cytochrome ———— Cytochrome G,
oxydase
{DiSSIMILATION)

However, it is in no way certain that cytochromes are always involved in
nitrate dissimilation. It should be noted that iron-deficient cells of bacterial
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species possessing dissimilatory nitrate-reducing activity, still showed this en-
zyme activity, when grown anaerobically in the presence of nitrate (34). A
number of Clostridium-species, found to be able to reduce nitrate at the ex-
pense of molecular hydrogen, is known to possess no cytochromes (90, 125).
Moreover, Sa1o (98) found that the reduced state of the cytochromes of B,
subtilis was not affected by the nitrate-reduction process, which indicates that
these compounds played no part in the electron transport from substrate to
nitrate. These data suggest that, at least in certain microorganisms, cyto-
chromes are not involved during dissimilatory nitrate reduction. Therefore, in
these organisms another mechanism exists to effect dissimilatory nitrate reduc-
tion. Probably the enzyme system involved in dissimilatory nitrate reduc-
tion by aerobically grown cells of B. licheniformis js of the latter type. The
results obtained with the aerobically grown cells of this species indicate that
this enzyme system is identical with, or closely resembles that of the assimi-
latory one. Further experiments are required to establish its nature definitely.

c. Experimentswithwashedcellsof B.licheniformisgrownaerobic-
“allyonammoniumnitrateandsubsequentlysubmittedtoanaerobie
conditions. The close relationship between the assimilatory and dissimilatory
nitrate-reducing enzyme systems of B. lickeniformis str. P 1 was further shown by
growing the organism acrobically in a similar mineral medium with glucose as
used in the previous experiment, except that potassium niuate was replaced
by ammonium nitrate. When the washed cells were placed under anaerobic
conditions in the presence of potassium nitrate using glucose as a hydrogen
donor, no formation of ammonia was observed (Fig. 13). Nitrite was produced

UE

12 L : ‘
FiG. 13. 0 \\,

Dissimilatory reduction of 12 2 mole
nitrate by washed cells of B, licheni-
formis str, P 1, grown aerobicaily in
a mineral medium containing am-
moniumnitrate as a pitrogen source;
2.4 11 mole glucose per ml was used 44
as a hydrogen donor.

[1— [0 nitrate (& mole per ml); 21
A -— A nitrite (p mole per ml);

0~=~~0 ammonia (¢ mole per ml). . : : =

i mole

30 60 90 120 150 180
© minutes

as the sole reduction product only after a considerable [ag period. This result
can be explained by assuming that the presence of ammonium nitrogen had
prevented the formation of both the assimilatory and dissimilatory nitrate-
reducing enzyme systems, since a similar result was obtained when ammonivm
sulphate was used as a nitrogen source for the cultivation of the cells. i
A repression of the nitrate assimilation by ammonia was also observed with
Ps. denitrificans and Ps. fluorescens (70) and with M. denitrificans (23), when
these organisms were grown in the presence of both nitrate and ammonia,
However, the enzymes involved in the dissimilatory nitrate reduction by anae-
robicaily grown celis of the above species are pot affected by ammonia. Data
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presented by FEwson and NicHoLAs (34, Table 3) suggest, that nitrate assi-
milation in E. coli is not repressed by ammonia.

d. Experiments with washed cells of B. subtilis str. Marburg, grown
aerobically on potassium nitrate and subsequently submitted to
anaerobic conditions. That the dissimilatory enzyme system of the bacilli
is presumably not entirely identical with the assimilatory one, was indicated
in an experiment with washed cells of B. subtilis str. Marburg grown aerobically
in a mineral medium with nitrate as the nitrogen source. The cells were unable
to reduce nitrate to ammonia, when submitted to anaerobic conditions. Nitrite,
however, was readily converied into ammonia under these conditions. This
result, which indicates that the nitrate-reductase activity of aerobically grown
B. subtilis-cells was not sufficiently high to enable dissimilatory nitrate reduction,
disagrees with that of the shallow layer experiment in which ammonia was found
to be produced from nitrate also by this species. It must be stated, however,
that the experiment with washed cells lastened only a few hours, whereas the
experiment with shallow Iayer cultures continued for several days.

4. Application of the results obtained with pure cultures to soil conditions

The experiments described above were designed to clarify the conditions
under which nitrate was reduced by B, licheniformis and B. subtilis to ammo-
nia. It was shown that the accumulation of this compound observed by VER-
HOEVEN (115), often used as an argument in favour of the possible occurrence
of the process in soil denitrification, only occurs in cells grown acrobically in
the absence of ammonium salts. Since ammonium nitrogen is always available
due to mineralization of organic compounds, it is unlikely that the required
conditions for the reduction of nitrate to ammonia will occur in the soil. There-
fore, it must be concluded that the process observed by VERHOEVEN does not
contribute to the reduction of nitrate to ammeonia in the soil.

It may be assumed that conditions prevailing in soil upon the addition of
nitrate are also not suitable for other organisms (e.g. clostridia, certain strains
of E. colf) which are able to produce ammonia from nitrate dissimilatorily. In
the case of the clostridia which are known to be completely repressed by
adding nitrate to various substrates (c.g. submerged patatoes, silage above
pH 5; personal communication of MR. G. W. WIERINGA), this is probably due
to an unfavourable oxydation-reduction potential. ,

From the results presented in this section it may be concluded that reduc-
tion of nitrate to ammonia by certain denitrifying bacteria is unlikely to pro-
ceed in soil. This is due to the fact that the conditions, under which pure cul-
tuyles of soil bacteria are able to bring about this reduction, do not occur in
soil.

C. SOME REMARKS CONCERNING ENZYMATIC NITRATE REDUCTION

The experiments described in section B of this chapter, subscribe to the con-

- ception of FEwsoN and NicHOLAS (34) concerning a common pathway in
nitrate assimilation and dissimilation. The same intermediates appear to be
inv-olved in both processess and denitrification may be constdered as an adap-
tation of the assimilatory enzyme system to remove toxic compounds which
may accumulate when nitrate instead of oxygen is used as a hydrogen accep-
tor in respiration. A control mechanism exists by which the activity of the
dissimilative enzyme systems is repressed by oxygen. This repression is due
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to the competition for electrons between oxygen and nitrate in which the for-
mer competes more succesfully. Oxygen has no harmful effect on the enzymes
per se. In many organisms cytochromes are probably involved in the control
mechanism, although the inhibition of nitrate dissimilation by oxygen in
B. licheniformis and B. subtifis cannot be explained in this way. The scheme
for nitrate reduction given by FEwsoN and NicroLas (34) seems to be the best
representation of present knowledge:-

H2N202 —-—— Nzo
+

| o
NOy~ NO,~ NO (HNO) NH;0H — —> NH,

N,
——— enzymatic
--—-» non enzymatic

No data are available supporting the view that the reduction of nitrous oxide
to nitrogen gas proceeds via a compound at the nitroxyl level as suggested in
this scheme.

In general, two different types of nitrate reduction are distinguished: nitrate
assimilation and nitrate respiration, It should be realized that nitrate is used
as a terminal hydrogen acceptor in both cases. During assimilation, the ulti-
mate reduction product, i.e. ammonia, is incorporated into cell material; during
dissimilation nitrate is merely used as a hydrogen acceptor, especially, when
other more suitable acceptors (like oxygen) are lacking or are not supplied
at a sufficient rate. Therefore, each case, in which nitrate is not completely
assimilated, and intermediate reduction products like nitrite, nitrous oxide,
nitrogen gas or ammonia accumulate in the medium, should be considered as
a form of dissimilatory nitrate reduction. Between the production of some-
times small quantities of nitrite, used as a characteristic in determinative bac-
teriology, and the formation of gaseous products by organisms, which under
anaerobic conditions are depending for growth on the presence of nitrate, a
scale of different “degrees” of dissimilatory nitrate reduction exists.

The dissimilative reduction of nitrate will not necessarily favour the produc-
tion of cell material, since the process is not always linked to energy-vielding
reactions. Although evidence has been provided for the coupling of phosphory-
lation to nitrate respiration (80, 108), KrssLER and Bucker (61) stated that
this would not occur when nitrite is used as a hydrogen acceptor.

In the experiments with B. licheniformis (chapter. X) no increased dry-
matter production was observed in anaerobic cultures with glucose as the
carbon source owing to the presence of nitrate. Nitrate may even have a harm-
ful effect (Table 38). This effect of nitrate was also observed in shallow-layer
cultures. The organism was grown in the minimal medium (described in Sec-
tion B.3 of this chapter), containing two different quantities of nitrate, After
12 day’s incubation, the distribution of the nitrogen and the yield of cell mate-
rial were estimated (Table 43). It will be scen that the highest yield of cell
material was obtained at the lowest nitrate Ievel. This result may be explained
by assuming that at the high nitrate concentration a considerable part of the
glucose did not serve synthesis of cell material but was used to reduce nitrate,
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TaeLe 43, The effect of the nitrate concentration on the nitrogen distribution and dry-matter
production of B. licheniformis str. P 1, grown in shallow layers of a minimal
medium, containing nitrate as a nitrogen source.

gz Nitrogen recovery in mg N :
Initial . Yield of cell
nitrate per 100 ml medium material, mg per
mg N/100 ml NO,- | NO~ | NH." | CalN | Total 100 ml medium
114 511 0.3 52.0 10 113 200
33 0.0 0.0 17.0 14 31 260

a process which, in this species, is not coupled with energy-yielding reactions.
At the low nitrate concentration the glucose was used more efficiently.

In organisms like Ps. aeruginosa and M. denitrificans in contrast to B.
licheniformis and B. subtilis, the process is undoubtedly attended with ATP-
formation. The comparison of dry-matter production of cells of these organ-
isms grown with oxygen or nitrate as terminal hydrogen acceptors, respective-
iy, have yielded conflicting resuits. Dry-matter production in the presence of
nitrate under anaerobic conditions has been reported to be nearly the same
(23, 116), lower (30, 31) and distinctly lower (97) than that in the presence
of oxygen. These data show that the coupling of dissimilatory nitrate reduction
to energy-yielding reactions is a subject still much in need of clarification.

D. SuMMARY

The reduction of nitrate to ammonia during denitrification in soil was in-
vestigated by incubating grassland sods with labeled nitrate under anaerobic
conditions. Considerable quantities of ammonia were formed, mainly ori-
ginating from deamination reactions and, only to a small extent, from nitrate.
B. licheniformis, which may produce high amounts of ammonia from nitrate in
pure culture under certain conditions, did not form ammonia from nitrate un-
der conditions prevailing in the rhizosphere of pea plants. In pure-culture
studies with this organism, it appeared that cells grown aerobically in a mineral
medium with glucose as the carbon source and nitrate as the sole nitrogen
source, were able to reduce nitrate and nitrite dissimilatorily to ammonia,
when submitted to anaerobic conditions. When ammonia was present in the
growth medium, the dissimilatory formation of ammonia from nitrate was
completely inhibited. A close relationship was shown to exist between the
assimilatory and dissimilatory nitrate-reducing enzyme systems of aerobically
grown cells of B. licheniformis. It was concluded that the conditions prevailing
in the soil are not suitable for an appreciable formation of ammonia by this
species. '

Some aspects of nitrate reduction, viz. commeon features of assimilatory and
dissimilatory nitrate reduction, and the coupling of energy-yielding reactions
to dissimilatory nitrate reduction, were briefly discussed.
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SUMMARY

‘The low recovery of fertilizer nitrogen in the herbage of permanent pastures
(usually less than 60 per cent) provided the motivation for the present investi-
gation which endeavoured to trace the part of the nitrogen unaccounted for in
the tops. Immobilization in plant roots, microorganisms and soil organic
matter, leaching, and volatilization may be responsible for the observed losses.
The high quantity of nitrogen already present in the sod of permanent-grass-
land soils prevented to trace the missing part of the fertilizer by conventional
methods. Therefore, the majority of the experiments was carried out by apply~
ing labeled nitrogen, natural conditions being imitated as closely as possible.

In preliminary experiments (1958) labeled nitrate was supplied to sods of
permanent grassland, derived from peat, clay and sandy soil. The sods were
placed in pots without holes, in order to prevent leaching; two moisture levels
were applied, corresponding to 80 and 95 per cent of the waterholding ca-
pacity. After about two months, nitrogen balances of the sods were established
by analysing herbage, roots and soil, The nitrogen not accounted for was con-
sidered to be volatilized. In all sods tested, a considerable part (15-37%) of
the added fertilizer nitrogen was found to be volatilized; the roots and the soil
also contained part of the tracer (Table 6). A linear, negative correlation
existed in the separate pots between uptake of fertilizer nitrogen in the herbage
and the nitrogen not accounted for (Fig. 1). In clay and sandy soil, the in-
fluence of the moisture level on the loss of nitrogen was not significant. Only
in peaty soil, volatilization had increased at the high moisture level.

An additional experiment with Jabeled nitrate was carried out to investi-
gate the influence of the cutting frequency of the herbage on nitrogen balances
and nitrogen distribution. The cutting frequency was found to have no in-
fluence on volatilization; the roots and the soil, however, retained more fertil~
izer nitrogen upon delaying the first cut (Table 7). There were indications
that a downward movement of fertilizer nitrogen from the herbage to the roots
and the soil may occur (Table 8). ‘

Similar experiments were carried out in 1959 with sods of permanent grass-
land (at 60% of the waterholding capacity) which received tagged nitrate and
ammonia. Nitrogen balances were established as soon as the mineral nitrogen
. had disappeared from the soil (To). A comparison was made with nitrogen
balances of sods which were analysed one month later (T1). Losses of mineral
nitrogen occurred both after a nitrate dressing (20 per cent loss} and an
ammonium dressing (9 pet cent loss), see Table 11. Between Te and Ty no
further losses occurred, indicating that no nitrogen volatilized from the ageing
herbage. In case of nitrate fertilization, the losses were ascribed to denitrifica-
tion.
In subsequent experiments, nitrogen balances in sods with killed roots were
established in order to elucidate the effect of living plants on denitrification.
Mineralization of soil nitrogen and immobilization of fertilizer nitrogen were
also studied. Mineralization rate in sods derived from sandy scil was low; it
could be highly increased, however, by mixing the sods thoroughly (Table 12).
Nitrification in the sods was retarded as compared with that in the subsoil.
When labeled nitrate and ammonium nitrogen were added to the sods with
killed roots, nitrogen losses were found to be considerably lower than in case
of sods with living roots (9 per cent upon application of nitrate and no losses
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upon application of ammonia, see Table 14). It was concluded that living
plants have a stimulative effect on denitrification. In addition it appeared
that, although a considerable amount of 13N derived from added fertilizer
nitrogen was incorporated in the soil organic matter, no gains in total organic
soil nitrogen by surplus immobilization of fertilizer nitrogen occurred, incor-
poration being due to the exchange of fertilizer nitrogen and mineralized soil
nitrogen followed by microbiological immobilization (“Tumover”, see also
page 8). Nitrate was involved only to a small extent in the nitrogen turn-
over. This could be explained in experiments with pure cultures of soil micro-
organisms; it was shown that ammonia was preferred to nitrate by these organ-
isms as a nitrogen source {Table 15). Indications were obtained that, with
nitrate being used as a fertilizer in case of sods with living roots, part of the
nitrogen was incorporated in soil organic matter by mechanisms other than
nitrogen turnover.

If living roots exert a stimulative effect on denitrification, it could be as-
sumed that this effect would occur in any soil containing living roots. To test
this hypothesis, a comparison was made of nitrogen balances of permanent-
grassland sods and of sown grass, after the application of labeled nitrate and
ammonia (1960). Considerable losses of nitrogen occurred in both systems
(Table 17, 18), a phenomenon confirming the above-mentioned hypothesis.
In both grassland sods and sown grass a mechanism was shown to be operating
during the ageing of the plants by which nitrogen was transported from the
tops to the roots and in some cases also to the soil (Table 19). During this
process the fertilizer nitrogen in the tops was partly replaced by unlabeled
nitrogen (Table 18).

From the results presented in chapters III, TV and V it was concluded
that living plants to a high degree influence the nitrogen cycle in permanent-
grassland soils. An equation was derived which enabled the estimation of both
mineralization and volatilization without making use of labeled nitrogen.

The stimulative effect of living plants on denitrification may be due, firstly
to low oxygen tensions in the rhizosphere, caused by respiration of the root
system and the microflora, and secondly to root excretions serving as a source
of hydrogen donors during denitrification. By comparing oxygen consump-
tion of permanent-grassland sods with living and killed roots, respectively,
(the former was 28 times higher), it was shown that the effect of living plants
on denitrification depends in the first place on the creation of low oxygen
tensions which permit denitrification in the rhizosphere. The increased oxygen
uptake in sods with living roots was found to depend for 66 per cent on the
consumption by the roots, the remainder being consumed by the rhizosphere
organisms. An adequate amount of hydrogen donors proved to be excreted by
the roots of both perennial ryegrass and green peas (Fig. 3, 4), to enable a
ready denitrification. Indications were obtained that the root excretions of
perennial ryegrass were different from those of peas, the latter (possibly. be-
cause of a larger proportion of amino acids) causing a higher denitrification
rate. From the results obtained it was concluded that the rhizosphere consti-
tuted an excellent environment for the occurrence of the denitrification pro-
cess (oxygen deficiency, sufficient amounts of hydrogen donors, large num-
bers of denitrilying organisms, and a continuous supply of nitrate after appli-
cation of nitrate-containing fertilizers).

Since the operation of the nitrogen cycle in permanent-grassland soils was
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shown to be largely the result of an interaction between microorganisms and
higher plants, the microflora of these soils was studied under different clima-
tological conditions. Actinomycetes generally represented more than 50 per
cent of the total population (Table 21). The number of Gram-negative rods
was found to be considerably higher and that of arthrobacters considerably
lower than that of arable soil (Table 21), an ohservation which suggests that
the bacterial population of permanent-grassland soils represents a rhizosphere
flora. An investigation of the nutritional requirements of these bacteria re-
vealed that about 80 per cent of the isolated strains were stimulated by amino
acids (Table 22), an observation which underlined the rhizosphere character
of the bacterial flora. Application of fertilizer nitrogen to grassland soils re-
sulted in an increase of the number of Gram-negative rods (Table 23). It was
supposed that the excretion of amino acids was stimulated as a2 consequence
of fertilizer-nitrogen application.

A comparison of the denitrifying populations of grassland sods, with and
without nitrate addition, revealed that under normal field conditions the po-
pulation consisted mainly of Bacillus-species (B. cereus, B, circulans, B. ma-
cerans, B. coagulans, B. laterosporus), of which B. cereus was by far the most
numerous. However, addition of nitrate resulted in the development of a flora
of denitrifying bacteria which consisted mainly of Pseudomonas, Achromo-
bacter and B. macerans-strains (Table 25). It was conclided that the presence
of denitrifying bacteria under normal field conditions is not the result of their
denitrifying capacity, but depends on some other characteristic; furthermore,
that no relationship exists between the original number of denitrifying organ
isms and the denitrifying capacity of the soil. :

The capacity of denitrifying bacteria, isolated from permanent-grassland
soil, to utilize root excretions as a source of hydrogen donors during denitri-
fication, was investigated in a number of Warburg experiments in which pure
cultures of these bacteria were added to sterile pea plants supplied with
nitrate. The Pseudomonas, Achromobacter and B. macerans-strains, isolated
during denitrification in this soil, produced gas from nitrate under these con-
ditions. No gaseous reduction products were formed by B. cereus, B. licheni-
formis and some other bacteria (Fig. 5). The latter species, however, produced
a considerable quantity of nitrite and also some ammonia (Table 26).

Since the results obtained suggested that particularly amino acids might
have a stimulative effect on denitrification in soil, an investigation was made
of the nutritional requirements of the isolated denitrifying bacteria. ‘Amino
acids were found to be indispensable for the growth of some of these organ-
isms and to stimulate, either growth, or both growth and gas production of
others (Table 27). It appeared that the denitrifying organisms could be divided
into two groups. The bacteria of the Pseudomonas-group always required
nitrate for growth under anaerobic conditions. Those of the B. licheniformis-
group, however, were able to grow under anaerobic conditions in the absence
of nitrate, when glucose was used as a carbon source, but they needed nitrate,
when glycerol or lactate was substituted for glucose (Table 29). It was sug-
gested that in the latter case nitrate was required to enable the first oxydation
step of these compounds. Also in other respects large differences existed be-
tween both groups of organisms (slow denitrification and Jow production of
cell material during denitrification by the bacteria of the B. licheniformis-
group as compared with those of the Ps. aeruginosa-group). The low yields
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of cell material of the species of the B. licheniformis-group, when cultivated
under anaerobic conditions in the presence of nitrate, indicate that these species
are at a disadvantage in the competition with organisms of the Ps. aeruginosa-
group during denitrification in the soil.

To obtain more information concerning the observed differences between
both groups of denitrifying organisms, the effect of various hydrogen donors
on denitrification by Ps. aeruginosa and B. licheniformis was investigated.
Washed cells of these bacteria, incubated anaerobically in Warburg vessels,
were supplicd with glucose, glutamic acid, or a mixture of both compounds.
Int the case of Ps. acruginosa, a higher denitrification rate was obtained with
glutamic acid than with glucose, while the mixture of both compounds gave
the highest value (Fig. 6). Substitution of nitrite for nitrate as a hydrogen ac-
ceptor, raised the denitrification rate considerably (Fig. 8). It was concluded
that the denitrification rate was not limited by the nitratase-activity, but by the
activity of the dehydrogenases involved in the dissimilation of glucose and
glutamic acid. The favourable effect of glutamic acid was found to be due to
the relatively high activity of glutamic-acid dehydrogenase in connection with
denitrification, resulting in the accumulation of a-ketoglutaric acid. Glutamic-
acid dehydrogenase was present during denitrification as a constitutive en-
zyme (Fig. 11), whereas the enzymes responsible for the dissimilation of glu-
cose had to be formed adaptively (Fig. 10).

Different results were obtained with B. licheniformis. No gaseous reduction
products were formed from nitrate by washed cells of this species under anae-
robic conditions in the presence of various hydrogen donors (Table 31). How-
ever, in the presence of glucose, a considerable nitrite production was observed,
which was doubled when in addition glutamic acid was added (Table 32). No
nitrite was formed when glutamic acid was added separately. These resulis
could be explained by the fact that uptake of glutamic acid under anaerobic -
conditions is coupled with glucose consumption (Table 33). Amino acids were
found to be required for the growth of B. licheniformis under anaerobic
conditions, an observation which indicates that the nutritional requirements
of this species are more complex than those of Ps. geruginosa. The consump-
tion of glucose by B. licheniformis under anaerobic conditions in the presence
of nitrate, proceeded independently of the dissimilatory nitrate reduction
(Table 35); however, more carbon dioxide was produced in the presence of
nitrate than in its absence, indicating that the presence of nitrate resulted in
different products being formed from glucose. The nitrate-reductase activity
of washed cells of B. licheniformis and of B. cereus, grown anaerobically in a
medium containing glycerol as the carbon source and nitrate as the hydrogen
acceptor, was found to be considerably higher than that of cells grown under
similar conditions in a medium containing glucose (Table 37), It was suggested
that the conditions under which these organisms possess an optimal nitrate-
reductase activity will seldom be found in the soil. Evidence was obtained
concerning the non-enzymatic nature of the formation of nitrous oxide in
growing cultures of B. licheniformis. ‘

Finally a study was made of the reduction of nitrate 1o ammonia during the
denitrification process in the sods of permanent grassland, and of the contri-
bution of B. licheniformis to this process. Labeled nitrate was added to small
sods.of permanent grassland which were incubated anaerobically. Although
considerable quantities of ammonia were formed, as compared with the con-
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trol sods (no nitrate addition), the ammonia originated mainly from deami-
nation reactions and only to a small extent from nitrate (Table 39). When a
pure culture of B. licheniformis was added to sterile root systems of pea plants
supplied with labeled nitrate, only a small quantity of the ammonia formed
was derived from added nitrate (Table 40.) It was concluded that the reduc-
tion of nitrate to ammonia during denitrification is of no importance in sods
of permanent-grassiand soils, and that the conditions under which this reduc-
tion is performed by B. licheniformis do not occur in the soil. The conditions
under which B. licheniformis produces ammonia from nitrate were examined
in some detail. The results of VERHOEVEN, who found a considerable ammonia
production in shallow layers of a glucose-containing, mineral medium sup-
plied with nitrate as the sole nitrogen source, were confirmed (Table 41). It
appeared that washed cells grown strictly acrobically in such a medium, were
able to reduce nitrate and nitrite dissimilatorily to ammonia without any adap-
tation period when submitted to anaerobic conditions (Table 42). Under the
same experimental conditions nitrite but not nitrate was reduced to amonia
by washed cells of B. subtilis, a strictly acrobic organism. When B. lichenifor-
mis was cultivated aerobically in a nutrient medium with ammonium nitrate or
ammonium. sulphate as the sole nitrogen source, the dissimilatory formation of
ammonia from nitrate by washed cells was completely inhibited (Fig. 13).
These resuits suggest a close relationship between the assimilatory and dissi-
milatory nitrate-reducing enzyme systems of B. licheniformis. Some aspects of
nitrate reduction, viz. common features of assimilatory and dissimilatory
nitrate reduction, and the coupling of energy-yielding reactions to dissimila-
tory nitrate reduction, were briefly discussed. :
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SAMENVATTING

Het feit dat op blijvend grasland na een stikstofbemesting zelden meer dan
60 procent van de toegediende stikstof in de bovengrondse delen van het gras
wordt aangetroffen, vormde het uitgangspunt van de hier beschreven onder-
zoekingen.-Getracht werd, na te gaan, waar het resterende deel van de stik-
stofbemesting blijft. Vastlegging in wortels, micro-organismen en in organi-
sche stof van de grond, uitspoeling en vervluchtiging kwamen als mogelijke
bronnen van verlies het meest in aanmerking. De grote hoeveelheid stikstof,
aanwezig in de zode van blijvend grasland, maakte het onmogelijk door middel
van conventionele bepalingsmethoden het niet-tcruggevonden deel van de
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bemestingsstikstof op te sporen. De meeste experimenten werden daarom uit-
gevoerd met gemerkte stikstof onder omstandigheden, welke die van de prak-
tijk zo dicht mogelijk benaderden.

In oriénterende proeven (1958) werd gemerkte nitraatstikstof toegediend
aan zoden van blijvend grasland, die atkomstig waren van veen-, klei- en zand-
grond. De zoden werden geplaatst in potten, die van onderen waren gesloten
om uitspoeling te voorkomen, en gebracht op 80 of 95 procent van de water-
capaciteit. Na ongeveer 2 maanden werden stikstofbalansen van de zoden
opgesteld door de bovéngrondse delen (gras), wortels en grond te analyseren.
De op deze wijze niet teruggevonden stikstof werd beschouwd als te zijn ver-
vluchtigd. Op alle onderzochte grondsoorten bleck een aanzienlijk deel
(15-37%) van de toegediende stikstof verloren te zijn gegaan, terwijl ook
wortels en grond nog bemestingsstikstof bevatten (Tabel 6). Er bleek cen
lineaire, negatieve correlatie te bestaan tussen de hoeveelheid stikstof in het
gras en de stikstofverliezen door vervluchtiging (Fig. 1). Alleen in de zoden
afkomstig van veengrond traden bij het hoogste vochtgehalte grotere verliezen
op dan bij het laagste vochtgehalte; op klei- en zandgrond was de invloed van
het vochtgehalte niet significant.

In een tweede experiment met gemerkte stikstof werd de invloed van de
snijfrequentic van het gras op de stikstofverdeling na cen nitraatbemesting na-
gegaan. De snijfrequentie bleek op de verviuchtiging geen invloed te hebben;
daarentegen bevatten wortels en grond meer bemestingsstikstof bij een gerin-
gere snijfrequentie (Tabel 7). Aanwijzingen werden verkregen, dat een deel
van de door het gras opgenomen bemestingsstikstof in een later stadium naar
wortels en grond getransporteerd was en gedeeltelijk door opgenomen bodem-
stikstof vervangen werd (Tabel 8).

In 1959 werden soortgelijke proeven gedaan met zoden van blijvend gras-
land op zandgrond {op 60% van.de watercapaciteit), waaraan gemerkte ni-
traat- en ammoniakstikstof werden toegediend. Stikstofbalansen werden opge-
steld op het moment, dat de minerale stikstof uit de grond verdwenen was
(T} en een maand na deze datum (T1). Verliezen van minerale stikstof traden
zowel op na cen nitraatgift (20 procent) als na een ammoniakgift (9 procent),
zie Tabel 11. Tussen Tq en Ty namen de verliezen niet verder toe, waaruit
bleek, dat geen stikstof door vervluchtiging uit het verouderende gras verloren
was gegaan. In het geval van de nitraatbemesting werden de verliezen toege-
schreven aan denitrificatie. .

Om de invloed van levende planten op de stikstofkringloop (denitrificatie,
mineralisatie en immobilisatic) te Jeren kennen, werden proeven uitgevoerd
met graszoden waarvan de wortels gedood waren. Het bleck, dat in dergelijke
zoden de mineralisatiesnelheid gering was, doch dat deze, door de zoden te ho-
mogeniseren, sterk verhoogd kon worden (Tabel 12). De nitrificatie in de gras-
zoden was geremd in vergelijking met die in de ondergrond, Na toevoeging van
gemerkte nitraat- en ammoniakstikstof aan zoden met gedode wortels, bleken
c}e verliezen door vervluchtiging (9 procent na een nitraatgift en geen ver-
liezen na een ammoniakgif} veel geringer te zijn dan in de proeven met levende
planten (Tabel 14). Het verschil tussen beide systemen werd toegeschreven
aan een stimulerende invloed van levende planten op de denitrificatie. Uit het
experiment met gemerkte stikstof kon tevens worden afgeleid, dat, hoewel na
een toediening van ammoniumsulfaat een aanzienlijke hoeveelheid bemes-
tingsstikstof in de organische fractie van de grond werd vastgelegd, geen toe-
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neming van de lotale hoeveelheid bodemstikstof plaatsvond: Vastlegging in
de organische fractie van de grond bleek uitsluitend het gevolg te zijn van uit-
wisseling van bemestingsstikstof tegen gemineraliscerde bodemstikstof als
gevolg van microbiologische . activiteit (“Turnover”, vergl. ook pag. 8).
Van het nitraat, toegediend aan zoden met dode wortels, werd slechts cen ge-
ring percentage in de “Turnover” betrokken, hetgeen een voorkeur van bo-
dem-micro-organismen voor ammoniakstikstof deed vermoeden. Door middel
van proeven met reincultures van bodemorganismen kon deze hypothese
worden bevestigd (Tabel 15). Voor de waarneming, dat na een nitraatbemes-
ting van zoden met levende wortels, wél een aanzienlijk deel van de bemes-
tingsstikstof in de organische stof van de grond werd teruggevonden (Tabel
6, 11), werd geen verklaring gevonden.

Het waargenomen effect van levende planten op de denitrificatie deed ver-
onderstellen dat deze invloed niet tot blijvend grasland bepetkt zou zijn. Een
vergelijking werd daarom gemaakt tussen stikstofbalansen van potten met
ingezaaid gras en dic van zoden van blijvend grasland, waaraan gemerkte
nitraat- en ammoniakstikstof werden toegedicnd. Zowel in de potten met in-
gezaaid gras, als in die met graszoden, traden stikstofverliezen op (Tabel 17,
18), hetgeen in overeenstemming was met bovengemaakte veronderstelling.
Bovendien bleck, dat tijdens het verouderen van het gras een aanzienlijk deel
van de bemestingsstikstof naar de wortels en soms ook naar de grond werd
getransporteerd (Tabel 19). Hierbij trad in het gras een gedeeltelijke vervan-
ging op van bemestingsstikstof door gemineraliscerde bodemstikstof (Tabel
17, 18).

Uit de in de hoofdstukken III, IV en V vermelde resultaten werd de con-
clusie getrokken, dat levende planten op blijvend grasland de stikstotkring-
loop in de grond in sterke mate beinvloeden, zowel door een verhoging van
de denitrificatie, als door een voortdurende opname en afgifte van stikstof-
verbindingen. Aan de hand van het beschikbare cijfermateriaal werd een me-
thode ontworpen, die het mogelijk maakte, zowel mineralisatie als denitrifica-
tic met behulp van ongemerkte stikstof te bepalen.
= Verondersteld werd, dat het stimulerende effect van levende planten op de
denitrificatie wordt veroorzaakt door de zuurstofconsumptie van wortels en
in de rhizosfeer voorkomende micro-organismen, en door uitscheiding van
stoffen, die tijdens het denitrificatieproces als substraat en waterstofdonors
van de denitrificerende bacterién fungeren. Door de zuufstofopname van zo-
den met levende wortels te vergelijken met die van zoden met dode wortels
(de eerste was 28 maal zo hoog), kon worden aangetoond, dat het effect van
levende planten op de denitrificatie in de eerste plaats dient te worden toe-
geschreven aan een verhoogde zuurstofconsumptie in de ﬂyzosfeer. Twee-
derde van deze verhoogde zuurstofopname bleek voor rekening van de wor-
tels te komen, het resterende deel voor die van de rhizosfeerorganismen.
Daarnaast bleken zowel wortels van Engels raaigras als die van erwten vol-
doende waterstofdonors uit te scheiden om een aanzienlijke denitrificatie mo-
gelijk te maken (Fig. 3, 4). De door erwten uitgescheiden stoffen stimuleerden
de denitrificatie sterker dan die van Engels raaigras. Vermoed werd, dat dit
berustte op een relatief grotere uitscheiding van aminozuren door wortels
van erwten. Uit de verkregen resultaten werd geconcludeerd, dat de rhizosfeer
een ideaal milicu is voor het optreden van denitrificatie (zuurstoftekort, vol-
doende waterstofdonors, grote aantallen denitrificerende organismen en, na
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een bemesting met nitraat, een voortdurende aanvoer van deze verbinding).
Een onderzoek van de micro-organismen, aanwezig in de zode van blijvend
grasland onder verschillende klimatologische omstandigheden, leerde, dat ac-
tinomyceten in het algemeen meer dan 50 procent van de totale populatie
uitmaakten (Tabel 21). De verdeling van de bacterién over Gram-negatieve
staafjes, arthrobacters en bacillen deed vermoeden, dat de bacteriepopulatie
op blijvend grasland als een rhizosfeerflora beschouwd kan worden. Een on-
derzoek naar de voedingsbehoeften van deze bacterieflora bevestigde deze
veronderstelling: een hoog percentage van de bacterién had aminozuren no-
dig voor hun groei of werd sterk door deze verbindingen gestimuleerd (Tabel
22). Onder invloed van een stikstofbemesting nam het aantal micro-organis-

~men in grasland sterk toe (Tabel 23). Deze toename was bijna uvitsluitend het

gevolg van een stijging van het aantal Gram-negaticve staafjes (Tabel 24). De
resultaten gaven aanleiding te veronderstellen, dat onder invloed van een stik-
stofbemesting speciaal de uitscheiding van aminozuren sterk wordt bevorderd.

Van de organismen met denitrificerend vermogen werden in de zode van
blijvend grasland bijna uitsluitend Bacillus-soorten aangetroffen. Van deze

! soorten waren B. cerens en B. cereus var. mycoides verreweg het talrijkst.

Daarnaast werden B. circulans, B. macerans, B. laterosporus en B. coagulans
geisoleerd. Na incubatic onder anadrobe omstandigheden van graszoden,
waaraan nitraat was toegevoegd, bleek de denitrificerende populatie bijna vit-
sluitend uit Pseudomonas-, Achromobacter- en B. macerans-stammen te be-
staan, terwijl B. cereus en andere Bacilius-soorten niet in aantal waren toege-
nomen. Hieruit werd de conclusie getrokken, dat de niet-sporevormende bac-
terién verantwoordelijk zijn voor de denitrificatie in graszoden, terwijl de aan-
wezigheid van de Bacillus-soorten onder normale omstandigheden niet te dan-
ken is aan hun denitrificerend vermogen, doch 2an een andere eigenschap.
Verder werd geconcludeerd dat het aantal denitrificerende organismen in een
grond niets zegt over het denitrificerende vermogen van die grond.
In een aantal Warburg-experimenten, waarin reincultures van denitrifice-
rende bacteri€n samen met nitraat werden toegevoegd aan stericle erwteplan-
ten, kon worden aangetoond, dat de tijdens het denitrificatieproces geisoleer-
de Pseudomonas-, Achromobacter- en B. macerans-stammen in staat waren
wortelexcreties als waterstofdonors voor de denitrificatie te gebruiken (Fig.
5). Daarentegen konden B. cereus, B. licheniformis en enkele andere organis-
men onder deze omstandigheden nitraat niet tot gasvormige producten redu-
ceren, Wel bleek door B. licheniformis een aanzienlijke hoeveelheid nitriet vit
nitraat gevormd te worden met daarnaast een geringe hoeveelheid ammoniak
(Tabel 26). :
. Aangezien de verkregen resultaten deden vermoeden, dat speciaal amino-

zuren een stimulerend effect op het denitrificatieproces in de grond vitoefenen,
- werd een onderzoek ingesteld naar de voedingsbehoeften van de geisoleerde
 denitrificerende organismen. Aminozuren bleken nodig te zijn voor de groei

~ van sommige van deze organismen, terwijl van de resterende stammen, hetzij

groel en gasproductie, hetzij alleen de groei gestimuleerd werd (Tabel 27).
Het was mogelijk de denitrificerende bacterién in twee groepen te verdelen,

.._De organismen van de¢ Ps. geruginosa-groep hadden voor de groei onder anag-

robe omstandigheden steeds nitraat nodig. De organismen van de B. licheni-
formis-groep daarentegen waren in staat onder anaérobe omstandigheden zon-
der nitraat te groeien, wanneer glucose als koolstofbron, werd gebruikt. Met
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glycerol of metkzuur als koolstofbron trad echter alleen bij aanwezigheid van
nifraat groei onder anaérobe omstandigheden op (Tabel 29). Verondersteld
werd, dat nitraat in het laatste geval nodig was om de eerste oxydatietrap van
glycerol en melkzuur mogelijk te maken. Ook in andere opzichten bleken grote
verschillen tussen beide groepen denitrificerende organismen te bestaan. De
droge-stof-preductie tijdens de denitrificatie door soorten van de Ps. aerugi-
nosa-groep was nauwelijks geringer dan die onder agrobe omstandigheden,
Nitraat was binnen enkele dagen uit het medium verdwenen. Bij de organis-
men van de B. licheniformis-groep was de droge-stof-productie tijdens de de-
nitrificatie nooit hoger dan die van de meeste gistingen (vaak lager), terwijl
nitraat meestal na 14 dagen nog in het medium was aan te tonen. De geringe
droge-stof-productie door de organismen van de B. licheniformis-groep doet
verwachten, dat deze organismen tijdens het denitrificatieproces in de grond
in de concurrentiestrijd met de organismen van de Ps. aeruginosa in het nadeel
zijn. .
Om meer gegevens te verkrijgen over de waargenomen verschillen tussen
beide groepen van denitrificerende bacterién, werd het effect van verschillen-
de waterstofdonors op de denitrificatie door Ps. aeruginosa en B, licheniformis
nagegaan, Aan gewassen-cel-suspensies van beide bacterién, die onder anag-
robe omstandigheden waren voorgekweekt op glutaminezuur en glucose, wer-
den glucose, glutaminezuur of een combinatie van beide stoffen als waterstof-
donor toegediend. De cellen werden na toevoeging van nitraat in Warburg-
vaten onder anaérobe omstandigheden geincubeerd. Onder deze omstandig-
heden bracht glutaminezunr bij Ps. aeruginosa een hogere denitrificatiesnel-
heid teweeg dan glucose, terwijl de combinatie van beide stoffen een nog gun-
stiger effect had (Fig. 6). Wanneer nitriet als waterstofacceptor werd gebruikt
inplaats van nitraat, werd een aanzienlijk hogere denitrificatiesnelheid gecon-
stateerd (Fig. 8). Uit de verkregen resultaten kon worden afgeleid, dat niet
de nitraat-reductase-activiteit doch de activiteit van de dehydrogenases, be-
trokken bij de dissimilatie van glucose en glutaminezuur, beperkend was voor
de snelheid van het denitrificatieproces. Het gunstige effect van glutaminezuur
werd veroorzaakt door een relatief snelle -waterstofoverdracht tijdens de
deaminering, waarbij a-ketoglutaarzuur opgehoopt werd. Glutaminezuurde-
hydrogenase was tijdens het denitrificatieproces als constitutief enzym aan-
wezig, terwijl de enzymen betrokken bij de afbraak van glucose, adaptief wer-
den gevormd (Fig. 10, 11).

Met gewassen cellen van B. licheniformis werden geheel andere resultaten
verkregen. Nitraat werd door deze cellen nict tot gasvormige producten ge-
reduceerd (Tabel 31). Wel werd met glucose als waterstofdonor een aanzien-
lijke nitrietproductie gevonden, welke verdubbeld werd, als bovendien gluta-
minezunr werd toegevoegd (Tabel 32). Geen nitriet werd gevormd als giuta-
minezvur afzonderlijk werd toegevoegd. De verkregen resultaten bleken te
berusten op het feit, dat voor de opname van ghitaminezuur onder anagrobe
omstandigheden de aanwezigheid van glucose in het medium noodzakelijk is
(Tabel 33). Merkwaardigerwijs werd giutaminezuur onder aérobe omstandig-
heden wet afzonderlijk gedissimileerd (Fig. 12). Voor de groei van B. licheni-
formis onder anaérobe omstandigheden bleken aminozuren noodzakelijk te
zijn, hetgeen wijst op hogere voedingseisen van deze bacterie dan die van Ps.
aeruginosa. Voor de afbraak van glucose onder anaérobe omstandlghedeﬁ
door B. licheniformis was nitraat niet noodzakelijk (Tabel 35); wel werd bij
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aanwezigheid van deze verbinding meer koolzuurgas geproduceerd dan zon-
der nitraat. Werden de cellen onder anaérobe omstandigheden voorgekweekt
op glycerol inplaats van op glucose, dan nam de nitraat-reductase-activiteit
sterk toe (Tabel 37). Hetzelfde werd bij B. cereus geconstateerd. Bovenge-
noemde resultaten gaven aanleiding te veronderstellen, dat de omstandighe-
den voor een optimale nitraat-reductase-activiteit in de grond voor deze soor-
ten zelden vervuld zulilen zijn. Wel zal dit het geval zijn in blikken met nitraat
behandelde vieeswaren. In enkele oriénterende proeven met groeiende cultures
van B. licheniformis werden tcvens aanwijzingen verkregen, dat de reductie
van nitraat tot N2O een chemisch en niet een biologisch proces is.

Tenslotte werd nagegaan of in de zode van blijvend grasland tijdens het
denitrificaticproces, nitraat tot ammoniak werd gereduceerd en of B. licheni-
formis, die onder bepaalde omstandigheden een reductie tot ammoniak uit-
voert, bij dit proces betrokken was. Gemerkte nitraatstikstof werd toegevoegd
aan kleine zoden van blijvend grasland, die vervolgens ana&roob geincubeerd
werden. Hoewel in vergelijking met het blanco object {zonder nitraat) een
aanzienlijke ammoniakvorming optrad, bleek slechts ! procent van het toe-
gediende nitraat tot ammoniak te worden gereduceerd (Tabel 39). Het over-
grote deel van de ammoniakfractic was door deaminering van organische
stikstofverbindingen gevormd. In een experiment, waarin een reincultuur van
B. licheniformis samen met gemerkte nitraatstikstof aan steriele erwteplanten
werd toegevoegd, werd twee fot drie procent van de gegeven nitraat tot am-
moniak gereduceerd (Tabel 40). Uit deze resultaten werd geconcludeerd, dat
de reductie van nitraat tot ammoniak in Zoden van blijvend grasland van geen
betekenis is en dat de omstandigheden, waaronder B. licheniformis deze re-
ductie uitvoert, in de grond niet voorkomen. Een poging werd ondernomen,
deze omstandigheden nader te karakteriseren. De resultaten van VERHOEVEN,
die sterke ammoniakvorming vond in een weinig geadreerd, glucose bevat-
tend, mineraal medium met nitraat als enige stikstofbron, werden bevestigd
(Tabel 41). Het bleek, dat cellen, die strikt aéroob in een dergelijk medium
waren gekweekt en na uitwassen ana€roob met nitraat werden geincubeerd,
deze verbinding zonder enige adaptaticperiode kwantitatief in ammoniak om-
zetten (Tabel 42). B. subtilis, een strikt aéroob organisme, reduceerde onder
dezelfde omstandigheden nitriet wel, doch nitraat niét tot ammoniak, Wan-
neer de cellen van B. cheniformis agroob op ammoniumnitraat of ammoni-
umsulfaat werden gekweekt, volgde na uitwassen en incubatie onder ana&robe
omstandigheden geen reductie tot ammoniak (Fig. 13). Uit deze resultaten
bleek een nauwe samenhang tussen assimilatorische en dissimilatorische ni-
traatreductie door B. licheniformis. Enige aspecten van nitraatreductie, nl. de
overcenkomst tussen assimilatorische en dissimilatorische nitraatreductie
werden in het kort besproken.
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