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STELLINGEN

De feitelijke stikstofbinding van erwt en tuinboon is lager dan de
potentigle stikstofbinding, hetgeen Bberust op onvoldoende toevoer

van fotoassimilaten.

Dit proefschrift

Het belang van waterstof-oxydatie voor de aktiviteit van nitrogenase
in symbicontische systemen wordt schromelijk overschat.
Evans,H.J. et «f/. 1981, pp. 84 - 96
tn Current perspectives in nitrogen

fixation (eds. A.H. Gibson and W_E.
MNewton) Canberra

Dit proefschrift

Toadiening van stikstofmeststof gedurende de periode van peulvulling kan

de zaadcopbrengst van vroege erwlterassen verhogen.

Sinclair,T.R, and De Wit, C.T. 1976.
Agronomy J. 68 : 319 - 324

De verbouw van gewassen voor de produktie van ethancl als brandstof is

in Nederland zinloos en in ontwikkelingslanden misdadig.

P. van Zijl1, Intermediair 26 juni 1981

Teelt van veldbonen voor eiwitrijk ruwvoer, als tussengewas bij de
herinzaai van grasland, kan in Nederland jaarlijks evenveel energie
pesparen als een stad van 20,000 inwoners verbruikt.

Daar de bouw van rioolwaler-zuiveringsinstallaties in Nederland wrijwel
voltooid is, moet de heffing voor huishoudens op basis van de wet
"Yerontreiniging Opperv?aktewateren' worden afgeschaft teneinde meer

menskracht vrij te maken voor andere taken in het milieubgheer.
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7. Zij die de invoering van referenda bepleiten om aktievoerders de wind
uit de zeilen te nemen, houden er onvoldoende rekening mee dat vaak de
rechtmatigheid van het overheidsbeleid wordt aangevochten en niet
zozeer de steun van de bevolking voor dat beleid,

Couwenberg, S.W., Intermediair 29 mei 1887

8. Bij de recente diskussie over het al dan niet verbieden van politieke
partijen met een racistische inslag zijn de partijen met een theckratische
inslag ten onrechte buiten beschouwing gebleven.

Michiel van Mil

Actual and potential nitrogen fixation in pea and field bean as affected by
combined nitrogen.

Wageningen, 6 november 1981
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VOORWOORD

leder onderzoek is afhankelijk van een samenwerking tussen degene die het
uitvoert en vele anderen. In versterkte mate geldt dit voor een promotie-
onderzoek. Het onderwerp is immers al in grote lijnen bepaald, de vecornaamste
methoden zijn al in huis en het geld komt ook ergens vandaan. Het spreekt dus
eigenlijk vanzelf dat velen mij in woord en daad geholpen hebben.

Het projekt 'Stikstofbemesting van vlinderbloemige gewassen' waaraan ik
vier jaar heb gewerkt, was een lang gekoesterde wensdroom van prof. Mulder.
Zijn steeds weer nieuwe ideegn en kritisch kommentaar zorgden ervoor dat de
vaart er niet uit ging.

Het welslagen van dit onderzoek is ook in belangrijke mate te danken aan
Lie Tek-An die mij veel suggesties gegeven heeft, waaronder de goede greep
in de stammenkocllektie. Frank Houwaard, ex-lotgencot in knollenland, heeft
mij van begin tot einde op vele manieren bijgestaan. Voor adviezen en hulp
met methoden kon ik altijd terecht bij Wim Roelofsen en Antoon Akkermans.

Het ijverige en nauwgezette werken van Piet Dijksman heeft alle stikstof-
analyses van dit proefschrift opgeleverd. De planten werden met toewijding
verzorgd door de heren 0. van Geffen, E. van Velsen en A. Houwers. Annie
Mo1-Rozenboum wiste alle ongewenste sporen van mijn arbeid uit, waarbij geen
overstroming haar te vee! was. De mooie plaatjes werden vervaardigd door de
heren J. van Velzen en A.Wessels. De laatste schakel werd gevormnd door mw.

C. MgTler-Mol die het meestal deerlijk toegetakelde manuscript op uitmuntende
wijze wist om te toveren tot het boekje dat nu voor u ligt.

Graag wil ik iedereen die in de afgelopen jaren meegewerkt heeft van harte
bedanken.

Tenslotte mag niet onvermeld blijven dat het onderzoek voor een aanzienlijk
deel gefinancierd werd door het Landbouwkundig Bureau der Nederlandse Stikstof-
meststoffen Industrie.



GENERAL INTRODUCTION

Grain legumes and provein production

The yield of grain legumes in the past decades has not taken advantage of
modern agricultural growing practices, breeding and research Tike other important
crops, for example cereals. Both in developed and in developing countries, the
yield of grain legumes amounts to less than one-half of that of cereals (Fig. 1)
(24). The Tow yields of grain legumes as compared with cereals can be explained
by the differences in seed composition. Legume seeds contain more lipids and
protein than cereal seeds, and consequently require a higher amount of photo-
synthesized carbohydrates for their synthesis {e.g. with groundnuts and barley
0.43 and 0.75 g of seed produced per g of carbohydrates, respectively) (72).

The rates of yield increase are also different for the two groups of crops: in
the past decade, yields of maize increased by 15%, whereas those of beans
(Phaseolus spp) rose only by 3% (92). However, with the econamically more
attractive soybeans and groundnuts, yield increases amounted to 20 and 37%,
respectively, indicating that grain legumes may respond to research, breeding and
improved management.

The area used for growing grain leqgumes has decreased by 21% in the past
decade in developed countries, whereas in developing countries this area {exclud-
ing that with soybeans and groundnuts) has risen at an equal rate as the total
arable land (approx. 10%). The soybean area in developing countries increased by
55% in this period (FAQ production yearbooks}).

The reduced interest in grain legumes in developed countries is coupled with
an increased consumption of animal protein, as can be seen in Table 1 from the
decreasing ratio of consumed to consumable protein. This ratio is strongly
dependent on income per capita, a high income leading to a high protein consump-
tion as well as a substitution of animal for vegetable protein (29). In devel-
oping countries, population is growing but also agricultural exports are increas-
ing by allocating more land to cash crops. This tends to a change of the type
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Fig. 1a,b. Seed production of cereals (o, ®), pulses (excluding soybeans and
peanuts) (A, 4) and soybeans (o ,m) in developed countries (o, 4,0)
and developing countries (e, A,®). Source: FAD Production Yearbooks.

of crops grown for local food, the high-yielding cereals replacing the low-yield-
ing Tegumes (92). The resulting diet may contain sufficient carbohydrates for
the daily energy requirement, but it is too low in protein. In general, the ratio
(%J of cereals to legumes in the diet of developing countries is 9, whereas it
should be 7 to 5 to prevent malnutrition (16, 92). Thus, a decreasing interest
in grain legumes, occurring in developed countries, is a symptom of an affluent
society, whereas in developing countries it is a sign of a Tow standard of
Tiving.

The agricultural pattern in The Netherlands shows the characteristics of an
affluent society. Together with the build-up of an extensive system of dairy
and meat production, the area of grain legumes shrank considerably, e.g. that



Table 1. Production and consumption of protein in 1965. Source: (29)

Production Consumption Consumed Ratio of

of consumable of consumable protein 2 consumed to

protein 1 protein 1) consumable
protein

(kg/capita. year)

North America 152 104 35 0.34
Western turope 49 81 33 0.4
Developed countries 76 80 34 0.42
{total)

Latin America 47 43 24 0.57
South-East Asia 24 26 19 0.73
Africa 29 26 22 0.85
Developing countries 29 29 21 0.72
(total)

Income class (8)3)

< 100 24 24 19 0.80
100-200 26 27 20 C.73
200-400 32 32 22 0.69
400-800 52 49 29 0.59
800-1600 57 70 33 0.47
> 1600 106 98 35 0.35

1)Plr'otein in vegetable products, fit for human consumption plus protein in
animal products from vegetable fodder not fit for human cconsumption.
2)Fr'om vegetable and animal origin.

3)Countries classified according to average income per capita. year in 1965
based upon data of 85 countries.

of green peas grown for dry-seed production from 30000 ha in 1960 to 2400 ha in
1979, Typically, the area of peas grown for the canning industry increased slowly,
from 5000 ha in 1960 to 5400 ha in 1980, indicating that a Tow-yielding crop
grown for luxury consumption is less affected when income rises. Field beans have
almost disappeared as a food crop, but recently, growers have resumed interest,
now as a feed crop for silage (source: Landbouwcijfers 1980).

Agricultural production in the Netherlands has greatly benefitted by the
increased use of nitrogen fertilizers (97 kg N per ha in 1960, 216 kg N per ha
in 1977, values that are higher than those of other developed countries). However,
with increasing energy prices agricultural practices that use Tower levels of
combined nitrogen than at present are likely to be propagated. This might well
lead to a renewed attention to legume crops in developed countries. In developing
countries, the use of grain legumes in food production will probably also depend
on improved yields of these crops as compared with cereals.



Nitrogen fertilizer use has been of crucial importance to the enhanced
productivity of cereals. One reason for the fact that yields of legume crops
lag behind those of cereals is that in general they do not respond to added
fertilizernitrogen. Combined nitrogen interferes with the biological nitrogen
fixation process of the legume-Rhiszobiwnm symbiosis. Legume ¢rops seem to be
close to a 'yield barrier' resulting from the 1imits of photosynthetic capacity
and of the capacity of nitrogen supply of the symbiotic system. Both aspects
will have to be investigated when attempting to surmount this barrier. Therefore,
in this introduction the data available from the present Jiterature will be
briefly summarized with regard to the nitrogen and carbon Timitations to seed
production of grain legumes.

Nitrogen limitation and combined-nitrogen dressings

If the growth of legumes, capable of fixing atmospheric nitrogen by means of
root nodules, would always be nitrogen-limited, consistent yield increases would
be obtained by the supply of combined nitrogen. However, the data available from
literature on this topic are often conflicting.

Suboptimum symbioses Dressings of combined nitrogen nearly always enhance yield
of legumes growing under circumstances unfavourable for the establishment of a
fully effective, nitrogen-fixing symbiosis,

The formation of root nodules by Rhizcbium strains does not occur at a low
soil pH, the value of which is different for each host species (53), while also
the rhizobial strains may vary in acid tolerance (39, 40). In these cases, yield
of legumes is increased by nitrogen fertiltizer dressings (9, 18). Also, a de-
ficiency of trace elements 1ike B (50) or Mo (52} prevents the development of a
fully effective symbiosis. The addition of combined nitrogen can partly overcome
the resulting nitrogen limitation to growth,

The nitrogen-fixing capacity of the symbiosis might also be impaired by
infestation with plagues and diseases. Combined nitrogen was found to increase
seed yield of pea plants when the root nodules were invaded by Sitona larvae
(50), when the plants ware attacked by Fusariwm (50) or by insects. Lodging of
the plants cannot be alleviated by combined nitrogen but is even aggravated at
high dressings (51).

Legume seed yields can also be decreased if Rhizobiwnm strains are present in
the so0il which do not establish a fully effective symbiosis with the host plant.
Rhizobiuwm strains that produce ineffective nodules (without nitrogen fixation)
or moderately effective nodules (with Tow Tevels of nitrogen fixation)
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considerably reduce the yield of plant nitrogen and seed as compared with
strains which produce highly effective nodules with a specific host plant.
Nitrogen fertilizer dressings may improve yield of plants infected by RAaizobium
strains of poor nitrogen-fixing capacity (27).

Apart from fertilizer dressings, inoculation of the sowing-seed with a
highly effective strain can produce good results if few indigenous rhizobia
are present in the soil (11, 37). However, typical problems may be encountered
with inoculant strains regarding:{a} competition with the indigenous rhizobia
for nodulation sites on the legume roots (42); (b) survival in the scil as
free-1iving bacteria (11, 55); (c) a narrow host-plant range of the inoculant
strain leading to an ineffective symbiosis when a different host species of the
same cross-inoculation group is grown at the inoculated plot (4).

The introduction of new plant varieties to areas outside the region where
they originated may also result in symbioses possessing a poor nitrogen-fixing
capacity with the locally occurring rhizobia (17). Host plants may require a
specific Rhizobium strain for an effective symbiosis, whereas other Rhizchium
strains produce ineffective nodules (41, 42} or inhibit nodule formation by other
strains without producing nodules themselves (43). Mitrogen dressings are likely
to increase yield in all these cases, although no reports are available from
field experiments.

Optimum symbioses It is hardly surprising that yield increases are cbtained by
the supply of combined nitrogen to suboptimum symbioses. To a certain extent,
it is a conseguence of the definition of 'suboptimum', although always specific
factors can be earmarked as being responsible for the low nitrogen gain of the
symbiosis. Therefore, a more interesting problem, at least from a theoretical
point of view, concerns the question whether also the yield of a fully effective
symbiosis with a high rate of nitrogen fixation would respond to combined nitro-
gen. With regard to field experiments many conflicting reports can be found in
the literature, which is not exhaustively treated here.

No enhancement of seed yield was found in trials with combined nitrogen dress-
ings of pea (21, 50); soybean (1, 36, 81, B85, 87) and field bean (Vieiz sp.;
15, 28, 63). But yield increases were met in other experiments, e.g. with soybean
{15, 16, 36); cowpea (14); pea (15, 75); field beans (¥ieia sp.; 65) and beans
{Phaseclus sp.; 79).

In growth chamber and greenhouse experiments, uninoculated Tegume plants
supplied with combined nitrogen from sowing consistently show a higher dry matter
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production than plants inoculated with an effective Rhizobiwm strain but
without added fertilizer. This phenomenon has been attributed to higher energy
costs for the fixation of atmospheric nitrogen than for assimilation of com-
bined nitrogen. It may be true of plants growing with NHE-N, but it has not
convincingly been established that growth with NO%-N would requive much less
energy than symbictic growth with atmospheric N2 {equal costs: 22, 49; Tower
costs of NO3-N assimilation than of N2 fixation: 45, 57, 67, 71). The problem
is complicated by the fact that a considerable part of the nitrate taken up

is reduced to ammonia in the leaves, using reducing equivalents derived from
photosynthetic activity, which thus decrease the respiratory costs of nitrate
reduction (3, 84). On the other hand, a high carbohydrate requirement of
nitrogen-fixing roots might provide a stronger sink for photoassimilates leading
to an increased photosynthesis as more carbohydrates can be exported from the
leaves (44, 66).

The growth rates of nitrogen-fixing plants are usually lower than those of
plants growing with combined nitrogen from sowing. Seedlings grown without
added nitrogenous fertilizer face a period of 'nitrogen hunger' before the
infection process and nedule formation start, whereas seedlings growing with
combined nitrogen maintain a constantly high growth rate (19, 69). Inoculated
seedlings that are supplied with a low level of combined nitrogen {not inter-
fering with nodule formation) produce a higher shoot mass and leaf area which:
are capable of supporting a higher nitrogen-fixing activity than inoculated
seed1ings without added nitrogen {6). This 'starter dose' effect is often aimed
at in agricultural practice {13, 64), but results can only be detected if both
the naturally available nitrogen level of the soil and the residual nitrogen
from the preceding crop are low.

Physiological effect of combined nitrogen on nitrogen fimation

Combined nitrogen exerts a detrimental effect on symbiotic nitrogen fixation,
as was already found in the beginning of nitrogen fixation research (48, 62, 64,
86). However, the exact way in which combined nitrogen suppresses both the
formation of new nodules and the activity of existing nodules, has evoked a
good deal of controversy.

Nodule formation The process of nodule formation by invasion of root hairs by
free-living rhizobia has been described in detail (38). During this complicated
process, Khizobium bacteria enter the root vig an infection thread, induce cell
divisions in the root cortex, and are normally transformed into 1arge?non-motile,
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and often branched bacteroids, capable of fixing nitrogen. The inhibition of
the initiation and growth of nodules by combined nitrogen was shown to be a
local effect in a series of experiments with split-root systems of which one
half was kept nitrogen-free and the other half was supplied with nitrate (50).

The hypothesis that nitrate inhibition of nodule formation would be exerted
via the production of nitrite has to be discarded as this does not explain the
similar effect of ammonium ions (23, 47). Also the theory that the C/N ratio in
the plant determined the extent of nodule formation has to be amplified as it
offers no sufficient physiological interpretation. A relationship between
carbohydrate supply and the effect of combined nitrogen on nodule formation is
apparent (61). The restraint of nodule formation by combined nitrogen was
counteracted by the addition of carbohydrate compounds {91).

Plant growth regulators may play an important part in nodule formation. The
addition of nitrate to legume seedlings decreases root hair curling and nodule
initiation by lowering the level of the auxin indolyl-acetic acid (IAA)(80).
This adverse effect of nitrate could be reversed by external supply of IAA
(54, 82). Furthermore, cytokinins might be involved in the interaction between
host plant and rhizobial microsymbiont, as free-living rhizobia were shown to
excrete sufficiently large quantities of cytokinins to induce cell divisions in
a soybean-callus test (59). Phytohormone activity has been demonstrated both in
nodule formation with actinomycetal symbioses (88) and in rhizobial symbioses
(26, 77, 78) although no clear-cut solution was offered to the problem of
external influences (e.g. combined nitrogen) on the process of infection and
nodule growth, However, nodules contain cytokinins and auxins in concentrations
well above those found in the adjacent root tissue (26), similar to root tips
{70). This indicates that further research into the role of phytchormones in
nodule formation is necessary to elucidate the effect of combined nitrogen on
nodule formation.

Nodule activity The decline of nitrogenase activity upon the supply of combined
nitrogen to already nodulated roots is not due to an accumulation of amino
acids in the nodules (32) or to a direct inhibition of nitrogenase by added
ammonium ions (30) as bacteroids do not take up ammonium ions (33). In medium-
term experiments with nodulated pea plants the nitrogenase content of the
bacteroids was not affected by combined nitrogen; nitrogenase could be re-
activated by supplying the bacteroids with ATP and reducing equivalents (30).

However, leghemoglobin synthesis was strongly repressed resulting in the
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colour of the nodules turning from pink to green {8). The adverse effect of
combined nitrogen on nitrogen fixation of nodulated pea plants could be counter-
acted by a high 1light intensity or by added sucrose (31).

In experiments with shoots of Teguminous plants exposed to 14602, addition
of combined nitrogen evoked a change in the translocation pattern of photo-
synthates from the shoot to the roots, resulting in a lower proportion of
carbohydrates supplied to the nodules and a higher to other parts of the root
system (34, 74). This is consistent with the involvement of plant growth regu-
lators as discussed above. The addition of combined nitrogen enhanced the
cytokinin levels of root tips {68, 83) and probably increased photosynthate
supply to these tips which would in turn lead to a lower supply of carbohydrates
to the nodules.

Carbohydrate limitation to nitrogen fization

As the photosynthate supply of the nodules seems to be of crucial importance
for the explanation of the effect of combined nitrogen on nitrogen fixation, it
is worthwhile to subject the relation between photosynthesis and nitrogen
fixation to a closer examination. The fact that optimum 1egume-Riizobium sym-
bioses do not respond to nitrogen fertilizer dressings in an uneguivocal way,
pointsto the possibility of a photosynthate-limited growth during the entire
growth cycle or part of it. Actually, carbon dioxide enrichment of the atmos-
phere resulted in a strongly increased nitrogen fixation and yield (25, 58).
Furthermore, source-sink manipulations including defoliation and shading
reduced nitrogen fixation (5, 12, 35, 60). The same effect occurred when Tight
intensity was low, whereas an increased light intensity raised nitrogen fixation
{2, 7, 46) as did grafting of two shoots on a single root (76).

However, the 'nitrogen-hunger' period during the early phases of seedling
growth was prolonged and growth was retarded by a high 1ight intensity because
the nitrogen deficiency was aggravated (20, 56, 89). Later on, the plants grown
at high light intensity showed a higher dry matter production as well as a
higher nitrogen fixation than plants grown at a Tower light intensity (89).
Also in the generative growth phase of legumes, an enhancement of photosynthesis
might eventually result in a lower seed yield. A high rate of photosynthesis
would accelerate seed production but also increase the demand for nitrogen,
which would tead to a mobilization of nitrogenous compounds from vegetative
tissues for translocation to the seeds. Thus, photosynthesis would be reduced
soon, in turn lowering nitrogen fixation and ending up in ‘self-destruction’
of the plant (72).
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Outline of the investigations

The investigations reported in this paper are focused on the question
whether growth and yield of legume-Rhizobium symbioses are determined by
nitrogen or carbohydrate limitation, with emphasis on the former. The study
was carried out with Rrizobiwm strains selected for differences in nitrogen-
fixing capacity, and with host species and cultivars with different seed-
production rates and photosynthetic capacities.

In Chapters 1 and 2, the in vitro nitrogenase activity of isolated bacteroids
was compared with the <n vivo nitrogenase activity of nodulated pea and field
bean plants in order to find out whether nitrogen fixation in these plants was
Timited by an intrinsic factor of the bacteria or by external factors, such as
phatosynthate supply. Chapter 3 reports on the efficiency of energy-yielding
respiratory processes in the root system in relation to the nitrogen source
{atmospheric or combined nitrogen). Chapter 4 deals with a study on nitrogen
fixation in a symbiosis containing a hacterial uptake hydrogenase, capable of
recirculating the hydrogen produced by nitrogenase concomitantly with nitrogen
fixation. In Chapter 5, nodule formation and nitrogen-fixing capacity of a
number of R. leguminosarum strains in association with pea plants were described
in detail. Finally, Chapter 6 contains a study on the influence of combined
nitrogen on nitrogen fixation of symbioses of pea plants with the B. iegumin-
osarum Strains studied in Chapter 5. A tentative model was presented for the
interactions between nitrogen fixation and photosynthesis.
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1 ACTUAL AND POTENTIAL NITROGEN FIXATION IN
PISUM SATIVUM L. AND VICIA FABA L.

ABSTRACT

In this study, actual nitrogen fixation of pea (Piewm sativum L.) and
field bean {Visia faba L,), measured as the in vive acetylene reduction of
nodulated roots, was compared with potential nitrogen fixation, measured as
the in vitro acetylene reduction of isolated bacteroids of Rkizobium
leguminosarum. Actual nitrogen fixation of pea and field bean growing in
jars or in the field equalled potential nitrogen fixation during vegetative
growth, In the generative phase, however, the actual nitrogen fixation was
much lower than the potential nitrogen fixation.

In field beans supplied with nitrate at sowing, values of actual and potential
nitrogen fixation were much lower than in those of control plants until pod
formation. Actual nitrogen fixation of nitrate-grown plants increased slowly
due to a gradual formation of nodules on lateral roots. Specific nitrogenase
activities of these nodules were twice as high as compared to nodules on primary
roots. From pod formation, potential nitrogen fixation of nitrate-grown plants
became equal to that of plants grown without added nitrate. A second nitrate
dressing at mid-pod fill causes a ready drop of the actual nitrogen fixation.
However, potential nitrogen fixation remained constant for ten days before
collapsing.

During growth of pea and field bean, nodule mass increased whereas
the available nitrogenase was only partly utilized. Therefore, in the long
run, the amount of nitrogen fixed seems to be regulated by nodule mass
rather than by nodule activity.

From the data presented in this paper it is concluded that in pea and
field bean, vegetative growth is nitrogen-limited, whereas during the generative
stage nitrogen fixation is 1imited by an inadequate carbohydrate supply.
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INTRODUCTION

The question if growth of leguminous crops is restrained by carbon or
nitrogen limitation has since long attracted the attention of many scientists
{e.g. Wilson, 17). In the present paper, attention is focused on the
nitrogen-fixing capacity of the legume-Rhizobiwm symbiosis, in particular
on the guestion whether this capacity is restricted by the amount of
nitrogenase in the plant or by other factors, such as the energy supply of
the enzyme.

Quantitative data on nitrogen fixation by legume-Rhizobium symbioses are
usually derived from momentary acetylene-reducing values of the root system
or from long-term changes in nitrogen content of the plant material. In this
study, the in vivo acetylene reduction by nodulated roots {actual nitrogen
fixation} is compared with the in viiro acetylene reduction by isolated
bacteroids (potential nitrogen fixation). In the latter case ATP and reducing
power are supplied to bacteroids treated with EDTA-toluene (15) to ensure
maximum nitrogenase activity. This in vitro acetylene-reducing technique was
used earlier (Houwaard,8, 9) to assess the influence of ammonia on nitrogen
fixation by bacteroids of Rhizobium leguminosarum in symbiosis with pea plants.
Upon the addition of ammonia to pea plants, the Zn vitro nitrogenase activity
of the bacteroids remained unchanged whereas the in vivo activity declined,
presumably due to a shortage of pheotoassimilates in the nodules.

In the present investigation the in vitro method was used to determine
whether during the growth cycle of leguminous plants the potential nitrogen
fixation differs from the actual nitrogen fixation. Plants used for these
tests were grown under optimum conditions comparable to those of plants
cultivated in agricultural practice, Z.e. in soil and in open air. In such
plants the influence of combined nitrogen on actual and potential nitrogen
fixation has been studied.

MATERIALS AND METHODS

Plant material and growth

Enamelled Mitscherlich jars of 6 liter capacity,sterilized with alcohol,
were filled with a mixture (g) of 1 part of heat-sterilized sand and 2 parts
of non-sterile clay. In preliminary experiments the clay soil, obtained from
newly reclaimed polder land, had been shown to have a very Tow population
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of indigenous R. leguminosarwn. The effective strains PRE and RB1 of
R. leguminosarum were used for peas and field beans, respectively, and the
ineffective strain P§ for both peas and field beans. All strains were
obtained from the culture collection of our laboratory. For inoculation,
50 ml of a 7-days old culture was mixed with 6 liter of scil. A basal dressing
of 540 mg of P205 and 900 mg of KZO was applied per pot.

Seeds of pea (Pisum sativum L., cultivar Rondo) and field bean (Vieia
faba L., cultivar Minica) were surface-sterilized by immersion in a solution
containing 4% of H,0, and a few drops of Teepol {detergent) for 25 min
before sowing. The soil was then covered with sterilized gravel to prevent
clogging after watering. Plants were kept in the open air under wire for
protection against birds. In each jar ultimately 8 pea plants or 3 field
bean plants were retained.

In a separate experiment, field bean seeds were inoculated with R. Zlegmi-
nogarum, strain RB1, and sown in a field plot in rows of 45 cm. A basal
dressing of 18 g of P205 and 29 g of K20 was applied per mz.

Hydrogen production and acetylene reduction by nodulated roots

The shoots of the plants were detached and the roots freed from soil
particles by gentle shaking. The whole root system, or in some cases the
primary and the lateral roots separately, were incubated in stoppered
f-1iter Erlenmeyer flasks. After 25 min, a 100-ul gas sample was assayed
for hydrogen, using a thermal conductivity detector. Subsequently, 100 ml
of acetylene was added and a 100-ul gas sample was taken after 15 min.
Ethylene production was determined with a gas chromatograph equipped with
a hydrogen flame detector. Rates of hydrogen production and acetylene
reduction were linear with time up to 80 min.

Nitrogenase determinations in bacteroids

In vitro nitrogenase activity of bacteroids was determined with the
EDTA-toluene method {EDTA = ethylenediaminetetra-acetic acid) according to
van Straten and Roelofsen (15). After completion of the Zn vive assay, roots
were washed in tap water and the nodules carefully collected. These nodules
were squeezed in a Bergersen press (2) under argon at 0°C in a buffer
solution containing TRIS (50 mM) (TRIS = tris{hydroxymethyl}aminomethane),
MgCl, (2.5 mM), 4% (§) PVP (PVP = polyvinylpyrrolidone) and Na,S,0, (20 mM).
The pH was adjusted to 7.2 with HC1. Bacteroids were centrifuged for 10 min at
5500 x g under argon, washed with a buffer solution (same buffer without PVP)},
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centrifuged again, and resuspended in the buffer solution without PYP (1 ml
of buffer per 80 mg of nodule fresh weight),

Nitrogenase activity of the bacteroids was restored by regeneration at 25°C
for 30 min. Subsequently, 1 ml of buffer containing 1 umole of EDTA and 3 drops
of toluene was added to 1 ml of bacteroid suspension, and the mixture vigorously
shaken for 1 min. After 1 min of settlement,a 0.5-m1 aliquot of the agueouslayer
was transferred to a 16.5-ml1 Hungate tube finally containing 50 umoles of Tris-
HCT1, 15 umoles of MgC]E, 18.4 ymoles of creatine phosphate, 5.6 pmoles of
adenosine-5-triphosphate {disodium salt), 30 ng of creatine kinase and 20 umoles
of Na25204, in a volume of 1.0 m1, pH 7.2. The gas phase consisted of 10%
acetylene in argen. Ethylene productien was measured by flame detection after
10 min incubation on a shaker bath of 25°C, 200 strokes per min.

RESULTS

Nitvogenase activity during ontogenesis

Profiles of actual and potential nitrogen fixation by field beans and peas
growing in jars during ontogenesis are shown in Fig. 1, In field beans, there
was a peak in nitrogenase activity coinciding with the start of the pod-filling
stage. No such a pattern was observed in peas. Both in field beans and in peas,
potential nitrogen fixation was egual to the actual fixation during the vegeta-
tive stage. Startfng from flowering in peas and from pod formation in field
beans, the potential nitrcgen fixation became significantly higher than the
actual fixation in a one-sided t-test at the 0.001 level (14).

Actual nitrogenase activity per plant in field beans was about five times
higher than in peas. The difference was mainly due to the higher nodule weight
of the field bean-FRhizobiwm symbiosis (Fig. 2a), resulting from the higher plant
weight of field beans. The amount of bacteroid protein in field bean nodules
decreased during the growth season from 90 to 40 mg per g of nodule fresh weight
(Fig. 2b). Pea nodules retained a constant Tevel of about 40 mg of bacteroid
protein per g of nodule fresh weight (Fig. 2b).

Based upon the data of Figs. 1, 2a and 2b, the specific activity of nitro-
genase was calculated (Fig. 2c). In pea plants, the decreasing specific
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Fig. 1. Actual (M, @) and potential (@, o) nitrogenase activity of pea (I,0)
and field bean (8, 0) during ontogenesis. Plotted values of actual
nitrogen fixation are means of 2 sets of 8 plants each (pea) and of
2 sets of 3 plants each (field bean). Values of potential nitrogenase
activity per plant were calculated from nodule fresh weight of 3 plants
and triplicate nitrogenase determinations in bacteroids obtained from
a known quantity of nodules. Arrow 1 indicates the start of flowering
in pea and arrow 2 the start of pod formation in field bean.

activity was compensated by an increasing nodule mass, resulting in a constant
level of in vive nitrogenase activity during the growth season (Fig. 1). In
contrast, the peak of nitrogenase activity per plant in field beans was due

to a rise of specific activity as well as to an increased nodular mass.

Effect of combined nitrogen

To study the effect of combined nitrogen on actual and potential nitrogen
fixation, field beans growing in jars were given 1130 mg of N as NaNO3 both

at sowing and at mid-pod i1l {Fig. 3). Actual and potential nitrogen fixation
of nitrate-grown field bean plants were much Tower than those of plants grown
without added nitrate, e.g., at day 62 1.2 and 12.4 umoles of 02H2 reduced/
plant.h (Figs. 3 and 1, respectively). From the beginning of pod formation at

25




2000

1000

Noduhs,mg/mant

"y 0 i 1 1 [ L 1
£2100
Lo
s 2 b
2% sof
52
Qo
E o 1 1 L 1 1 L.
< 1000
c
£
b4
c
z
« 500 |
&
)
E
<
s
I
S 0 I L ] X a1
40 60 80 100 120
Days

Fig. 2 {a). Nodules, fresh weight, mg/plant. Pea (O}, field bean (o0);

means of duplicate determinations.

(b). Bacteroidal protein per unit of fresh weight nodules. Means of
duplicate determinations of pea (0J) and field bean {o).

(c). Nitrogenase, specific activities, umoles CpHa/g of bacteroidal
protein.h; mean values of triplicate determinations, of pea

(én vivo B, in vitro () and field bean {¢n vivo e,

in vitro o).

For start of flowering (pea) and of ped fill (field bean) see
Fig. 1.

day 77, potential nitragen fixation of nitrate-grown plants approached that of
control plants. Actual nitrogen fixation of nitrate-grown plants rose at a
Tower rate, so that the deviation from the potential nitrogen fixation became

more pronounced than in the control plants. For example, at day 89 actual
nitrogen fixation amounted to 29,2 umoles of CZHZ reduced/plant.h as compared
to 36.3 umales of Csz reduced/plant.h in control plants, whereas potential
nitrogen fixation values were 48.8 umoles of CZHZ reduced/plant.h in both cases

(Figs. 1 and 3).
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Fig. 3. Actual (e) and potential (o) nitrogenase activity of field beans
supplied with 1130 mg N as NaNO3 at sowing and at mid-pod fill (arrow).
For sample sizes see legend of Fig. 1.

The second nitrate dressing at mid-pod fi11 drastically Towered the actual
nitrogen fixation {Fig. 3) but left the potential fixation unaffected for 10
days. After that, an almost complete Toss of activity took place within 4 days.

Location of nitrogenase activity ‘

Addition of nitrate at sowing delayed nodule formation by field beans, as
demonstrated in Table 1. The morphology of the root systems of field bean plants,
which possess a well-developed tap root, enabled us to differentiate between
nodules on primary and lateral roots. Owing to the delay in nodule formation,
significantly more nodules were formed on lateral roots of nitrate-grown plants
as compared to plants grown without nitrate (p < 0.05). This resulted in a
considerably larger contribution of the activity of nodules on lateral roots
to total nitrogenase activity in nitrate-grown plants than found in control
plants without added nitrate (p < 0.01). Acetylene-reducing activity of lateral-
root nodules, when calculated per unit of nodule fresh weight, was higher than
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Table 1. Actual nitrogenase activities of nodules from primary and lateral roots
of field beans, as affected by the addition of nitrate at sowing a)

Time A Nodules on Nadules on Contribytion of
{days primary roots lateral roots nodutes on lateral
after roots to total

sowing)  Fresh wt. Nitrogenas? Fresh wt., Nitrogenase nitrogenase
(mg/plant) activity P} (mg/plant) activity b} activity (%)

Without nitrate

62 515 14.9 0 - 0
75 as1 18.4 36 36.9 8
77 973 26.5 85 38.5 10
a9 1570 16.9 306 16.5 14
98 1380 17.3 139 28.0 14
With nitrate

62 0 - 78 16.3 100
75 235 12.4 222 12.4 49
77 407 22.2 353 2.1 56
89 295 20.3 776 29.9 79
98 125 17.5 985 22.4 91

a)Data represent means of duplicate measurements. For statistical inference
see text.
b)

umoles of C2H4/g of nodules fresh weight.h.
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Fig. 4. In vive (e, &) and in vitro {0, A) specific activities of nitrogenase
of bacteroids from primary (e, o) and lateral (&, A) root nodules of
field bean plants grown without added nitrate. Values represent means
of duplicate determinations.
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Table 2. Nitrogenase activity in pea and field bean during the entire growth
period

Nitrogenase activity

Actual (Zn vivo) Potential (in vitro)
Production Fixation Production Fixation Actual as %
of': of : of: of: of potential
N, fixation
C2H4 H2 NZ N2 C2H4 N2 2
(mmoles/ (mg/ (mmoles/ {mg/
plant) plant) plant) plant)
j 2 3 4 5 6 7 8
Experiment I
Pea " 4 106 65 14 132 81 50
Field bean 40 15 374 235 48 447 84 53
Field bean _ 18 4 167 134 35 324 51 41
grown with NO3
Experiment I1
Field bean (jar) 24 1227 127 37 346 66 37
Field bean {field) 31 13 291 174 45 416 70 42

1} In air + 10% CZHZ

2} In air

3) Catculated from 1

4) Calculated from 1 minus 2

6} Calculated from 5

7) Values of 3 as % of those of 6
8) Values of 4 as % of those of 6

that of primary-root nodules in an F test at the 0.05 level (Table 1). When the
nitrogenase activities were expressed per unit of bacteroid protein, differences
between nodules of primary and lateral roots were more significant (p < 0.01)
(Fig. 4). Specific nitrogenase activity of nodules from lateral roots was

often 50-100% higher than that of primary-root nodules.

Actual and potential nitrogen fization

Based upon the momentary data of nitrogenase activity, as presented above,
the amounts of nitrogen fixed during the entire growth period were calculated
{Table 2}. Under the conditions of the in vivo nitfogenase assay with 10% of
acetylene in air, acetylene reduction represents the entire nitrogenase
activity. However, in air, in the absence of acetylene, a fraction of the
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total electron flow through nitrogenase is not used in nitrogen fixation but
gives rise to the production of hydrogen. Therefore, in the calculations of
nitrogen fixation, ethylene production was corrected for hydrogen evolved in
air. A stoichiometrical factor of 3.0 was used to convert acetylene reduction
into nitrogen fixation. For simplicity, nitrogen fixation was assumed te
continue at the same level for 24 h a day.

Actual nitrogen fixation amounted to 51-84% of the potential nitrogen
fixation in the cases studied. When the distribution of energy among hydrogen
production and nitrogen reduction occurring Zn vivo was taken into account,
the actual nitrogen fixation even declined to 37-53% of the potential nitrogen

fixation {Table 2)}.
The data on nitrogen fixation discussed above, were obtained from plants

growing in jars. In a separate experiment field-grown field bean plants were
tested for actual and potential nitrogen fixation (Table 2). In general,
field-grown plants produced more dry matter (not shown) and possessed a
higher level of nitrogen fixation than plants growing in jars. The ratio of
potential to actual nitrogen fixation, however, was equal in both cases.

DISCUSSION

Actual and potential nitrogen fixaiion

The central theme of this paper is the distinction between actual and
potential nitrogen fixation, as calculated from <n vivo and in vitro nitro-
genase activities, respectively. The limitations of the in vivo acetylene
reduction assay of nodulated roots have been extensively discussed by various
authors (5, 10). Therefore, this discussion is restricted to the Zn vitro
method.

A major disadvantage of the EDTA-toluene technique of assaying ir vitro
nitrogenase activity of isolated bacteroids is its sensitivity to oxygen.

Even traces of oxygen irreversibly lower nitrogenase activity. Removing the
plants from the soil might have damaged the nodules.

Explaining the difference between in vive and in vitro nitrogenase activity
as a result of scratching to the nodules is unlikely because oxygen probably
decreases both values of the same degree.

The conditions of the EDTA-toluene method have been carefully optimized (15).
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Nevertheless, the question may be raised whether the in witro activity measured
in this way really is the maximum activity, or that maximum activity is even
higher, as it was recently shawn that electron donors to nitrogenase may differ
in efficiency (16). However, our in vitro method was adequate to demonstrate that
starting from flowering, an excess amount of nitrogenase is present, presumably

not utilized in nitrogen fixation (Figs. 1 and 2c}.
To date, indirect evidence for an excess of nitrogenase in root nodules

has been derived from Arrhenius plots of nitrogenase activity versus temperature
{5, 6), Our direct nitrogenase determinations corroborate this conclusion for
plants in the generative growth phase only. The assumption that below 20°C
nitrogenase content was limiting nitrogen fixation (6) was not substantiated

in the present study in which field beans growing in jars were compared with
those growing in the field. In jars, soil temperatures were almost equal to
ambient air temperature (15-30°C), while in the field at 10 cm depth, soil
temperatures ranged from 13-18°C. However, in jar-grown as well as in field-
grown plants, potential nitrogen fixation was higher than actual nitrogen
fixation (Table 2). '

Addition of nitrate to field beans with full-grown nodules at mid-pod fill
induced an immediate drop of Zn vivo nitrogenase activity, but the in vitre
activity remained unchanged, conformable to the results of Houwaard (8) with
added ammonium chloride to peas. Finally, the <n vitro nitrogenase activity
collapsed within 4 days (Fig. 3}, in accordance with Bisseling et al. (3).

To their estimates, nitrogenase turn-over in R. legumincsarun bacteroids
amounts to 50% within 2 days.

Nodule mass and activity
Dry matter production in pea plants was about five times lower than that
in field beans (data not shown). This difference was also observed in nodule
fresh weight of these plants and in nitrogenase activity per plant (Figs.1, 2a).
Addition of nitrate at sowing mainly reduces nodule mass and not nitrogenase
activity of the nodules (Table 1). Some authors have found that an enhance-
ment of photosynthesis by increasing 1light intensity or atmospheric carbon
dioxide concentration initially increased the nitrogenase activity of the
nodules. However, after several days of treatment, a rise of the nodular mass
accounted for the major part of the increased nitrogen Fixation {1, 11, 12).
Thus, in the long run, nitrogen fixation seems to be regulated by nodule mass
rather than by nodule activity. Nodule formation and growth even continue
when energy supply to the nodules is insufficient for a full utilization of

nitrogenase (Figs. 2a.c).
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The specific {in vitro} nitrogenase activities of nodules on primary and
lateral roots show pronounced differences (Fig. 4). Van den Bos et ai. (4)
demonstrated that the <n vitro nitrogenase activity of mature bacteroids
decreased with age. In the present experiment, lateral-root nodules may have
contained young bacteroids of a higher degree of nitrogen-fixing activity as
compared to the bacteroids of primary-root nodules, which would account for
the higher in vive and in vitro activity of lateral-root nodules as compared
with primary-root nodules.

Nitrogen or carbohydrate limitation

The Zn vitro method of determining nitrogenase activity in bacteroids is
based upon an optimized supply of ATP and reducing equivalents (i5). Therefore,
if the iz piiro activity is higher than the in »ive activity, the difference
may be interpreted in terms of an energy shortage of the nodules. This view
is corroborated by comparing the present results with literature data. During
the generative stage of growth, flower primordia and developing pods act as
carbohydrate sinks, reducing the translccation of photoassimilates to the
root nodules (7). In the present experiments, the potential nitrogen fixation
deviated from the actual fixation from the onset of flowering (pea) or pod
£i11 (field bean) {arrows 1 and 2, respectively, of Fig. 1). Addition of
nitrate also causes a decline of photosynthate translocation to the nodules (13).
Concomitantly, the ratio of the actual to the potential nitrogen fixation is
lower in nitrate-grown plants than in plants growing without combined nitregen
(Fig. 3).

If our interpretation of the physiological significance of potential nitrogen
fixation is correct, then leguminous plants are growing under nitrogen-limi-
tation during the vegetative stage. During the generative stage nitrogen fix-
ation is limited by carbohydrate supply leading to excess of nitrogenase in
the nodules. During the growth cycle of the legumes the average nitrogenase
utilization amounted to 66 - 81% in the absence of combined nitrogen (Table 2}.
Therefore, in order to increase yields of lequme~Rhizobium symbioses, efforts
should probably be directed to the utilization of the entire potential nitrogen
fixation by the enhancement of photosynthesis, rather than by creating Rhizobium
strains of a higher nitrogen-fixing capacity.
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2 ACTUAL AND POTENTIAL NITROGEN FIXATION BY PEA
ROOT NODULES AS AFFECTED BY CYTOKININ AND
ETHYLENE

ABSTRACT

In this paper, the irn wivo nitrogenase activity (actual nitrogen fixation)
of nodulated pea roots {Piswnm sativwm L.) has been compared with the in vitro
nitrogenase activity (potential nitrogen fixation) of bacteroids of two strains
of Bhizobium leguminosarum,one with and one without hydrogenase. The actual
nitrogen fixation of nedules of 28 days old plants, kept in a growth chamber,
amounted to 77-82% of the potential nitrogen fixation. Treatment of the nodules
or the lower leaves with benzyladenine, a synthetic cytokinin, raised the
nitrogenase activity of pea plants to 100% of the potential value. Ethephon, an
ethylene-releasing compound,raised the nitrogen fixation of pea plants only
when it was supplied to the nodules. The beneficial effect of both ethephon and
benzyladenine on nitrogen fixation was maximal after 2 days and decreased after-
wards.

Addition of nitrate to the nutrient solution (final concentration 10 mM)
decreased the actual nitrogen fixation of the nodules to 55% of the potential
nitrogen fixation of the bacteroids within 48 hours. Simultaneous addition of
benzyladenine to the nodules counteracted the nitrate effect, raising the actual
nitrogen fixation to 81% of the potential value.

Treatment with benzyladenine raised the energy supply to the nodules, as it
was Shown in translocation experiments with assimilated 14C02. No quantitative
relationship between energy supply and nitrogenase activity was found.

INTRODUCTICN
Until now, 1ittle attention has been paid to the question whether all or
only part of the nitrogenase present in Rhizobium bacteroids of Teguminous root

nodules is active during growth of the legume under various environmental con-
ditions.
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