
AN ABSTRACT OF THE THESIS OF

David Andrews Dalton for the degree of Doctor of Philosophy

in Botany and Plant Pathology

presented on May 6, 1986

Title : Investigations into the Physiology of Nitrogen

Fixation: Part I. Nickel Metabolism of Plants and Bacteria

Part II. Peroxide Scavenging in Soybean Root Nodules

Abstract approved:
v

(Harold J. Evans)

Redacted for privacy

PART I. The concentration of nickel in some soils may be

insufficient to meet the requirements of enzymes such as

urease in soybeans and hydrogenase in Rhizobium. Nickel

availability in soils was examined by measuring microbial

urease activity in soils which were treated with glucose

and urea. Supplemental nickel was also added to some soil

samples. In one low-nickel soil (total Ni 13 ppm) urease

activity increased 150% in response to additional nickel,

while other soils (total Ni 22-3491 ppm) failed to respond

to nickel. However, additional nickel did stimulate urease

activity up to 109% in 3 out of 10 soils to which purified

CaCO
3
was added. Nickel fertilization increased leaf



urease and nodule hydrogenase activities of soybeans grown

in low-nickel soil.

The nickel requirements of red alder (Alnus rubra)

were examined in purified solution culture. Nickel-

deficient plants had substantially lower urease activity in

leaves.

Urease was found to be produced by free-living

Rhizobium and by bacteroids isolated from soybean nodules.

Nickel-deficient cultures had much lower urease activity,

and reduced growth and protein concentration when grown

with urea as the sole nitrogen source. Urease from

B.japonicum was partially purified and characterized.

PART II. The critical problem of oxygen toxicity for

nitrogen-fixing organisms may be related to damage caused

by oxygen radicals and peroxides. An enzymatic mechanism

is described for removal of peroxides in root nodules of

soybean (Glycine max). The system utilizes ascorbate as an

antioxidant and glutathione as a reductant to regenerate

ascorbate from dehydroascorbate. The enzymes involved are

ascorbate peroxidase, dehydroascorbate reductase, and

glutathione reductase. Glutathione peroxidase was not

detected.
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INVESTIGATIONS INTO THE PHYSIOLOGY OF NITROGEN FIXATION

PART I. NICKEL METABOLISM OF PLANTS AND BACTERIA

PART II. PEROXIDE SCAVENGING IN SOYBEAN ROOT NODULES

INTRODUCTION

Nickel is an essential component of two enzymes of

importance in nitrogen-fixing symbioses: urease and

hydrogenase. The purpose of the work reported in Part I of

this thesis was to investigate the role of nickel in the

mineral nutrition of plants and bacteria, particularly as

it relates to nitrogen fixation. Because little

information is available on the nutrient status of nickel

in the soil, the initial approach was to examine various

soils for nickel content and availability. Procedures were

developed which used microbial urease activity as a

bioassay to screen for potential nickel deficiency in the

soil. The effects of nickel on urease activity in soybeans

(Glycine max), red alder (Alnus rubra), and several species

of Rhizobium were examined. The urease from Bradyrhizobium

japonicum was partially purified and characterized. The

nickel requirements of hydrogenase in soybean and alder

nodules were also examined.

The work presented in Part II of this thesis began as

an extension of the trace element work presented in Part I.

The original goal was to examine soybean nodules for a

possible selenium requirement that might be associated with

glutathione peroxidase, an important enzyme in mammals for
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removal of peroxides. No glutathione peroxidase activity

was detected. However, an alternative enzymatic system for

scavenging of H202 was discovered which is similar to that

which operates in chloroplasts and cyanobacteria. This is

the first report of such a system from nodules.
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PART I. NICKEL METABOLISM OF PLANTS AND BACTERIA

INTRODUCTION

Nickel has traditionally been considered of no major

biological significance except for its toxicity at high

concentrations. Evidence has been accumulating that nickel

is required for growth of some prokaryotic organisms and

may be beneficial to some plants and animals. The

biological importance of nickel has been the topic of

several recent reviews (Thauer et al., 1980; Thomson, 1982;

and Welch, 1981). In some cases, especially in animals,

the metabolic functions of nickel are not precisely

understood, but nickel requirements for several enzymes of

microbial origin have been documented.

Nickel has also been reported to improve the growth of

several higher plants (Mishra and Kar, 1974), but the

reasons for its stimulatory effects are not clear. Nickel

is a component of urease in higher plants (Dixon et al.,

1975, and Fishbein et al., 1976) and at least some

microorganisms (Schneider and Kaltwasser, 1984). The role

of urease in normal plant metabolism may be somewhat

limited because many plants do not contain significant

amounts of urease or urea-related compounds. Even when

urease is present, its precise metabolic function is

unclear.

The possible essentiality of nickel is of special

interest in the case of nitrogen-fixing plants for two
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reasons. Some nitrogen-fixing symbioses--including legumes

such as Glycine and Phaseolus-- contain substantial amounts

of ureides in the form of allantoin and allantoic acid.

Large amounts of the urea-related amino acid citrulline are

found in alder (Alnus). These compounds play an important

role in nitrogen cycling and transport of nitrogen from

nodules into other plant parts (Thomas and Schrader, 1981;

Leaf et al., 1958). Considerable research has recently

been directed at resolving the metabolic pathways involved

in the catabolism of ureides in legumes. Of critical

concern has been the role of urea as an intermediate

product. The assimilation of this urea-nitrogen requires

hydrolysis by urease and consequently is nickel dependent.

The second known role of nickel in the physiology of

nitrogen-fixing plants involves H2 recycling. The

nitrogenase reaction invariably produces H2 in addition to

the more beneficial product, NH3. The efficiency of

nitrogen fixation in some legumes is decreased by the

evolution of H
2

from nodules. This process results in the

loss of energy that might otherwise be utilized for

dinitrogen reduction. The efficiency of nitrogen fixation

can be improved by recycling of the H2 within the nodule by

an uptake hydrogenase system in which ATP is generated by

the oxidation of H
2

(Schubert and Evans, 1976).

Hydrogenase from Bradyrhizobium is a nickel-containing

enzyme (Arp, 1985; Harker et al., 1984) and hydrogenase
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activity in soybean nodules is diminished when the supply

of nickel is inadequate (Klucas et al., 1983).
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SURVEY OF LITERATURE

Nickel Levels and Toxicity in Plants

Nickel is an almost universal constituent of plant

tissue. This is a consequence of its widespread

distribution in almost all types of geological substrates.

The nickel content of most plants is in the range of 0.05

to 5.0 ppm on a dry weight basis (Vanselow, 1966).

In the past, interest in the effects of nickel on

plants has largely centered on toxicity. Some plants

(e.g. oats, hops, tomatoes, and sweet peppers) are

especially sensitive to nickel damage and develop necrosis

and chlorosis when exposed to nutrient solutions containing

nickel concentrations as low as 1 ppm (Mishra and Kar,

1974). The fundamental cause of nickel toxicity has been

attributed to interference with metabolism of iron (Crooke

and Knight, 1955) and copper (Mizuno, 1968). Although

these explanations are useful, they are too narrow to

totally account for the full range of plant responses to

nickel.

Nickel toxicity is especially prevalent in soils

derived from ultramafic parent materials such as

serpentinite and peridotite. The vegetation on these soils

is typically dwarfed and widely spaced when compared to

plants on contiguous soils with more favorable mineral

composition. There is a high frequency of species that are
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endemic and/or tolerant of heavy metals and mineral

imbalances (Kruckeberg, 1984).

Some plant species found on serpentine soils can

accumulate large amounts of nickel. Nickel concentrations

in the tissues of these "hyperaccumulators" may exceed the

concentration in the soil and sometimes reaches levels in

excess of 10,000 ppm. Of the approximately 120 species

that have been identified as hyperaccumulators, more than

half are in the Brassicaceae (Reeves et al., 1983).

The primary physiological consequence of such high

nickel content appears to be that the nickel must be

sequestered in vacuoles to prevent enzyme inactivation.

This is accomplished by chelating agents such as malic and

malonic acids which are present at elevated levels (Brooks

et al., 1981).

Beneficial Effects of Nickel on Plant Growth

In contrast to the well-documented toxic effects of

nickel on plants, there are relatively few reports of

favorable plant responses to nickel. Small amounts of

nickel have been observed to stimulate the growth of pine

seedlings, wheat, cotton, peas, grape vines and sunflowers

(Mishra and Kar, 1974). In most cases the beneficial

effects are slight and the physiological basis for the

responses are unclear. Seeds of several important crop

plants (soybean, pea, bean, and wheat) have increased
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germination rates when treated with low levels of nickel

(Mishra and Kar, 1974). Some of these plant reactions may

be misleading because the benefits may have been derived

from the fungicidal properties of nickel salts rather than

from any role of nickel in mineral nutrition.

Bertrand and DeWolff (1973) observed that nickel was

more abundant in legume nodules than in roots. Limited

field trials in a low-nickel soil resulted in an 83%

increase in nodule weight and a 26% increase in seed yield

in response to fertilization with nickel. These increases

were presumed to be due to enhanced performance by

bacteroids because cultures of free-living Bradyrhizobium

also showed slightly improved growth in response to nickel.

Nickel has sometimes been considered as an essential

nutrient for "hyperaccumulators" such as several species of

Alyssum. These plants are specifically adapted to soils

enriched with nickel ore. Mishra and Kar (1974) reported

that at least some of these plants grow poorly in soils

which lack high concentrations of nickel, however, no

supporting data were provided.

There are a few reports of nickel requirements among

non-vascular plants. At least some species of Chlorella

require nickel (Bertrand and DeWolf, 1967; Soeder and

Engelmann, 1984). Low concentrations of nickel stimulate

growth of the thallose liverwort Marchantia (Lepp and

Hockenhull, 1983).
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In general, the beneficial effects of nickel on plant

growth are not clearly established. Beneficial effects are

marginal and the physiological basis for these responses is

unclear.

The Role of Nickel in Plant Ureases

The first confirmed biological role of nickel was

discovered independently by Dixon et al. (1975) and

Fishbein et al. (1976), who reported that nickel was a

component of the enzyme urease isolated from jackbean

(Canavalia ensiformis). Urease (urea amidohydrolyase E.C.

3.5.1.5) catalyses the following reaction:

H2O + H
2
N-C-NH

2
CO

2
+ 2NH

3H

0

Shortly after the discovery of the nickel requirement of

urease, several reports appeared which demonstrated the

essentiality of nickel for urea metabolism in higher

plants. Polacco (1977a)reported that 10 mM citrate

severely restricted the growth of soybean tissue cultures

when cultured with urea as a sole nitrogen source. The

addition of 10 pM Ni50
4
completely eliminated this citrate

toxicity. The toxicity was apparently due to the ability

of citrate to chelate nickel and thus to prevent urease

apoenzyme from obtaining an adequate supply of this

essential element. These effects of citrate and nickel

were not observed when nitrogen was provided as NH3.



10

Supplemental nickel also overcomes citrate inhibition of

urease activity in tobacco and rice tissue cultures. This

led Polacco (1977b) to suggest that nickel may be a

universal component of plant ureases.

Similar findings were reported by Gordon et al.

(1978), who found that urea-dependent growth of Lemna

paucicostata was approximately doubled by the addition of

NiC12. Chelating agents such as EDTA and citrate reduced

nickel availability.

Eskew et al. (1983 and 1984) used nutrient solutions

purified by 8-hydroxyquinoline chromatography to

investigate the effects of nickel deficiency on soybean and

cowpea plants. Nickel deprivation resulted in delayed

nodulation, decreased early growth, and necrotic lesions on

leaf tips. The lesions were caused by toxic concentrations

of urea which had accumulated as a result of insufficient

urease activity. Neither Al, Cd, Sn, nor V were able to

substitute for nickel. The amount of nickel required for

normal metabolism was determined to be 0.03 to 0.07 nmoles

per g dry tissue weight, a much lower amount than is

required for any other known essential element.

Klucas et al. (1983) also examined the nickel

requirements of soybeans using purified nutrient solutions.

Supplemental nickel resulted in a 7- to 10-fold increase in

urease activity of leaves of plants grown with either N2 or

NO
3. Yield (total dry matter) and N content were not
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affected by nickel treatments. The addition of Sn, Pb, Cr,

and V had no effect on urease activity.

The exact form in which nickel occurs in urease is not

certain. Fishbein et al. (1976) estimated the nickel

content at 6-8 atoms/mole enzyme (based on 16 subunits with

a combined molecular weight of 480,000). Dixon et al.

(1980a and 1980b) reported a value of 2 nickel atoms per

subunit and determined that the nickel was located at the

active site. Winkler et al. (1983) found that apourease

synthesis does not require the presence of nickel. Nickel-

deficient apoprotein was not activiated by nickel in vitro,

but seed imbibition of nickel salts led to a gradual

reconstitution of activity even when protein synthesis was

arrested by cycloheximide. These observations led to the

suggestion that a nickel cofactor may be involved.

Distribution and Function of Urease in Plants

Urease is widespread in plants and microorganisms, but

its distribution is not universal. The precise metabolic

role of urease is not clear. Urea is the only known

natural substrate for urease, but detectable amounts of

free urea are rarely, if ever, found in plants (Reinbothe

and Mothes, 1962). However, the ureido group (NH2-CO-NH-)

is found in three compounds that are abundant in some

plants: citrulline, allantoin, and allantoic acid. Urease

is often found in the same plants and is presumed to act
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upon urea generated by degradation of these compounds.

Definitive evidence for this logical association is,

however, often lacking (Bollard, 1959).

The ureides allantoin and allantoic acid are

particularly abundant in the families Aceraceae,

Leguminosae, and Boraginaceae. Citrulline is especially

common in the Leguminosae, Poaceae, and Cucurbitaceae.

Urease is often present in high levels in these same

families, especially the Leguminosae and Cucurbitaceae.

Some seeds contain large amounts of urease. For example,

jackbean seeds contain up to 0.12 % of their dry weight as

urease, soybean seeds up to 0.01 % (Bollard, 1959).

This large amount of urease in these seeds probably

far exceeds the amount required for enzymatic functions.

Williams (1950) suggested that urease may function as a

storage protein. Urease has remarkable stability and

resistance to environmental extremes. These properties

lend further credence to a putative storage function.

Soybeans and several other legumes, such as cowpeas

and Phaseolus spp., transport nitrogen from root nodules to

other plant parts in the form of allantoin and allantoic

acid (Thomas and Schrader, 1981). The synthesis of these

ureides proceeds in nodules via de novo synthesis and

aerobic degradation of purines (Reynolds et al., 1982).

The pathway of ureide degradation in plants has not been

definitively resolved. Several possible pathways have been
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proposed (Thomas and Schrader, 1981, and Figure 1). The

simplest proposal asserts that each molecule of allantoic

acid is degraded into two molecules of urea and one

molecule of glyoxylate in reactions catalyzed by the

enzymes allantoicase (allantoate amidinohydrolase, E.C.

3.5.3.4) and ureidoglycolase (ureidoglycolate lyase E.C.

4.3.2.3). The urea would then be hydrolyzed by urease and

the ammonia thus released would be incorporated into amino

acids.

Atkins et al.(1982) provided supporting evidence for

this pathway by feeding 14C-allantoin to cowpea shoots and

following the appearance of the radiolabel in various

compounds. The evolution of 14CO2 and the appearance of

14C-urea in tissue extracts suggested degradation by the

allantoicase reaction. 15N labelling was used to

demonstrate the incorporation of ureide-nitrogen into amino

acids, especially asparagine and glutamate. Coker and

Schaefer (1985) used double labelling with 15N and 14C to

demonstrate that all C-N bonds are broken during

assimilation of allantoin. This observation is also

consistent with degradation by the allantoicase reaction.

Further evidence for this pathway was provided by Shelp and

Ireland (1985) who reported that the production of NH3 and

CO
2
showed an approximate 2:1 stoichiometry when soybean

leaf pieces are supplied with 14C-allantoin.

Acetohydroxamate, a potent urease inhibitor, effectively
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prevented this production of NH3 and CO2 and led to the

accumulation of
14C-urea in leaf tissue.

These observations, along with the apparent presence

of allantoicase in plants (Thomas and Schrader, 1981), has

led to the general assumption that allantoin degradation

involves the allantoicase reaction and yields only

glyoxylate and urea. The evidence for this pathway has

not, however, been absolutely conclusive and has recently

been seriously questioned. Winkler et al. (1985) presented

convincing evidence of an alternate method of allantoin

degradation. This pathway involves the enzyme allantoate

amidohydrolase (E.C. 3.5.3.9, also called allantoate

deiminase) and results in the production of 2NH3, CO2 and

ureidoglycolate with a proposed intermediate of

ureidoglycine (Figure 1). The ureidoglycolate is then

degraded into urea and glyoxylate. This system has been

found in several microorganisms including Streptococcus,

Pseuodomonas, and Penicillium (Thomas and Schrader, 1981).
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Allantoic acid

Urea + Ureidoglycolic NH
3

+ CO
2
+ Ureidoglycine

acid

if 2

Glyoxylic + Urea NH
3
+ Ureidoglycolic

acid acid

Urea + Glyoxylic
acid

Enzymes: 1, Allantoicase; 2, Ureidoglycolase; 3, Allantoate
amidohydrolase

Figure. 1. Possible metabolic pathways of ureide
degradation (adapted from Thomas and Schrader, 1981).

An important characteristic of this pathway is that

two of the four nitrogen atoms originally present in each

allantoin molecule are released directly as NH3 without the

involvement of urea or urease. Winkler et al. presented

several strong lines of evidence to verify the presence of

this system in soybean seed coats. The initial products of

allantoate breakdown were found to be labile glyoxylate

derivatives, NH3, CO2, and a very low level of urea. The

addition of urease to these samples led only to a very

slight increase in CO2 production. Phenyl

phosphordiamidate (PPD), a powerful urease inhibitor, did

not substantially reduce CO2 evolution. The urease-

independent CO2 and NH3 production and the low amounts of
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urea produced are consistent with allantoin degradation by

amidohydrolase and not by allantoicase. Acetohydroxamate,

the urease inhibitor used as evidence for the allantoicase

reaction by Shelp and Ireland, was found to be a non-

specific inhibitor which also blocked the amidohydrolase

reaction.

Although degradation of each allantoic acid molecule

by amidohydrolase produces two molecules of NH3, the other

two nitrogen atoms originally present in allantoic acid are

degraded into urea. Polacco et al. (1985) demonstrated

that the addition of the urease inhibitor PPD to soybean

seeds results in a gradual accumulation of urea from

allantoic acid. The low amounts of urea reported by

Winkler et al. are the result of shorter incubation times

at lower temperatures. Under these conditions, the initial

products of allantoin degradation are predominant. Urea

production occurs at later stages of degradation. This

interpretation of ureide catabolism is consistent with

observations that soybean tissue cultures are capable of

utilizing allantoin as the sole source of nitrogen even

when urease inhibitors are present (Stahlhut and Widholm,

1985) or when urease activity is severely restricted due to

nickel deficiency (Polacco et al., 1982).

In summary, ureide degradation in plants such as

soybeans appears to involve the enzyme allantoate

amidohydrolase with half of the nitrogen being released as
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NH
3
and the other half as urea. Subsequent utilization of

this urea-nitrogen requires hydrolysis by urease.

Nickel Requirements of Microorganisms

Nickel has a clearly established role in several

microbial proteins. Urease from a number of different

microorganisms has been found to be a nickel enzyme.

Spears et al. (1978) observed that rumen bacteria require

nickel, presumably as a result of their dependence on urea

from the host animal as an important source of nitrogen.

Nickel is essential for growth with urea as a nitrogen

source for Arthrobacter oxydans, Klebsiella aerogenes, and

Sporosarcina ureae (Schneider and Kaltwasser, 1984). EDTA

(a strong nickel chelator) inhibited growth of these

microorganisms on urea, but the addition of 10 nM NiC12

eliminated this inhibition. Urease from A. oxydans was

subsequently found to co-purify with 63
Ni. The nickel

content was estimated to be 0.5 mol Ni/ mol urease.

Phaeodactylum tricornutum (Bacillariophyceae) and

Tetraselmis subcordiformis (Chlorophyceae) are unicellular

marine algae which have nickel-dependent urease activity

(Rees and Bekheet, 1982). The addition of nickel to

nickel-deficient cultures of these algae resulted in up to

a 30-fold increase in urease activity.

Similar deficiency studies have suggested that urease

from Penicillin is a nickel-containing enzyme (Polacco,
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1977b). The addition of EDTA severely restricted urea-

supported growth of this fungus. The EDTA inhibition was

reversed by the addition of 0.01 mM NiSO4. EDTA had no

effect when NH4 was provided as the nitrogen source.
4

Mackay and Pateman (1980) isolated a mutant of Aspergillus

nidulans that was unable to utilize urea under normal

cultural conditions. Wild type Aspergillus had high urease

activity and grew well on unpurified media containing urea,

apparently obtaining sufficient nickel from impurities.

The addition of 0.1 mM NiSO4 restored urease activity and

ability to grow on urea to the urease-deficient mutant. It

was suggested that this mutant lacked the ability to

produce a hypothetical cofactor and that high

concentrations of nickel somehow compensated for this

impairment. Another feasible explanation is that of a

defective nickel transport system.

Van Baalen and O'Donnell (1978) isolated a species of

Oscillatoria which had an absolute requirement for nickel.

The reason for this nickel requirement was not established,

but urease was apparently not involved because nickel was

required for NH4 -supported growth.

There are several unusual metabolic pathways in

prokaryotes which involve nickel-dependent enzymes.

Knallgas bacteria are distinguished by their ability to

carry out the Knallgas reaction:

2H
2

0
2

--010-2H
2
0
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These bacteria, which include representatives from genera

such as Alcaligenes, Xanthobacter, Pseudomonas, and

Arthrobacter, can grow on H2, 02, and CO2 as the sole

energy and carbon sources. This autotrophic growth is

specifically dependent on nickel (Bartha and Ordal, 1965;

Tabillion et al., 1980). These bacteria can also grow

heterotrophically, but such growth is not dependent on

nickel. The Knallgas reaction requires an initial

activation of H
2
by the enzyme hydrogenase. Nickel has

been detected in hydrogenases from several species of

Knallgas bacteria (Friedrich et al., 1982; Pinkwart et

al., 1983).

A nickel requirement has also been established for

hydrogenases from other microorganisms including:

Rhodopseudomonas capsulata (Takakuwa and Wall, 1981);

Azotobacter chroococcum (Partridge and Yates, 1982);

Methanobacterium thermoautotrophicum (Graf and Thauer,

1981); Desulfovibrio gigas (Camnack et al., 1982); and

Vibrio succinogenes (Unden et al., 1982). The nickel

requirement of hydrogenases is, however, not universal.

Mortensen and Adams (1984) purified two types of

hydrogenases from Clostridium pasteurianum. These proteins

did not contain detectable amounts of nickel.

Hydrogenase is also present in some Rhizobium and

Bradyrhizobium strains where it functions in H
2
recycling

in legume nodules. Hanus et al. (1979) reported that
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strains of Bradyrhizobium japonicum which possess H2-uptake

ability are capable of free-living autotrophic growth using

H2, 02, and CO2 as sole sources of energy and carbon.

Under these conditions, nickel is required for growth and

expression of hydrogenase activity (Klucas et al., 1983).

Harker et al. (1984) and Stults et al. (1984) purified

hydrogenase from free-living Bradyrhizobium japonicum and

demonstrated co-migration of hydrogenase and radioactive

6 .

3N1 on nondenaturing electrophoretic gels. Arp (1984)

purified hydrogenase from Bradyrhizobium bacteroids

isolated from soybean nodules and reported a nickel content

of 0.59 mol Ni/mol hydrogenase.

Nickel is also required by an unusual group of

anaerobic bacteria that reduce CO
2

to acetate. Examples

from this group of acetogenic bacteria are Clostridium

thermoaceticum, C. aceticum, and Acetobacterium woodii

(Thauer et al., 1980). One of the enzymes involved in the

reduction of CO
2

is carbon monoxide dehydrogenase. This

enzyme has been purified form C. thermoaceticum and found

to contain nickel, possibly in the form of a low molecular

weight cofactor (Drake et al., 1980).

Methanogenic bacteria are another group of unique

bacteria that require nickel. Methanogens, such as

Methanobacterium thermoautotrophicum, use a methyl group as

a terminal electron acceptor, thus reducing it to methane.

Wolfe (1985) has recently reviewed this complex biochemical
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process which involves six new cofactors and a new method

of fixing CO2. One of these cofactors, termed Factor 430

or F
430'

contains nickel. This cofactor is probably

involved in the methyl reductase reaction in which methane

is produced. Factor 430 has been identified as a

tetrapyrrole containing one firmly bound nickel atom (Pfalz

et al., 1982). This is the only confirmed example of a

nickel cofactor.

Although nickel is clearly essential for the microbial

processes described above, the amounts required are quite

small. Toxicity may result if these levels are exceeded.

Some of the microbial processes which are sensitive to

nickel toxicity are DNA replication, transcription,

translation, photosynthesis, nitrogen fixation, respiration

and fermentation (Babich and Stotzky, 1983).

Natural Distribution of Nickel

Because of the limited scope and recent discovery of

the biological significance of nickel, few references are

available on the nutrient status of nickel in soils. In

the past, consideration of nickel content of soils has been

limited to toxicity problems associated with nickel-rich

soils, such as those derived from serpentine.

The input of nickel into the atmosphere from emission

sources is estimated to be 8.5 x 10
6 kg/year on a global

scale. Wind-blown dusts and volcanic activity are the
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major sources of this nickel. Anthropogenic sources,

primarily from fossil fuel combustion and nickel refining,

are estimated to contribute 43 x 10 6 kg/year. Soils in the

vicinity of nickel refining operations and, to a lesser

extent, along heavily traveled roads have elevated nickel

contents (Bennett, 1982).

Although nickel is the fifth most abundant element on

earth, most of it lies in the earth's mantle and core. Its

average concentration in the earth's crust is approximately

86 ppm but the actual distribution is very heterogeneous

and ranges from less than 1 ppm in some sandstones to

40,000 ppm in nickel ores (Duke, 1980). The average

concentration for soil-is approximately 40 ppm (Brooks,

1983).

Comprehensive data on soil nickel distribution are

generally not available. A nationwide survey of nickel and

other elements has been initiated by the Soil Conservation

Service of the United States Department of Agriculture, but

the results are not yet available (personal communication,

George Holmgren, National Soil Survey Laboratory, Lincoln,

Ne). Preliminary data indicate average nickel

concentrations of 25 to 45 ppm in the Pacific Northwest.

Distinctly lower concentrations occur often in the

southeastern United States (1 to 15 ppm).

Most of the nickel in igneous parent material occurs

in ferromagnesians, where it replaces Fe (Norrish, 1975).
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During weathering, nickel may combine with silica to form

garnierites which are up to 10% nickel. Norrish notes that

the chemical form and mineral interactions of nickel in the

soil are largely unknown but speculates that most of the

available nickel is derived from Mn and Fe oxides.

Hickey (1982) examined the chemical forms of nickel in

some contaminated soils. Fifty five per cent of soil

nickel was found to be present in a non-extractable residue

that corresponded to uncharacterized parent materials. Fe-

Mn oxides contained 26% of the nickel. Lower amounts were

present as carbonates. Even in these contaminated soils,

only a small fraction of the nickel was present in an

exchangeable form, as measured by displacement with 1 M

MgC12.

Nickel Solubility

The chemical form of nickel in the soil is poorly

defined and varies widely depending upon mineral

composition and pH. Dissolution and precipitation of trace

elements in the soil can be analyzed by solubility

constants, but the solid phase must first be identified.

Very little work has been done in this regard for nickel.

Most discussions on this subject involve unsubstantiated

speculations on a wide range of possible compounds,

including phosphates, carbonates, silicates, oxides, and

hydroxides. Availability of nickel in these compounds is
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markedly reduced at neutral and alkaline pH. Even if

precipitation products are identified, further analysis may

be complicated by the lack of equilibrium solubility data.

Such data are not available for a large number of trace

metal minerals (Mattigod et al., 1981).

Published stability constants are generally not

adequate to explain nickel solubility (Martell and Smith,

1974). For example, NiHPO4 does not control solubility at

even at high pH and low phosphate concentration.

Similarly, the log Kso for NiCO3 (-6.87) is sufficiently

large such that this compound does not control nickel

solubility in most soils. The solubility of NiCO3 is about

100 ppm at atmospheric CO2 and 25 °C. For highly anaerobic,

waterlogged soils, nickel sulfide (log Kso =-22.9) may

limit solubility.

Although nickel salts are generally soluble, some work

has suggested that free Ni+2 sorption may be reduced in

some soils by the formation of simple, inorganic complexes

(e.g. NiC1
x'

NiS0
4'

Bowman et al., 1981 and Bowman and

O'Conner, 1982). Mobility of nickel may be increased by

these complexes, which have lower charges and thus are

bound less tightly to soil colloids. It is unlikely,

however, that these complexes are important in normal soil

because observation of desorption effects requires high

concentration of free Ni+2 (>10 ppm) and anions (3500 ppm
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of Cl). Such concentrations are likely to be encountered

only in polluted soils.

Some insight into the factors controlling nickel

solubility has been provided by attempts to identify

precipitation products of nickel in controlled solutions

(Pratt et al., 1964). Precipitation of Ni(OH)
2
drastically

reduces availability at pH values of 8 and higher.

Titration with nickel-saturated clay showed that free

nickel was removed at pH values of 9 and higher. Since

such a high pH is unusual in soils, it was felt that

hydroxides were not a controlling factor. Potential

phosphate reactions were examined by mixing NiC1
2

and

KH
2
PO

4
and then adjusting the pH with NaOH. At a pH value

of 6 an amorphous precipitate formed that was identified as

6NiHP0
4
.Ni(OH)

2
.7H

2
0 or 4NiHP0

4
.Ni

3
(PO

4
)

2
.9H

2
O. After

incubation for 12 weeks, the precipitate crystallized as

Ni
3
(PO

4
)

2
.8H

2
O. Nickel solubility in most soils is in the

range of 0.005 to 0.050 ppm. Such low concentrations could

not be explained by the phosphate precipitates obtained, so

it was suggested that some other compounds, such as

silicates, might control nickel solubility in soils.

Richter (1978) thoroughly investigated nickel

speciation in soil solutions. Three compounds were

identified as being likely to complex with nickel: FeOOH,

Mn0x, and SiO2. Possible binding arrangement was suggested

to be in the following form:
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Oxides of manganese were effective in removing almost

all nickel from solution, even at low pH values. Iron and

silica oxides were also effective, but only at higher pH

values (Figure 2). Richter concluded that the high metal

scavenging capacity of manganese oxides was due to "self-

induced oxidation/reduction processes" made possible by the

multiple valences of Mn. It could not be determined if the

mechanism of removal was adsorption or oxide precipitation.

Published solubility constants and the computerized

equilibrium model REDEQL2 were insufficient to describe

nickel solubility.

Jenne (1968) extensively reviewed the control of

nickel concentrations in soils and also concluded that

hydrous oxides of Mn and Fe are the governing substances.

Other possible controls (e.g. chelation by organic matter

or precipitation as carbonates, oxides, or hydroxides )

were thoroughly discussed and then dismissed as minor

components of considerably less significance. Iron and

mangenese oxides are almost universally present in soils,

but critical stability constants for their metal complexes

are not available. The situation is further complicated by

the occurrence of approximately 40 different oxides of Mn
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and Fe and the fact that metal complexes are amorphous and

difficult to precisely define.

A pH value of 6 or above seems to be the critical

level for removal of Mn, Zn, Cu, and Ni by hydrous oxides.

This corresponds very well with the observed decrease in

solubilities as shown in Figure 2. Numerous field studies

have shown deficiencies or inhibition of toxicity of these

metals can occur when the soil pH is adjusted to a value of

6 or above. This effect is due not only to oxide removal,

but also, to a lesser extent, to formation of heavy metal-

organic matter complexes. Although Mn and Fe oxides are

responsible for removing trace metals from soil solution,

they are also the principal reservoir from which these

metals enter into the soil solution. Soils deficient in Mn

and Fe lack this storage capacity and frequently also show

deficiencies in Co, Zn, Mo, or B.

McKenzie (1972) examined the sorption of nickel and

other heavy metals by several oxides of Mn including

partridgeite (Mn203), manganite (MnOOH), hausmannite

(Mn304), and manganosite (MnO). The relative amount of

metals sorbed varied with the form of manganese mineral

present. Free Ni+2 was removed from solution, but

generally less completely than was Co, Zn, or Cu. Removal

was at least partly due to replacement of Mn(II) in the

crystal lattice. This substitution results in increased

stability due to higher crystal field stabilization energy.
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Both thermodynamic considerations and experimental evidence

suggests that while Ni
+2 may undergo some lattice

substitution, other metals, especially Co, are much more

likely to do so.

Taylor and McKenzie (1966) provided further evidence

for the importance of Mn oxides in controlling free nickel

concentrations in soils. Extraction of Mn minerals from

widely different soil types in Australia resulted in

accompanying high concentrations other trace elements such

as Ni, Co, Mo, Ba, Zn, V, Cr, and Pb. This was ascribed to

the removal of nickel from soil solution by Mn oxides and

then subsequent crystallization into mineral form.

In summary, nickel is present in most soils in a

variety of forms. Availability is severely restricted at

pH values above 6.0 due to chemical precipitation reactions

with undefined oxides of Fe, Mn, and Si. These pH-

dependent reactions may be more important than the mineral

composition or the total nickel content in determining the

bioavailability of nickel.
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NICKEL AVAILABILITY IN SOILS

INTRODUCTION

The status of nickel as a soil nutrient has received

little attention because the biological roles of nickel

have only recently been established and the amounts of

nickel required for normal plant growth are exceedingly

small. The identification of soils with potential nickel

deficiencies is complicated by a dearth of information on

the general distribution of nickel in soils. The purpose

of the work reported here was to examine a range of soils

to determine if the nickel supply was sufficient to meet

biological demands. A convenient procedure was developed

to screen for soils with a low nickel content. This

procedure was based on the response of soil microbial

urease to soil amendments with supplemental nickel, glucose

and urea. This bioassay was used to identify a soil with

low nickel availability. Soybean plants were subsequently

grown in this soil and the effects of nickel fertilization

were observed on the activities of urease in leaves and

hydrogenase in isolated bacteroids.
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MATERIALS AND METHODS

Purification Procedures

Only polyethylene, polypropylene, polystyrene, or

Pyrex glass containers were used because of the risk of

contamination from traces of nickel. Plastic equipment was

presoaked in 2 N HC1 for a minimum of 2 h. Glassware was

presoaked in a mixture of 9 M H2SO4 and 7.5 M HNO3. Water

used in all aspects of the experiments, including final

rinsing of containers and equipment, was purified by double

distillation in a glass still followed by passage through a

mixed-bed ion exchange column (Klucas et al., 1983). Acid-

washed polyvinyl gloves were used for handling soil or

equipment. Solutions used in soil treatments were purified

by 3 extractions with 0.02% diphenylthiocarbazone

(dithiozone) in CHC13, followed by 7 extractions with

redistilled CHC1
3

(Klucas et al., 1983).

Soil Collection and Analysis

Soils were collected at nine sites in western Oregon

and one site in eastern North Carolina. A precise

description of the location of collecting sites is included

in Appendix 1. An acid-washed plastic (PVC) pipe, with one

end angled to function as a cutting edge, was used to

collect soil samples to a depth of 15 cm. Samples were

transported in large plastic buckets lined with acid-washed

plastic bags. All samples were passed through an acid-

washed plastic screen with 4 mm square holes. Before
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chemical analyses, soils were oven dried and lightly ground

with an acid-washed glass mortar and pestle.

Extractable nickel was determined using

diethylenetriamine pentaacetic acid (DPTA) as a chelating

agent (Berg and Gardner, 1978). The nickel content was

determined on a Jarrell-Ash inductively coupled argon

plasma (ICAP-9000) atomic emission spectrometer with a

detection limit of 0.01 ppm.

Total nickel was analyzed using a modified acid

digestion procedure (Sheets, 1981 and Volk et al., 1982).

Soil samples (0.5 g oven dry) were digested in 250 ml

polycarbonate bottles containing concentrated acids as

follows: 3.5 ml of HF, 1.5 ml of HC1 and 2 ml of HNO3. The

bottles were sealed and placed in a shaker bath at 50°C.

After 24 h, 43 ml of 1.5% H3B03 were added. The bottles

were returned to the shaker bath for 2-3 h. The samples

were cooled and filtered using Whatman no. 50 hardened

filter paper and an acid-washed Buchner funnel. Nickel

content was determined by ICAP spectrometry and was

corrected for traces of nickel detected in reagent blanks.

Each soil was assayed in duplicate for both total and

extractable nickel. The individual value for each

preparation was determined by the average of three

exposures in the spectrometer.

Soil Urease Assay

Microbial urease activity was determined on 25-g (dry
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wt. basis) soil samples after the addition of 12.5 ml of a

purified solution containing 50 mg of glucose and 2.85 mg

of urea. For experiments in which the soil pH was

adjusted, a suspension of purified CaCO3 was also added.

The purified CaCO3 suspension was prepared by repeated

centrifugation and washing of the precipitate formed by

combining purified solutions of KHCO3 and CaC12. The CaC1
2

solution was purified separately with diphenylthiocarbazone

as described earlier. The KHCO
3
solution was purified by

similar extraction procedures except that 1% 8-

hydroxyquinoline was used instead of diphenylthiocarbazone

and the pH was 8.3. The quantity of CaCO3 added to soil

samples was based on lime requirements which were

determined by soil test buffer methods to be sufficient to

bring the pH to 6.8 (Shoemaker et al., 1961). To determine

if supplemental nickel could stimulate urease activity,

some glucose/urea solutions also contained NiC12. The

concentration of Ni in most treatments was 0.5 mM (0.25

umol Ni g soil -1 ), although concentration effects were

examined in Wagram soil (no. 10) in a range from 10
-1 M to

10
-9

M (from 50 to 5 x 10-7 limo' Ni g soil
-1

). After

stirring, the soil suspensions were vacuum filtered on a

Buchner funnel until all free water was removed. Each soil

sample was then placed in an acid-washed polystyrene petri

dish and incubated at 27°C for up to 9 days. This time

interval will be referred to as the "preincubation" period.
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To prevent soil from drying, the petri dishes were sealed

inside a desiccator containing water in the bottom.

Soil urease activity was determined by measurement of

the rate of evolution of 14CO
2

from [

14C]-urea. A one-g

(dry wt basis) sample of each soil was placed in a plastic

scintillation vial along with 4-5 glass beads and 0.3 ml of

1 M
14C-urea (specific activity 3.4 pCi/mmol) in 5 mM HEPES

at pH 7.1. After considering the initial soil moisture and

the volume of the urea solution that was added, the total

soil water volume was brought to 1 ml by the addition of 5

mM HEPES. The vials were incubated at 37 °C for 1 h in a

shaker bath. Released 14CO
2
was trapped on a filter paper

disc containing 0.15 ml of 25% (W/V) KOH. The disc was

placed in a second scintillation vial, which was inverted

and screwed onto the top of the assay vial. The reaction

was terminated after 1 h by the addition of 1 ml of 10 N

H
2
SO

4
into the assay vial. The vials were then returned to

the shaker bath for another 30 min to trap any additional

14CO
2
released by the acidification of the soil sample.

The top vial was then removed and the contents analyzed by

liquid scintillation counting. Four complete urease assays

were performed for each soil treatment at both time zero

(when the glucose and urea were added) and again after 3

days of preincubation. In soils in which there was an

apparent response to nickel, the experiments were repeated

at least twice on separate soil samples to provide more

precise values. A simplified schematic summary of the soil
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urease assay is shown in Figure 3.

Soybean Plant Experiments

Soybean seeds (Glycine max (L.) Merr cv. Williams )

were surface sterilized (Klucas et al., 1983) and rinsed

with purified, sterilized water. Four seeds were planted

in each of 20 2-liter acid-cleaned polyethylene containers

filled with Wagram soil (no. 10 in Table 1). The seeds

were inoculated with Bradyrhizobium japonicum USDA 122 DES

(Ruiz-Argueso et al., 1979) that had been grown in purified

medium without nickel (Klucas et al., 1983). After

germination, seedlings were thinned to 2 per container.

The plants were watered daily with purified water. A

purified nutrient solution (Klucas et al., 1983) without

fixed nitrogen was applied once every 2 weeks. The plants

were divided into 4 randomized blocks with 5 replicates

each. The four treatments consisted of nutrient solutions

that contained NiC1
2
in the following concentrations: 0 M,

10
-7 M, 10 -5 M, and 10-3 M. Plants were grown in a growth

chamber with a 16 h, 25°C day and an 8 h, 16°C night. The

light intensity was 165 pE m-2. sec-1. Cotyledons were

removed from all plants 14 days after germination. The

initial shoots were excised just above the first primary

leaf at 29 days. The procedure was repeated at 52 days by

excising all lateral branches just above the lowermost

primary leaf. Leaf urease activity was determined at each

cutting and at the final harvest (100 days) by measuring
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Figure 3. Schematic summary of procedure used for soil

microbial urease assay. See Materials and Method section

of text for details.
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the rate of evolution of 14CO
2
from leaf discs in a

solution of [

14C]-urea (Klucas et al., 1983).

Ureide contents of leaves plus petioles were

determined at the second cutback and the final harvest.

Freeze-dried samples were extracted with 75% ethanol.

Ureides were chemically cleaved to yield glyoxylate, which

was detected by a colorimetric reaction with

phenylhydrazine hydrochloride (Young and Conway 1942).

Hydrogen uptake was measured amperometrically on bacteroids

isolated from nodules collected at the second cutback and

the final harvest (Hanus et al., 1978). Protein contents

of bacteroids were determined using a microbiuret method

(Eisbrenner and Evans, 1982). Total nitrogen content of

leaves plus petioles was determined by a Kjeldahl procedure

(Bergersen, 1980).

After the final harvest, leaves, stems, roots, and

nodules were analyzed for nickel and iron content. In an

effort to remove contaminating soil, roots and nodules were

soaked in 0.05% Triton X-100 and then 0.1 N HC1. This was

followed by repeated rinsing in purified water. One-g

samples of oven-dried plant tissue were thoroughly ground

by mortar and pestle and then ashed at 500°C for 6 h.

After cooling, digestion was completed by adding 5 ml of

20% HNO3. After 3-5 h, each sample was mixed well with 15

ml of distilled water and allowed to stand overnight.

Nickel and iron contents were analyzed by atomic emission

spectrometry. Control experiments with reagent blanks
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indicated that this process did not introduce measurable

nickel contamination.
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RESULTS

Soil Experiments

The total nickel content in non-serpentine soils

varied from 13 to 96 ppm (Table 1). Extractable nickel

ranged from 0.08 to 0.50 ppm and was not correlated with

the total nickel content. The soil from North Carolina

(no. 10) had the lowest values for both extractable and

total nickel. The serpentine soil (no. 9) had a very high

nickel content, indicative of the nickel toxicity which is

common in these soils.

Urease activity was present in all soils (Table 2).

Immediately after glucose and urea amendments, urease

activity varied from 0.31 to 6.74 pmol
14CO

2
dry soil-1

h
-1

. As expected, urease activity was increased in all

soils by preincubation after the addition of glucose and

urea. The rate of increase varied, but generally reached a

maximum value after 3 days of preincubation (Figure 4).

Urease activity remained at this elevated level for 7 to 8

days and then began to decline slowly. For comparison of

soils, urease activities were determined after a 3-day

preincubation period. Urease activities varied from 0.54

to 10.36 pmol 14CO
2

g dry soil
-1.h -1 (Table 2). Although

there were substantial differences in urease activities

among soils, these were not related to the indigenous total

or extractable nickel contents of soils. Furthermore, the

addition of supplemental nickel (0.25 pmol Ni g dry

soil-1) had no significant effect on urease activity in



Table 1. Nickel content and description of selected soils.

Soil

number

Series Description Parent

material

Nickel content

Extractable Total

(PPm)

1 Nehalem silt loam sandstone 0.37 54

2 Bohannon gravelly loam sandstone 0.24 54

3 n.d. gravelly loam sandstone 0.15 48

4 Nelscott loam coastal deposits 0.37 27

5 Delake silt loam marine deposits 0.31 25

6 Hembre silt loam basalt 0.17 96

7 Gearhart loamy fine sand marine deposits 0.50 35

8 Blacklock fine sandy loam marine deposits 0.37 22

9 Eightlar clayey-skeletal serpentinite 188.68 3491

10 Wagram loamy sand marine deposits 0.08 13

See Appendix 1 for locations of collection sites. Soils were processed by

extraction with DTPA or be digestion with HF, HC1, and HNO3. Duplicate

samples were prepared for both the extractable and the total assays. Ni

content of each preparation was determined by triplicate exposure in an

atomic emission spectrometer. Each value shown above is the mean of the

six individual determinations.

n.d., not determined



Table 2. The effect of adding nickel on microbial urease activity of soils without pH

adjustment.

Soil Soil Urease activity Urease activity after

number pH at time zero 3 days preincubation

Without Ni With Ni Without Ni With Ni

(pmoles
14CO

2
g dry soil-1 h

-1
)

1 5.6 2.39 2.34 8.17 7.59
2 4.8 4.28 4.52 7.27 6.74
3 4.5 0.31 0.32 0.59 0.54
4 4.8 1.78 1.94 2.50 2.62
5 4.4 1.90 2.52 3.70 3.25
6 4.6 6.02 6.74 10.36 10.32
7 4.9 1.30 1.47 2.16 2.21
8 4.4 0.40 0.46 0.62 0.65
9 6.8 0.62 0.72 1.17 1.26

10 6.2 0.35 0.34 1.00 2.50a

Soils were treated with a solution containing glucose (2 mg g dry soil-1), urea (114 pg.

g dry soil-1 ), and NiC12 (0.25 pmole g dry soil -1 ). The pH values were determined

after three days preincubation. Urease activity was assayed by measuring the evolution

of
14 CO

2
from [

14C]-urea.

aSignificance level of Ni-treated vs. untreated soil no. 10 was 0.005. All other

differences were not significant. All values are the mean of four replicates. When 12
.t,

replicates of soil no. 10 were treated with and without Ni, the increase in urease

activity caused by the nickel addition was significant at the 0.001 level.
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Figure 4. Microbial urease activity in Wagram soil (no. 10) following the addition of

glucose and urea. Nickel treatment was 5 pmoles Ni.g dry soil -1
. Data based on 4

replicates. Bars are ±1 S.E.
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most soils. However, in the Wagram soil (no. 10), urease

activity increased from 1.00 pmol
14CO2 g dry soil-1 h-1

when no nickel was added to 2.50 pmol 14CO
2

g dry soil-1

h-1 when 0.25 pmol Ni g dry soil-1 was added.

Soil that was sterilized by autoclaving for 1 h or by

the addition of toluene (2 ml/25 g dry soil) showed

extremely low urease activity 1 h after treatment. The

activity of sterilized soils did not increase after

incubation with glucose and urea for 3 days. These results

indicate that the observed increases in urease activity of

unsterilized soil samples were due to enzymatic activity

associated with microbial growth.

Since nickel availability in soil is limited at pH

values above 6, the urease response to supplemental nickel

was examined in soil samples in which the pH was increased

by treatment with purified CaCO3. Under these conditions,

the urease activity in three soils (nos. 1,3,and 10) showed

significant response to supplemental nickel (Table 3). The

response was greatest in soil no. 3 (adjusted to pH 7.1),

in which additional nickel increased urease activity 109%.

At their native pH values, soil nos. 1 (native pH of 5.6)

and 3 (native pH of 4.5) did not show a nickel response.

The concentration of nickel required for maximum

urease activity was determined for soil no. 10. Inhibition

was observed at 50 pmol Ni g dry soil-1 (2940 pg Ni g

dry soil -1 ), but maximum urease activity occurred at a

surprisingly high concentration of 5 pmol Ni g dry soil -1



Table 3. The effect of adding nickel on microbial urease activity of limed soils.

Soil Soil Urease activity

number pH at time zero

Urease activity after

3 days preincubation

Without Ni With Ni Without Ni With Ni

(pmoles
14

CO
2
.g dry soil -1 .h-1 )

1 6.4 1.13 1.30 4.96 5.92
a

2 7.3 2.26 2.11 7.02
73 7.1 0.27 0.25 0.74 1.*

4 7.3 2.03 2.25 3.43 3.39
5 4.6 1.99 2.18 2.50 2.89
6 5.6 7.76 8.02 11.74 11.74
7 7.0 1.61 1.54 2.43 2.38
8 6.4 0.44 0.47 2.23 2.33
9 7.2 0.59 0.79 1.06 1.08

10 6.4 0.30 0.26 0.72 1.03
a

Soils were treated with a solution containing glucose (2 mg. g dry soil-1), urea (114 pg

g dry soil-1 ), and NiC12 (0.25 pmole g dry soil -1
). All soils received purified CaCO3

in amounts that were estimated to be required to adjust the pH to 6.8. The pH values

were determined after three days preincubation. Urease activity was assayed by

measuring the evolution of 14CO
2

from [14 C]-urea.
a
Significance levels of Ni-treated vs. untreated soils were as follows: soil no. 1,

0.01; soil no.3, 0.001; soil no. 10, 0.025. All other differences were not significant.

All values are the mean of four replicates.
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(Figure 5). Considerable stimulation was also observed at

0.5 pmol Ni. g dry soil
-1

. Analysis by atomic emission

spectrometry of the filtrate after treatment showed that

most of the added nickel was immobilized after addition to

the soil. In the case of the addition of 0.25 pmol Ni. g

dry soil -1, 98.8% of the nickel was retained by the soil

and the remainder was in the filtrate.

The specificity of the nickel response was examined in

soil no. 10. The addition of Co+2, Mn+2, Fe+2, or Cu+2 (as

chloride salts) resulted in no significant stimulation of

urease activity in the concentration range in which Ni+2

was effective (Figure 6). The addition of these metals at

a level of 5 pmol g dry soil -1 was usually inhibitory,

especially with Cu+2 and Co +2 . The same concentration of

Ni
+2 resulted in maximum stimulation.

Soybean Plant Experiments

Urease activity in leaves increased in all treatments

as the plants aged (Table 4). For each age class (29, 52,

and 100 days), the urease activity was higher in leaves

from plants which had received the highest level of

additional nickel (10
-3

M). The greatest difference was

observed in 100-day old plants in which plants treated with

10
-3 M nickel showed a 97% increase in leaf urease activity

when compared to plants receiving no additional nickel.

High levels of additional nickel increased hydrogenase

activity 45% in bacteroids isolated from nodules of 52-day
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Figure 5. The effect of supplemental nickel concentration on urease activity in

Wagram soil (no. 10) after 3 days pre-incubation with glucose and urea. Data based on 4

replicates. Bars are ±1 S.E.
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Table 4. The effect of nickel fertilization on urease activity in

soybean leaves.

Concentration of NiC1
2

Urease activity after:

in nutrient solution 29 days 52 days 100 days

(M) (umoles 14CO2, g-1 h
-1

)

0

10-7

10-5

10-3

Significance level

2.95 ±0.3

2.72 ±0.3

2.68 ±0.1

4.17 ±0.3

0.03

3.11 ±0.3

2.95 ±0.2

3.86 ±0.4

5.10 ±0.5

0.03

7.79

7.43

12.95

15.35

0.001

±0.5

±0.9

±0.5

±1.0

Soybean plants were grown in 2-liter polyethylene containers filled

with Wagram soil. Nutrient solution, with nickel concentrations as

indicated, was supplied at two-week intervals. Urease activity was

measured by evolution of 14CO
2

from [

14C]-urea. Samples were assayed

at the indicated days after planting. Each value is the mean of five

replicates ±1 S.E.
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old plants (Table 5). However, the stimulatory effects of

nickel on hydrogenase were not evident at the final

harvest, perhaps due to accumulation of toxic levels of

nickel at the highest application rates.

The reduced enzyme activities at lower nickel levels

had no apparent adverse effects. Plants without

supplemental nickel showed no decline in the dry weights of

shoots, roots, or nodules. There was also no significant

effect on the total nitrogen content (3.37-3.69%) or the

ureide content (1.71-3.13 mg allantoin/g dry wt) of leaves

plus petioles at the final harvest (Appendices 2 and 3).

The only visible effect of nickel treatment was toxicity

symptoms at the 10 -3 M level. These plants became

moderately chlorotic and produced significantly lower dry

weight yields of roots and shoots at final harvest.

Nickel content was 1.3 to 19 times higher in nodules

than in stems, leaves, or roots at the final harvest (Table

6). The iron content varied among these different tissues

(Appendix 4), but the concentration of iron apparently was

not influenced by any of the nickel treatments except for a

slightly higher iron content in stems of plants receiving

the highest nickel supplement.



Table 5. The effect of nickel fertilization on hydrogenase

activity in bacteroids isolated from soybean root nodules.

Concentration of NiC1
2

H
2
uptake after:

in nutrient solution 52 days 100_days

(M) (nmoles H2. mg protein min

0

10
-7

10
-5

10
-3

21.9

17.0

26.1

31.7

±3.1

±2.5

±2.0

±4.7

21.9

22.2

25.7

18.4

±1.5

±2.7

±2.9

±1.2

Significance level 0.03 n.s.

See legend of Table 4 for details of experiment. H2 uptake

was measured amperometrically on isolated bacteroids. Each

value is the mean of five replicates ±1 S.E.

n.s., not significant

)



Table 6. Nickel concentration in soybean tissues at final harvest (100 days after

planting).

Concentration of NiC1
2

Nickel content of tissue

in nutrient solution leaves stems roots nodules

(M) (ppm)

0

10-7

10-5

10-3

0.56

0.68

2.12

58.42

±0.1

±0.1

±0.2

±9.4

0.66

0.76

1.04

22.04

±0.1

±0.2

±0.1

±4.2

0.98

1.08

3.40

148.65

±0.1

±0.1

±0.5

±12.6

1.38

1.58

4.28

425.8

±0.1

±0.1

±0.3

±18.1

Significance level 0.001 0.001 0.001 0.001

See legend of Table 4 for details of experiment. Plant tissues were ashed and analyzed

by atomic emission spectrometry. Each value is the mean of 5 replicates ±1 S.E.
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DISCUSSION

Soil Experiments

Relatively little information is available on the

status of nickel in agricultural soils. In the past,

primary emphasis has been given to nickel content of soils

where toxicity problems have been encountered, such as in

serpentine soils. Comprehensive data on the nickel

content of soils are generally not available. The values

reported in Table 1 are typical for soils from the

northwestern United States, where nickel concentrations

average 25-45 ppm. Sandy soils, particularly in the

southeastern United States, often have very low nickel

concentrations of 1-15 ppm (personal communication, G.

Holmgren, National Soil Survey Laboratory, USDA, Lincoln,

Nb). Soil no. 10 (nickel concentration = 13 ppm) is

representative of soils of this type, although many soils

from this region have nickel contents even lower than 13

ppm.

There was no obvious relationship between indigenous

nickel content of soils and their microbial urease

activity. Urease activity has been shown to vary with soil

organic matter (Tabatabai, 1977) and type of vegetation

(Pancholy and Rice, 1972). These and undoubtedly other

unknown factors may be responsible for the observed

differences in urease activity between different soils.

The nickel-induced increase in urease activity in soil

no. 10 suggests that this soil does not contain sufficient
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nickel to fulfill biological requirements during peak

demands. The supply of nickel in this soil is probably

limited by the modest nickel content as well as the high

pH. Nickel is less available at high pH values (Jenne,

1968). The unamended pH of this soil was 6.2, the highest

of all soils examined except for the serpentine soil. It

is probable this soil was limed prior to collection. This

soil was collected from a field that was in current use for

tobacco production. The nickel-induced increases in urease

activity in soil nos. 1,3, and 10 after liming (Table 3)

are probably also due to reduced nickel availability at

higher pH.

Free nickel concentration in soil is controlled

primarily by precipitation reactions with hydrous oxides of

manganese and iron which are almost universally present in

soils (Jenne, 1968). The situation is complicated by the

occurrence of about 40 different oxides of these two

elements. The metal complexes are amorphous and difficult

to precisely define.

Other factors for controlling nickel availability may

operate under some special situations involving polluted,

serpentine, or alkaline soils. Insoluble nickel phosphates

form at a pH of 5 or higher and insoluble nickel hydroxides

form at pH values greater than 8 (Pratt et al., 1964).

These compounds, however, do not adequately explain the

observed behavior of nickel in most soils.
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Removal of heavy metals by hydrous oxides of manganese

and iron is also greatly increased by high pH (Jenne,

1968). A pH value of 6 or above seems to be critical in

limiting availability of manganese, zinc, copper, and

nickel. Deficiencies, as well as inhibition of toxicity at

high concentrations, can occur at high pH. For instance,

liming can reduce nickel toxicity for plants growing on

serpentine soils (Crooke, 1956). Microbial sensitivity to

high nickel levels is also dependent on pH. Nickel

toxicity to diverse microorganisms is greatly reduced when

the pH is above 6.5, presumably because of reduced

availability associated with changes in chemical form

(Babich and Stotzky, 1983).

In considering biological responses to soil liming, it

is prudent to bear in mind that liming may lead to changes

other than pH. Nickel availability may be reduced by the

formation of insoluble nickel carbonates that .are not

normally a consideration. Also, calcium plays a critical,

although undefined, role in membrane transport processes

and is required for normal selectivity of ion uptake by

plants (Epstein, 1972). Nevertheless, the use of CaCO3 in

these experiments was appropriate because it relates

realistically to agricultural situations. Also, there is

no convenient way to remove traces of contaminating nickel

from other compounds that might be used to adjust the soil

pH.
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Previous reports of the effects of heavy metals on

urease activity in soils have indicated inhibition by

nickel at levels as low as 5 pmol Ni g soil
-1 (Tabatabai,

1977). It has been reported that 0.4 mM nickel is

sufficient for 50% inhibition of purified urease in

solution (Hughes et al., 1969). Urease is generally much

less sensitive to inhibition by nickel than it is to

inhibition by other heavy metals.

Nickel stimulation of microbial soil urease has not

been previously reported. The effective concentration

range for stimulation in soil no. 10 is surprisingly high

(Figure 5) and suggests that most of the nickel is

unavailable for biological utilization, probably due to

precipitation reactions discussed previously. Some free

nickel may also be tightly adsorbed by soil particles.

Since nickel inhibition was not observed until a nickel

treatment concentration of 50 pmol Ni. g dry soil
-1

was

reached, it appears this soil has a great capacity to

immobilize nickel.

These results may have practical implications in the

nutrition of plants and microorganisms that metabolize H2

and urea. Urease activity in agricultural soils is of

concern because of the widespread use of urea as a

fertilizer. Previous investigations have not considered

possible limitations imposed by nickel supply. Future

studies may need to consider such possibilities, especially

when dealing with limed soils.
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Improved plant growth has sometimes been ascribed to

nickel supplementation (Mishra and Kar, 1974).

Particularly interesting is the observation that the yield

of soybean seeds may be increased by nickel application to

soil (Bertrand and DeWolff, 1973). Nickel can also

stimulate nitrogen fixation by Azotobacter (Bertrand,

1974), which has a very active hydrogenase. The overall

significance of such observations is yet to be established.

It is hoped that the microbial bioassay described here may

assist in identifying soils that are appropriate for

further studies regarding potential nickel deficiencies for

plants.

Soybean Plant Experiments

Demonstrating a nickel deficiency in plants is

complicated by several factors. The amount of nickel

required by a soybean plant is so low (160 ng Ni per plant)

that the entire requirement may be met by the initial

nickel content of the seed (Eskew et al., 1984).

Alternatively, a very modest supply of nickel in the soil

may be sufficient for normal plant growth. Furthermore,

the exact role of urease is not clearly understood. The

lower rates of urease activity observed with no additional

nickel may have been sufficient to fulfill all necessary

metabolic functions. The benefits, if any, of higher

urease activity resulting from nickel supplementation

appear to have been more than offset by the toxicity
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problems of chlorosis and reduced root and shoot growth.

Also, there were probably no benefits associated with the

nickel stimulation of hydrogenase activity in these

experiments. Even without nickel supplementation, the H2

uptake capacities were greater than values calculated to be

required to recycle all of the H2 produced by the

nitrogenase reaction (Ruiz-Argueso et al., 1979).

Nickel is readily mobile in plants and accumulates in

seeds (Mishar and Kar, 1974), possibly in association with

urease which is also abundant in some seeds. The

accumulation of nickel in nodules may reflect selective

transport associated with the requirements for hydrogenase

synthesis. Also, one might speculate that nickel

accumulation may be associated with carriers normally

involved in transport of other cations. For example,

nickel is known to interfere with the uptake and transport

of Fe +2 , Cu
+2

, Zn
+2

, and Co+2 (Cataldo et al., 1978).

Although nickel fertilization did not result in any

clear benefits for plant growth in this study, the

possibility of soil nickel deficiencies should not be

universally dismissed. Many other soils are low in nickel

and repeated harvests of nickel-requiring crops may deplete

this element to deficiency levels. Even if substantial

amounts of nickel are present, very little may be in

available form.
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NICKEL REQUIREMENTS OF RED ALDER (ALNUS RUBRA)

INTRODUCTION

Nickel-requiring enzymes such as hydrogenase and

urease also occur in some non-legume nitrogen-fixing

symbioses. Nodules of actinorhizal plants such as Alnus

(alder), Myrica, and Purshia generally do not evolve

hydrogen due to the presence of a very active hydrogenase

(Schubert and Evans, 1976). In view of the widespread

nickel requirement of hydrogenases from many diverse

organisms, it is logical to expect a nickel requirement for

actinorhizal hydrogenase as well, but this has yet to be

established.

Urease may also be an important enzyme in actinorhizal

plants. Alder plants transport fixed nitrogen from nodules

to leaves in the form of citrulline (Leaf et al., 1958).

Although the metabolic pathways of cirtulline utilization

in leaves have not been defined, it is likely that urease

plays a central role. Citrulline contains a terminal

ureido group and urease may be required for reactions

associated with the catabolism of this nitrogen supply.

Actinorhizal plants are generally of limited

agricultural or economic use. However, there has been

increasing interest in the possible advantages of using

these plants in forestry management because their ability

to fix nitrogen can lead to nitrogen accretion in the soil

and improved forest productivity (Torrey, 1978). In recent
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years, the utilization of red alder as a commercial timber

crop has increased substantially. Reserves of this species

are estimated at 6.8 billion cubic feet on about three

million acres in western North America (Tarrant et al.,

1983). In view of the economic value of alder, as well as

its ecological importance as an abundant pioneer species,

an improved knowledge of its possible requirement for

nickel could be of wide interest.
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MATERIALS AND METHODS

Young, nodulated seedlings of red alder with a shoot

height of 8-15 cm. were field collected during winter

dormancy. Roots and shoots were trimmed back in order to

reduce residual nickel already in plant tissue.

lateral buds on the shoot and the upper 5 cm of

retained on each plant. Plants were thoroughly

double

placed

(6.8 L

without

divided

NiC12.

Two

roots were

rinsed with

distilled, deionized water and two seedlings were

into each of 14 acid-washed polyethylene containers

capacity) containing purified nutrient

fixed nitrogen (Klucas et al., 1983).

into two treatments containing either

solution

These were

0 or 1.0 pM

The pH was monitored at weekly intervals and

purified CaCO
3
was added as required to maintain a pH value

of 6.0 to 6.5. Double distilled, deionized water was added

as required. Fresh nutrient solution was provided at 45-

day intervals. All containers were aerated with air which

had been passed through charcoal and fiberglass filters,

followed by a water trap. Growth conditions and the assay

for urease were as described for the soybean experiments.

Shoots and roots were cut back again after 60 days.

Hydrogen uptake was measured amperometrically on crude

extracts of crushed nodules in the presence of 100 mM K

phosphate buffer (pH 7.4), 10 mM Na dithionite and 0.5 mM

methylene blue as an electron acceptor (Benson et al.,

1980). Protein concentration was determined by a micro-
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Kjeldahl digestion followed by an ammonium analysis using

Nessler's reagent (Umbreit et al., 1957).
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RESULTS AND DISCUSSION

Early attempts to grow alder by germinating seeds on

acid-washed sand or polyethylene beads were complicated by

poor growth and low survival. Field-collected plants were

then selected despite the recognized problems of existing

nickel content. It was hoped these problems could be

overcome by rapid growth of relatively large plants and by

the repeated cutbacks. The initial growth of seedlings

after transfer to solution cultures was rapid, but this

rate soon declined to a very low level. Vigor was not

restored by providing fresh nutrient solution or by

repeated adjustment of pH.

Urease activity in the first leaves to emerge did not

respond to nickel addition (Table 7). However, leaves

harvested after 90 and 140 days from plants without

supplemental nickel had progressively lower urease

activity. In contrast, leaf urease activity in plants

receiving nickel progressively increased. There was no

difference in shoot dry weight or in overall appearance of

plants.

Verification of a nickel effect on hydrogenase

activity of isolated vesicles was complicated by a very

high variability among samples. Rates of nickel-treated

samples were higher after 90 days growth, but this

difference was not statistically significant (Table 8). A

similar difference after 140 days growth was only



Table 7 . The effect of nickel on urease activity in leaves of red

alder (Alnus rubra).

Concentration of NiC1
2

Urease activity after:

in nutrient solution 60 days 90 days 140 days

(uM) ( v moles
14

CO2 g
-1

h
-1)

0

1

1.80

1.95

±0.4

±0.4

0.85

2.16

±0.4

±0.3

0.56

2.35

±0.2

±0.3

Significance level n.s. 0.05 0.005

Field collected seedlings were grown in purified solution culture.

Shoots and roots were cut back at initial transfer and again after 60

days. Urease activity activity was measured by evolution of 14 CO
2

from [
14C)-urea. Activities were measured at the indicated number of

days after transfer to solution culture. Each value is the mean of 7

replicates ±1 S.E.

n.s., not significant.
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Table 8. The effect of nickel on hydrogenase activity in

vesicles isolated from nodules of red alder (Alnus rubra).

Concentration of NiC1
2

in nutrient solution

(TIM)

Hydrogenase activity after:

90 days 140 days

(nmoles H
2
mg protein min -1)

0 1.00 ±0.4 0.63 ±0.2

1 1.85 ±0.4 1.65 ±0.5

Significance level n.s. 0.10

Field collected seedlings were grown in purified solution

culture. Shoots and roots were cut back at initial transfer

and again after 60 days. Hydrogenase activity was measured

amperometrically as described in the Materials and Methods

section of text. Activities were measured at the indicated

number of days after transfer to solution culture. Each

value is the mean of 7 replicates ±1 S.E.

n.s., not significant.
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significant at the 0.10 level.

Obviously, further research is essential in order to

refine and extend these initial results. Such future work

is more likely to yield convincing data if conditions can

be defined for rapid and vigorous growth.
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PROPERTIES OF UREASE FROM RHIZOBIUM AND BRADYRHIZOBIUM

INTRODUCTION

Although urease is found in more than 200 species of

microorganisms (Larson and Kallio, 1954), the properties of

bacterial urease have received relatively little attention.

This is in contrast to ureases of plant origin which have

been extensively characterized. Urease has been purified

from Bacillus pasteurii (Larson and Kallio, 1954),

Aerobacter aerogenes (Kamel and Hamed, 1975), Arthrobacter

oxydans (Schneider and Kaltwasser, 1984), Proteus rettgeri

(Magana-Plaza and Ruiz-Herrera, 1967), and Klebsiella

aerogenes (Friedrich and Magasanik, 1977). Considerable

variation has been reported concerning the properties and

factors controlling expression of ureases from these

various organisms. Jensen and Schroder (1965) provided the

only report of urease from Rhizobium. They reported the

universal presence of this enzyme in 80 fast-growing and 40

slow-growing strains of Rhizobium from 23 genera of host

legumes. Urease also has been reported to be present in

nodules of many legumes (Benjamin, 1915; Werner, 1923).

The metal requirements and other properties of urease from

Rhizobium or legume nodules have not been examined. The

work presented in this section of this thesis is an attempt

to contribute to a better understanding of the metabolism

of this important group of bacteria.
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Bradyrhizobium japonicum strains USDA 122 and 123

were obtained from G. Ham, University of Minnesota, St.

Paul. For brevity in future reference the "USDA" portion

of the strain designations has been omitted. The isolation

and properties of strain 122 DES are described elsewhere

(Ruiz-Argueso et al., 1979). Cowpea Rhizobium strains 32H1

and 8Al2, R. leguminosarum 128C53 and R. meliloti 102F28

were obtained from the Nitragin Co., Milwaukee, WI.

Rhizobium trifolii TA1 was provided by P. Bishop, North

Carolina State University, Raleigh, N.C. Rhizobium

trifolii SU 794 and R. meliloti SU27 were provided by J.M.

Vincent, University of New South Wales, Kensington,

Australia. Rhizobium leguminosarum 128C76 and R. phaseoli

127K12 were provided by P. Wong, Kansas State University,

Manhattan, KS. Rhizobium phaseoli CIAT 100 was provided by

P. Graham, Centro Internacional de Agricultura Tropical,

Cali, Colombia.

Media and Growth Conditions

The culture medium for deficiency studies consisted of

K2HPO4.3H20 (0.23 g/L), Mg504.7H20 (0.1 g/L), glycerol .(4

ml of 100%/L), CaC12 (0.05 g/L), H3B03 (1.45 mg/L), Na2MoO4

(1.25 mg/L), CuC12 2H20 (0.034 mg/L), CrC13.6H20 (0.053
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mg/L), CoC126H20 (0.048 mg/L), ZnC12 (0.014 mg/L), MnC12

4H
2
0 (0.396 mg/L), Fe citrate (2.45 mg/L), EDTA

(ethylenedinitrilotetraacetic acid, 0.29 mg/L), thiamine

(0.5 mg/L), nicotinic acid (0.5 mg/L), and biotin (0.5

mg/L). The EDTA was special high purity grade from Fluka

A.G., Switzerland. Nitrogen (0.14 g N/L) was added as

either Na glutamate (1.1 g/L), NH4C1 (0.535 g/L), or

filter-sterilized urea (0.3 g/L). Where indicated, nickel

was added as NiC1
2
. 6H

2
0 (2.38 mg/L = 10 11M). When

culturing Bradyrhizobium japonicum with urea as the

nitrogen source, it was necessary to include N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES, 1.3

g/L) and 2[N-morpholino]ethanesulfonic acid (MES, 1.1 g/L)

as buffers (Stowers and Elkan, 1981). Additional

buffering was provided by increasing the phosphate

concentration to 1 g/L K2HPO4.3H20 and 1 g/L KH2PO4.

Contaminating traces of nickel were removed from the medium

by three extractions with 0.02% diphenylthiocarbazone

followed by 7 extractions with redistilled CHC13.

Glassware and plastic containers were acid washed and

rinsed with double distilled, deionized water. These

procedures, along with the preparation of high purity trace

element solutions, have been described in detail elsewhere

(Klucas et al., 1983).

A slightly modified medium was used when exclusion of

nickel impurities was not required. In this medium, EDTA
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was omitted and iron was added as NaFe EDDHA (ethylene

diamine di(o-hydroxyphenyl acetate)). The nickel

concentration was 2 pM (0.5 mg NiC12. 6H20/L).

Cells were cultured in 50 ml flasks containing 25 ml

of medium. Cultures were considered to be "nickel-free"

after three successive growth cycles and transfers to

purified medium with glutamate as the nitrogen source.

Cultures were incubated with shaking at 28°C.

Urease and Protein Assays

Urease activity was determined by measuring the

evolution of 14CO
2

from [14C] -urea. The assay was

performed in 21 ml glass vials. For whole cells, the

reaction mixture consisted of 0.2 ml of culture, 1.3 ml of

5 mM HEPES (pH 7.1), and 0.5 ml of 1 M [
14C1-urea (1.0

liCi/mmole). For cell-free extracts, the reaction mixture

consisted of 0.1 to 0.9 ml of extract (2-10 mg protein/ml),

0.1 ml of 1 M [
14C]-urea and sufficient buffer (25 mM K

phosphate , pH 7.9) to make a final volume of 1.0 ml.

14 CO
2
was trapped on 23 mm diameter filter paper discs

containing 125 pl of 25% (WV) KOH. The discs were located

in a scintillation vial which was inverted and attached to

the top of the reaction vial. The vials were incubated for

1 h at 37°C with gentle shaking. The reaction was then

terminated by the addition of 1.0 ml (whole-cell assay) or

0.5 ml (cell-free assay) of 10 N H2SO4. The vials were

Coomassie blue binding (Bradford, 1976) was used to

determine protein concentrations of cell-free extracts
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then returned to the shaker with the
14CO

2
trap still

attached for an additional 30 min to allow for collection

of additional 14
CO

2
released by acidification of the

reaction mixture. The scintillation vials containing the

14
CO

2
traps were then removed and 10 ml of Scinti Verse E

(Fisher Scientific Co.) was added. The vials were shaken

several hours, allowed to sit overnight, and then counted

two times on an LS 6800 liquid scintillation counter

(Beckman Instruments, Inc.). Similar procedures were used

for assaying urease activity in whole nodules except the

reaction mixture consisted of 0.1 to 0.2 g (fresh wt) of

nodules, 1.5 ml of buffer containing 0.27% Triton X-100,

and 0.5 ml of 1 M [C
14

]-urea. Urease activity of isolated,

intact bacteroids was determined by the same procedure

described for whole cell assays. The bacteroids were

isolated by centrifugation of nodule breis as described in

the Materials and Methods section of the final chapter of

this thesis.

Protein concentrations of whole-cell samples were

determined with Folin phenol reagent (Lowry et al., 1951).

The cells were first digested in 20% NaOH at 100
oC for 10

min (Stickland, 1951). The protein content of bacteroid

suspensions was measured by a microbiuret procedure as

described elsewhere (Eisbrenner and Evans, 1982).

Coomassie blue binding (Bradford, 1976) was used to

determine protein concentrations of cell-free extracts
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because this method avoids interference problems caused by

substances such as KC1 or dithiothreitol (DTT). An

adjustment was made for differences between the Lowry and

Bradford methods by comparing protein values obtained by

both methods on salt-free extracts. Bovine serum albumin

was used as the standard.

Urease Extraction and Purification

Late log phase cells of B. japonicum 122 DES were

scraped off the surface of agar plates and resuspended in a

minimal volume (about 1 ml per 5 g of cell mass) of 25 mM K

phosphate buffer with a pH value of 7.9. This buffer was

used throughout all purification and characterization

studies unless otherwise stated. The cells were ruptured

by passage twice through a French pressure cell. The

extract was then centrifuged 27,000 X g for 30 min. to

remove whole cells and debris. Protein was collected from

this crude extract by a two-step (NH4)2504 precipitation

procedure. The precipitate resulting from 0-45% saturation

was discarded. The pellet obtained from 90% saturation was

resuspended in a minimal volume of buffer and dialyzed

overnight with two changes of buffer.

Gel filtration chromatography was performed using

Sephacryl S-300 (Sigma Chemical Co.), which has a molecular

weight fractionation range of 10 4 to 1.5 x 10 6
. The column

dimensions were 1.45 x 43.8 cm. Sample loads consisted of
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5-10 mg of protein in a volume of 1.0 to 1.25 ml.

Fractions of 1.67 ml were collected at 20 minute intervals.

A selectivity curve (Kay vs. log of molecular weight) was

prepared using the following standards: chymotrypsinogen,

17,000 g/mole; ovalbumin, 45,000 g/mole; bovine serum

albumin, 67,000 g/mole; gammaglobin 160,000 g/mole;

catalase, 210,000 g/mole; apoferritin, 480,000 g/mole;

thyroglobulin, 669,000 g/mole; and blue dextran, 2 x 106

g/mole. The selectivity constant was defined by the

following relationship: Kay = (V
e

- V
o

/V
t

V
o

) where V
e

=

elution volume, Vo = void volume, and Vt = total bed

volume.

Ion exchange chromatography was performed in a 2.5 x

19 cm column of DEAE (diethylaminoethyl) cellulose (DE52,

Whatman Ltd.) Sample loads consisted of 7-15 mg protein in

a volume of 1.5 to 2.0 ml. Proteins were eluted in a

linear salt gradient constructed by equal mixing of 150 ml

of buffer and 150 ml of buffer containing 1 M KC1.

Fractions of 6.25 ml were collected at 10 minute intervals.

The salt concentration in the eluate was measured with a

Markson model 4503 conductivity meter.

Definition of Activity Unit

Unless otherwise stated, the unit for urease activity

used throughout this thesis is pmoles 14CO
2
h-1.
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RESULTS

Preliminary Survey of Urease Distribution

A brief survey of 12 strains (6 species) of Rhizobium

and Bradyrhizobium was completed as a basis for further

work. All of these strains grew well with urea as the sole

nitrogen source and expressed substantial urease activity

ranging from 0.94 to 6.44 units mg protein
-1

(whole-cell

assay, Figures 7-12 and Table 9). Urease activity

increased markedly during the exponential phase of culture

growth with maximum values occurring near the end of

exponential growth. This was often followed by a sharp

drop in activity even though the total protein content of

cultures remained relatively unchanged for several days.

This variability made comparison between cultures of

different strains difficult and necessitated daily

monitoring of activities to insure that maximum levels were

detected. Experiments with [
14C]-urea in sterile medium

showed that spontaneous breakdown of urea was negligible

even when incubated for two weeks at 28°C.

pH Sensitivity of Bradyrhizobium

Initial experiments with B. japonicum strains

produced very poor growth on media containing urea. This

poor growth occurred even if glutamate was provided in

addition to urea. The growth of this species as measured
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Figure 7. Growth (turbidity) and urease activity of

cultures of Bradyrhizobium japonicum 122 DES with urea as

the sole nitrogen source. The medium contained glycerol,

minerals (including Ni), organic buffers, and vitamins as

described in the text. Turbidity values were

extrapolated from the absorbance measurements of diluted

culture medium. Each value is the mean of two replicates

±1 S.E.
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minerals (including Ni), and vitamins as described in the

text. Each value is the mean of two replicates ±1 S.E.
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text. Each value is the mean of two replicates ±1 S.E.
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Figure 10. Growth (turbidity) and urease activity of

cultures of Rhizobium leguminosarum 128C53 and 128C76

with urea as the sole nitrogen source. The medium

contained glycerol, minerals (including Ni), and vitamins

as described in the text. Each value is the mean of two

replicates ±1 S.E.
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Figure 11. Growth (turbidity) and urease activity of

cultures of Rhizobium phaseoli 127K12 and CIAT 100 with

urea as the sole nitrogen source. The medium contained

glycerol, minerals (including Ni), and vitamins as

described in the text. Each value is the mean of two

replicates ±1 S.E.
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Figure 12. Growth (turbidity) and urease activity of

cultures of Rhizobium meliloti 102F28 and SU27 with urea

as the sole nitrogen source. The medium contained

glycerol, minerals (including Ni), and vitamins as

described in the text. Each value is the mean of two

replicates ±1 S.E.



Table 9. Growth and urease activity of different species and strains of
Rhizobium and Bradyrhizobium in culture with urea as the nitrogen source.

Species Protein content
of culture
(mg ml-1 )

Age of
culture
(days)

Urease ctivity
(pmol 144CO2.

mg protein-1 h-1 )

B. japonicum 122 DES 1.22 8 3.35
B. japonicum 123 0.22 8 1.22

Cowpea Rhizobium 32H1 0.73 13 0.94
Cowpea Rhizobium 8Al2 0.54 13 1.69

R. trifolii TA1 1.09 4 6.44
R. trifolii SU794 0.71 4 1.83

R. leguminosarum 128C76 0.71 6 3.80
R. leguminosarum 128C53 0.62 3 4.60

R. phaseoli 127K12 0.41 3 4.76
R. phaseoli CIAT100 0.13 9 1.74

R. meliloti SU27 0.63 5 2.92
R. meliloti 102F28 0.72 3 6.11

Cells were grown in 25 ml of liquid medium containing glycerol, urea,
vitamins and mineral salts as describT91 in text. Urease activity was
measured by evolution of 4CO

2
from [ C)urea. Each value is the mean

of two replicates.
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by culture turbidity (Figure 13) and protein content

declined in response to increasing concentrations of urea

in glutamate-containing media. Urease activity was

detected in these cultures even though extremely low

protein concentrations made accurate measurements

difficult. The urease activity also declined in response

to increasing urea concentrations in glutamate-containing

media (Figure 14). The failure of B. japonicum spp. to

grow on these media was found to be due to an increase in

pH values due to the enzymatic release of NH3 from urea. A

pH value of 7.7 or higher was found to be inhibitory

(Figure 13). A urea concentration as low as 50 mg/L of

medium was sufficient to induce these unfavorable pH

shifts. High urea concentrations (300 mg/L) resulted in pH

values as high as 8.8 after 8 days growth.

The inclusion of buffers (MES, HEPES, and increased

concentration of phosphate) into the media prevented these

unfavorable pH changes and allowed for substantial urea-

supported growth of B. japonicum 122 DES.

Effects of Nitrogen Source

Turbidity and protein content of cultures of B.

japonicum 122 DES were approximately equal on buffered

media containing nitrogen as glutamate, ammonium , or urea

(Tables 10 and 11). No growth occurred when cultures were

supplied with nitrate as the nitrogen source. The presence
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Figure 13. The effects of urea concentration on pH and

growth (turbidity) of cultures Bradyrhizobium japonicum

122 DES. Figure 13A was from 4-day old cultures; Figure

13B from 8-day old cultures. The medium contained

glycerol, minerals (including Ni), and vitamins as

described in the text. All cultures contained glutamate

(1.1 g/L) plus urea as indicated. No organic buffers

were added. Each value is the mean of three replicates ±

1 S.E.
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Figure 14. The effect of urea concentration on urease

activity of cultures of Bradyrhizobium japonicum 122

DES. The medium contained glycerol, minerals (including

Ni), and vitamins as described in the text. All

cultures contained glutamate (1.1 g/L) plus urea as

indicated. No organic buffers were added. Each value

is the mean of three replicates ±1 S.E.



Table 10 . The effects of different forms of nitrogen on pH and growth

(turbidity) of cultures of Bradyrhizobium japonicum 122 DES.

Nitrogen source pH after: As6n after:

6 days 8 days 6 days 8 days

Glutamate 7.65 ±0.01 7.54 ±0.02 5.56 ±0.05 6.25 ±0.30

Ammonium 4.96 ±0.05 4.49 ±0.05 3.42 ±0.04 7.01 ±0.16

Urea (pH 6.0) 6.44 ±0.03 5.96 ±0.01 2.65 ±0.04 7.25 ±0.08

Urea (pH 6.9) 7.54 ±0.05 6.83 ±0 1.24 ±0.28 5.98 ±1.06

Nitrate 6.77 ±0.01 6.72 ±0.01 0.11 ±0.02 0.09 ±0.03

None 7.02 ±0.01 6.86 ±0.03 0.09 ±0.07 0.07 ±0.03

Cells were grown in media consisting of glycerol, organic buffers, minerals

(including Ni) and vitamins as described in the text. The nitrogen content of

all cultures was 140 mg N/L. The initial pH was 6.9 except for one of the urea

treatments which had an initial pH of 6.0. Each value is the mean of three

replicates ± 1 S.E.



Table 11. The effects of different forms of nitrogen on protein content and

urease activity of cultures of Bradyrhizobium japonicum 122 DES.

Nitrogen source Protein content after: Urease activity after:

6 days 8

(mg .m1-1)

days

(

6 days

pmol
14CO

2
4.

8 days

mg protein
-1

h
-1

)

Glutamate 0.78 ±0.06 0.90 ±0.03 5.13 ±0.23 5.83 ±0.28

Ammonium 0.97 ±0.03 1.15 ±0.16 2.00 ±0.11 4.12 ±0.61

Urea (pH 6.0) 0.78 ±0.02 1.22 ±0.11 1.46 ±0.10 3.35 ±0.40

Urea (pH 6.9) 0.49 ±0.02 1.18 ±0.16 0.63 ±0.10 1.78 ±0.57

None 0.12 ±0.05 0.18 ±0.05 n.d. n.d.

Cells were grown in media consisting of glycerol, organic buffers, minerals

(including Ni) and vitamins as described in the text. The nitrogen content of

all cultures was 140 mg N/L. The initial pH was 6.9 except for one of the urea

treatments which had an initial pH of 6.0. Each value is the mean of three

replicates ±1 S.E.

n.d., not determined.
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of buffers apparently prevented unfavorable pH shifts

associated with urea assimilation (Table 10). The pH of

the ammonium-containing medium declined to a value of 4.2

after 8 days incubation, but growth was comparable to that

occurring in media containing other nitrogen sources.

Urease was expressed constituitively in B. japonicum

regardless of the nitrogen source (Table 11). Glutamate

was most effective in supporting high levels of urease

activity, followed in order by ammonium and urea. Lowering

the initial pH to a value of 6.0, instead of the generally

recommended value of 6.9, resulted in higher urease

activity in urea-dependent cultures, but the total protein

content was not affected. Urease expression was not

inhibited by elevated levels of ammonium in the medium (up

to 1.34 g NH4C1/L) or by the addition of supplemental

ammonium as the supply was exhausted during growth.

Because higher urease activity was observed on media

containing glutamate, this nitrogen source was used for

culturing large volumes of cells for purification purposes.

Nickel Deficiency Studies

Urease expression in nickel-deficient cultures was 0.8

to 18.8% of levels measured in cultures containing 10 I'M

NiC1
2

(Figures 15-18 and Table 12). These differences were

evident for cultures containing either urea or glutamate as

the nitrogen source. Nickel-deficient cultures of R.
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Figure 15. The effects of nickel on urease activity,

growth (turbidity), and total protein content of

cultures of Rhizobium meliloti 102F28 with urea as the

nitrogen source. Differences between all paired values

are significant at the 0.005 level. Each value is the

mean of three replicates.
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Figure 16. The effects of nickel on urease activity,

growth (turbidity), and total protein content of

cultures of Rhizobium leguminosarum 128C53 with urea as

the nitrogen source. The number above each pair of

values is the significance level. Each value is the

mean of three replicates.

N.S., not significant.
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Figure 17. The effects of nickel on urease activity,

growth (turbidity), and total protein content of

cultures of Rhizobium meliloti 102F28 with glutamate as

the nitrogen source. The number above each pair of

values is the significance level. Each value is the

mean of three replicates.

N.S., not significant.
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Figure 18. The effects of nickel on urease activity

(18A), growth (turbidity, 18B), and total protein

content of cultures (18C) of cultures of Bradyrhizobium

japonicum 122 DES with urea as the nitrogen source. The

number above each pair of values is the significance

level. Each value is the mean of three replicates.

N.S., not significant.
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Table 12. The effects of nickel on protein content and urease activity of cultures of
different species of Rhizobium and Bradyrhizobium.

Species Concentration
of added Ni

(PM)

Nitrogen
source

Protein content
of culture

(mg ml ±1 S.E.)

Urease activity
(pmol 1 CO2-
mg proteirrl h-1
± 1 S.E.)

R. meliloti 102F28 0 urea 0.12 ±0.07 0.11 ±0.04
R. meliloti 102F28 10 urea 0.82 ±0.07a 5.34 ±0.46a

R. meliloti 102F28 0 glutamate 0.88 ±0.08 0.05 ±0.05
R. meliloti 102F28 10 glutamate 0.88 ±0.06 5.98 ±0.51a

R. leguminosarum 128C53 0 urea 0.57 ±0.07b 0.06 ±0.01
R. leguminosarum 128C53 10 urea 0.73 ±0.03 3.97 ±0.33a

B. japonicum 122DES 0 urea 1.11 ±0.09 0.74 ±0.06
B. japonicum 122DES 10 urea 1.00 ±0.03 3.93 ±0.11c

Cells were grown in 25 ml of purified media containing glycerol (4 ml/L), minerals,
and vitamins as described in the Materials and Methods section of the text. Nitrogen
(140 mg N/L) was supplied as either urea or glutamate as indicated. Protein content
of cultures was determined at the end of the log phase of growth. Nickel-free
inoculum was prepared by growing cells through three growth cycles on purified medium
containing glutamate. Each value is the mean of three replicates.
a. Significance level, 0.005
b. Significance level, 0.025
c. Significance level, 0.01
All other differences were not significant.
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meliloti 102F28 (Figure 15) and R. leguminosarum 128C53

(Figure 16) had significantly lower protein content and

turbidity than did cultures with nickel when urea was the

nitrogen source, indicating that nickel was required for

utilization of urea as a nitrogen source. Nickel had no

effect on the protein content or turbidity of similar

cultures of R. meliloti 102F28 in a medium containing

glutamate as the nitrogen source (Figure 17).

The protein content and turbidity of cultures of B.

japonicum 122 DES did not increase in response to nickel

even if urea was the sole nitrogen source (Figure 18),

perhaps because of urease activity resulting from nickel

contamination and the generally less urgent nitrogen

requirement due to the slower growth rate of this species.

Urease Activity of Soybean Nodules

Soybean root nodules produced by B. japonicum 122 DES

were found to possess substantial urease activity (Figure

19). This activity was detected in nodules as early as 11

days after planting and increased to maximum values at 18

days for whole nodules (49.0 pmoles 14CO2 g nodule-1 h
-1

)

and 27 days for isolated bacteroids (1.98 pmoles 14CO2.mg

protein-1 h-1). Emphasis should be placed on a

qualitative or relative interpretation of these values

because the rate of urea transport into nodules and across

bacteroid membranes has not been thoroughly examined.
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Complications caused by urea transport were hopefully

minimized by the inclusion of detergent (whole nodule assay

only) and the use of a high urea concentration (250 mM) to

promote rapid diffusion. The onset of urease activity

correlated generally with the development of nitrogen

fixation activity (C2H2 reduction) and with increases in

the concentration of leghemoglobin as reported in the final

chapter of this thesis. Cytosol extracts of crushed

nodules and extracts of non-nodulated roots contained low

levels of urease activity (0.1-0.2 units. mg protein
-1

).

Urease activity of intact non-nodulated roots averaged 6.6

pmol 14
CO

2
g fresh weight-1 h-1.

Purification Studies

Fractionation by (NH4)2504 precipitation raised the

specific activity of urease in protein extacts only

slightly (Table 13). Precipitates collected at 45%

saturation and less contained a lower specific activity

than the crude extract. A combined 0-45% fraction was

routinely discarded and a second combined fraction at 45-

90% saturation was used in further purification studies.

The selectivity constant for urease as determined by

S-300 chromatography was 0.055. This corresponds to a

molecular weight of 1.12 x 10 6 ; however, this value is

approximate because it is near the exclusion limit of S-300

and requires extrapolation below the selectivity constant



Table 13. Purification of urease from Bradyrhizobium japonicum by (NH4)2SO4

precipitation.

Preparation Total Specific Total Purification Recovery

protein activity activity factor

(mg) (units mg (units)

protein-1)

Crude extract 160.3 0.38 60.90 1.00 100

Precipitate after
addition of (NH4)2SO4
at the following
saturation levels:
25% 10.7 0.12 1.28 0.32 2.1
35% 30.9 0.07 2.16 0.18 3.5
45% 9.8 0.19 1.86 0.50 3.0
55% 26.3 0.38 10.00 1.00 16.4
70% 23.0 0.50 11.50 1.32 18.9
90% 1.0 3.08 3.10 8.11 5.1
100% 0 0 0

Proteins were collected from crude extract from broken B. japonicum cells by

centrifugation after the addition of (NH4)2SO4 at 4°C. Precipitates were resuspended

in a minimal volume of 25 mM K phosphate buffer (pH 7.9) and dialyzed overnight to

remove residual salts prior to measurement of urease activity. Activity units were
-1defined as moles 14CO

2
*min .
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of the standard with the highest molecular weight

(thyroglobulin, Kay = 0.084, Figure 20). This migration

behavior of urease provided a convenient procedure for

separating the enzyme from the majority of other proteins,

which have a much lower average molecular weight (Figure

21). A purification factor of up to 17 fold was thus

possible in one step. The properties of urease during gel

chromatography were not affected by pretreatment of

dialyzed extract with 2 mM DTT (dithiothreitol) followed by

chromatography in the presence of 2 mM DTT. The inclusion

of 2 mM DTT, 2 mM EDTA (ethylenedinitrilotetraacetic acid),

and 0.2% Triton X-100 in the original extraction buffer and

all subsequent steps resulted in a Kay value of 0.106,

corresponding to an apparent molecular weight of 6.4 x 10
5

(Figure 20). Use of this buffer also resulted in poorer

separation of urease during S-300 chromatography, with

recovered activity being spread out equally in 4 or 5

fractions. Furthermore, urease activity was inhibited 39%

when assayed in the presence of 2 mM DTT. Pretreatment of

crude extract with 10 mM DTT for 1 hour at 25 °C resulted in

total loss of urease activity.

Urease was eluted from DEAE cellulose in fractions

containing 0.16 to 0.24 M KC1 (Figure 22). This provided

for a one-step purification factor of up to 36 fold because

most of the protein was not eluted until the KC1

concentration exceeded 0.3 M.
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Kinetic studies were performed on cell-free extracts

after (NH
4

)

2
SO

4
precipitation and dialysis. A Lineweaver-

Burk plot was constructed which indicated a Km value of 36

04 (Figure 23).

Purification studies were impeded by a low initial

specific activity and the lack of stability of urease

activity. Activity in crude extracts was not reduced by

storage at -20°C for several weeks, but activity was slowly

lost in preparations which had been partially purified by

chromatography. Consequently, most of the activity was

lost before one extract could be processed through two

sequential chromatography procedures. This process

required two to three days during which time the extract

was maintained at 4° C.
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DISCUSSION

Considerable variation has been found in the

properties of bacterial ureases from different organisms.

Although urease from B. japonicum resembles other ureases

in some respects, it also has some unique properties. The

nickel requirement of rhizobial urease is consistent with

numerous other reports on the universal nickel requirement

of all plant and microbial ureases that have been examined.

Unfortunately, the purification of rhizobial urease was not

sufficient to obtain direct information on the nickel

content of the purified enzyme.

Constituitive expression of urease has been observed

for some other microorganisms such as Proteus (Zorn et al.,

1982) and Klebsiella (Friedrich and Magasanik, 1977).

Ammonium inhibits urease synthesis in these bacteria but

not in Bradyrhizobium.

The K
m
value (36 uM) obtained for rhizobial urease is

surprisingly low. Accurate determination of the urea

concentration is essential for the validity of Km

determinations. The calculated value of the urea

concentration was confirmed experimentally by addition of

excess commercial urease followed by ammonium analysis with

Nessler's reagent (Bergersen, 1980). Km values reported

for other microorganisms include 12.5 mM for Arthrobacter

(Schneider and Kaltwasser, 1984), 0.7 mM for Klebsiella
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(Friedrich and Magasanik, 1977) and 40-100 mM for Bacillus

(Larson and Kallio, 1954). The Km values reported for

jackbean urease range from 2.7 to 5.1 mM (Reithel, 1971).

These bacteria with ureases having a high Km value produce

prodigious quantities of urease. The specific activity of

crude extracts from these bacteria is generally in the

range of at least 100 fold above the levels obtained from

Bradyrhizobium. The production of such large amounts of

urease may be a means of compensating for low substrate

affinity. The low production of urease by Bradyrhizobium

obviously presents technical problems that impede

enzymological studies.

Molecular weight estimations of plant ureases can be

misleading due to the possibility of variations in the

number of subunits (usually assumed to be 16) which

constitute an intact holoenzyme molecule. The normal

aggregation of these subunits can be interferred with by

various agents including glycerol, glycol, guanidine HC1,

and 9 M urea (Contaxis and Reithel, 1971 and 1972).

Furthermore, the normal intact form, which has a molecular

weight of 480,000, undergoes oxidation to form linear,

disulfide-bonded polymers with molecular weights ranging up

to several million (Fishbein and Nagarajan, 1971). This

polymerization can be prevented or reversed by reducing

agents such as mercaptoethanol.
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Molecular weights of several microbial ureases have

been determined without use of reducing agents. Urease

from Arthrobacter has a molecular weight of 242,000

(Schneider and Kaltwasser, 1984). A similar value of

232,000 has been reported for urease from Klebsiella

(Friedrich and Magasanik, 1977). Polymerization was

apparently not a problem with ureases from these organisms,

but the possibility of dissociation products has not been

thoroughly considered. It may be revelant to note that

jackbean urease will dissociate under certain conditions to

form an enzymatically active species with a molecular

weight identical to that reported for these bacterial

ureases (Reithel, 1971).

The high molecular weight found for rhizobial urease

is probably the result of polymerization similar to that

which occurs with plant ureases. The decrease in apparent

molecular weight (from 1.12 x 10 6 to 6.4 x 10 5
) that

results from the inclusion of 2 mM DTT and 0.2% Triton X-

100 in the extraction buffer is consistent with this

interpretation. This treatment also results in a broader

elution profile for urease during S-300 chromatography,

with activity spread equally between several fractions.

This suggests that polymerization was partially prevented,

resulting in several forms of urease with varying molecular

weights.
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The precise role of urease in the metabolism of legume

nodules and free-living Rhizobium is not clear. Urea is

not known to be a normal metabolite in either of these

systems. Urease is common in soil microbes and probably

provides competitive benefits for Rhizobium and other

microorganisms in the soil environment where traces of urea

may be encountered. Urease may.not be essential even in

those organisms in which it normally occurs. Friedrich and

Magasanik (1977) showed that a urease-deficient mutant of

Klebsiella grew normally as long as growth was not

dependent on urea as a sole nitrogen source. The normal

growth of nickel-deficient Bradyrhizobium in a medium

containing glutamate is also consistent with a non-

essential role of urease. Isolation of a urease-deficient

mutant of Rhizobium or Bradyrhizobium and subsequent

testing of symbiotic performance and survivability in the

soil would be most helpful in evaluating the metabolic

significance of this enzyme.
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PART II.

PEROXIDE SCAVENGING IN SOYBEAN ROOT NODULES

INTRODUCTION

All aerobic organisms are subject to oxygen toxicity

that results from the formation of reactive intermediates

such as hydrogen peroxide (H202), superoxide radical (02),

and hydroxyl radical (OH). One of the main defensive

mechanisms against these reactive intermediates is

superoxide dismutase (SOD), an enzyme which is ubiquitous

in aerobic organisms including both eukaryotes and

prokaryotes (Fridovich 1976 and 1979). SOD catalyzes the

conversion of 02 to H202. The H202 may then be decomposed

in the presence of catalase, which is widespread in plants

and animals. In addition, many higher animals contain the

seleno-enzyme glutathione peroxidase (glutathione:hydrogen-

peroxide oxidoreductase, EC 1.11.1.9) which catalyzes the

peroxidation of reduced glutathione (GSH), forming the

oxidized disulfide form of glutathione (GSSG) as a product

(Halliwell, 1974). The supply of GSH is regenerated in an

NADPH-dependent reaction catalyzed by glutathione reductase

(NADPH:oxidized-glutathione oxidoreductase, EC 1.6.4.2.,

Figure 24). In mammals, this system is critical in the

protection of hemoglobin and some other proteins from

peroxide damage.
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2H 20'1A4GSSG
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2H 20 DHA

NADP+
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2GSH
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Figure 24. Oxidation-reduction pathways involved in H202 scavenging.

The upper scheme occurs in mammalian cells. The lower scheme occurs

in chloroplasts, cyanobacteria, and soybean nodules. Enzymes: a,

glutathione peroxidase; b, glutathione reductase; c, ascorbate

peroxidase; d, dehydroascorbate reductase.
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Another type of peroxidase system has been identified

in chloroplasts (Nakano and Asada, 1981, Figure 24). The

initial peroxidase reaction of this system utilizes

ascorbate (ASC) as an antioxidant and produces

dehydroascorbate (DHA). ASC is then regenerated in a GSH-

dependent reaction catalyzed by DHA reductase. Finally,

the GSSG is reduced back to GSH in a reaction essentially

the same as that which occurs in the mammalian system

described above which involves glutathione reductase and

NADPH. The enzymes involved are ascorbate peroxidase

(ascorbate:hydrogen-peroxide oxidoreductase, EC 1.11.1.7),

dehydroascorbate reductase (glutathione: dehydroascorbate

oxidoreductase, EC 1.8.5.1., also called glutathione

dehydrogenase), and glutathione reductase. The initial

product of the ASC peroxidation reaction is actually

monodehydroascorbate which spontaneously forms DHA. An

enzyme also is present in spinach chloroplasts which

catalyzes the direct conversion of monodehydroascorbate

back to ASC (Hossain et al., 1984). At least some of these

enzymes are also present in cyanobacteria (Tozum and

Gallon, 1979 and Tel-Or et al., 1985).

Nitrogen-fixing organisms are especially vulnerable to

0
2
toxicity due to the extreme sensitivity of the

nitrogenase proteins to 02 damage. Consequently, nitrogen-

fixing organisms have evolved various strategies to protect

nitrogenase from 02 damage. These adaptations include
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respiratory protection, physical protection (slime

production, thick cell walls, cortical diffusion barriers,

etc.), an 02 buffering system such as leghemoglobin, and

temporal or spatial separation of photosynthesis and

nitrogen fixation as in many cyanobacteria (Postgate,

1982).

Part of the 0
2
sensitivity of these organisms may be

explained by the production of reactive oxygen

intermediates by reactions associated with nitrogen

fixation. For example, reactions involving ferredoxin,

hemoglobin, and hydrogenase can generate 027(Fridovich,

1979 and Schneider and Schlegel, 1981). H202 is produced

by the reaction catalyzed by SOD which is found in both

free-living Rhizobium and bacteroids (Dimitrijevic et al.,

1984 and Stowers and Elkan, 1981). Some legume nodules

also produce H20
2
via the urate oxidase reaction which

converts urate to allantoin (Reynolds et al., 1982). This

is a key step in the production of ureides which are the

major form in which nitrogen is transported out of nodules

in legumes such as soybean, snap bean and cowpea. Although

catalase may be present in nodules (Hanks et al., 1983),

this enzyme alone may not be sufficient to eliminate all

the H
2
0
2
because catalase has a high K

m
for H

2
0
2
and tends

to be restricted largely to peroxisomes (Halliwell, 1974).

Furthermore, catalase also seems poorly suited for disposal
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of H
2
0
2
in nitrogen-fixing organisms because the catalase

reaction produces free 02.

The work presented in this section of this thesis

began as an extension of the trace element work presented

in Part I of the thesis. The original goal was to examine

soybean nodules for a possible selenium requirement that

might be associated with glutathione peroxidase activity.

No glutathione peroxidase activity was detected. However,

an alternative enzymatic system for scavenging of H202 was

discovered which is similar to that which operates in

chloroplasts and cyanobacteria. This is the first report

of such a system from nodules.
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MATERIALS AND METHODS

Growth of Plants

Soybean seeds (Glycine max (L.) Merr cv. Williams)

were planted in 20 cm plastic pots containing perlite and

were inoculated with Rhizobium japonicum USDA 122 DES

(Ruiz-Argueso et al., 1979). Plants were grown in a

greenhouse with a 16 h photoperiod and a light intensity of

190 TIEm-2sec -1
. The day temperature was 27

oC and the

night temperature was 21°C. Plants were provided daily

with a nitrogen-free nutrient solution consisting of 1.58

mM K2504, 2 mM MgSO47H20, 0.57 mM KH2PO4, 0.86 mM K2HPO4

3H20, 12.0 mM CaSO45H20, 1.0 mM CaC12.2H20, 3.7 pM H3B03,

0.72 pM Mn504, 0.76 11M Zn504.7H20, 0.31 pM CuSO4.5H20, 0.10

pM Na2Mo042H20, 0.17 pM CoC12 6H20, 0.17 pM NiC126H20,

and 40.4 pM NaFeEDDHA (sodium ferric ethylenediamine di-(o-

hydroxyphenylacetate). Excess nutrient solution drained

through holes in the bottom of each pot. Pots were flushed

with water twice each week to prevent accumulation of

minerals. After germination, the plants were thinned to

five per pot. Samples of nodules were collected at each

sample date from each of three replicate groups of plants.

Each replicate group consisted of three pots of plants.

Nodules were collected only from the upper 5 cm of the main

tap root.
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Extraction Procedures

Nodules were harvested at various ages as indicated in

Figures 2-5 and ground at 4°C by mortar and pestle with

purified, insoluble polyvinylpolypyrrolidone (25% by

weight, GAF Corporation, New York) and 4 volumes of buffer

consisting of 50 mM KH2PO4- K2HPO4 and 0.1 mM EDTA at a pH

of 7.0. The macerate was filtered through 100-mesh bolting

cloth and then centrifuged at 8000 X g for 20 min to remove

cell debris and bacteroids. The supernatant (henceforth

called extract) was analyzed for leghemoglobin

concentration by measuring the absorbance values of the

oxidized versus reduced difference spectrum of pyridine

hemochrome (Bergersen, 1980) and for total protein by

Coomassie Blue binding (Bradford, 1976). Bovine serum

albumin was used as the protein standard. Standardization

with myoglobin gave similar results. The total protein

content of the extracts was 3-4 mg. ml-1 . Extracts for

ascorbate determination were made separately by grinding

nodules in 3 volumes of 5% metaphosphoric acid (HPO3,

Chinoy, 1984), centrifuging at 15,000 X g for 15 min, and

filtering the supernatant through a 0.22 pm Millipore

filter. Extracts for ASC determination were stored at

-80°C for later analysis.

Enzyme Assays

Acetylene reduction was determined on excised nodules

as previously described (Drevon et al., 1982). Glutathione
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peroxidase activity was assayed by coupling to NADPH

oxidation in the presence of excess glutathione reductase

(Tappel, 1978). Purified bovine glutathione peroxidase was

purchased from the Sigma Chemical Co. for use as a positive

control. ASC peroxidase was measured by a modified

spectrophotometric procedure based on the rate of decrease

in absorbance of ASC at 265 nm during ASC peroxidation

(Asada, 1984). The assay was performed in a 1.5 ml quartz

cuvette containing 0.25 mM ASC, 50 mM KH2PO4- K2HPO4 at pH

7.0, 1.0 mM H202, and 37.5 ill of extract. Corrections were

made for the low rates of ASC disappearance due to non-

enzymatic and H202-independent oxidation.

Preliminary assays of ASC peroxidase were complicated

by initial low rates of ASC disappearance that gradually

increased to a much higher constant rate after 4-5 min.

This problem was found to be due to the inclusion of 0.1 mM

EDTA in the reaction buffers. When buffers without EDTA

were used, the lag period was reduced to about 20 sec.

Rates were then determined during the linear phase of the

reaction from 20 to 60 sec. The persistence of this 20-sec

lag period was probably due to the small amount of EDTA

(3.8 nmoles in 1.5 ml final volume) introduced into the

reaction mixture along with the crude extract.

DHA reductase was measured by the rate of increase in

absorbance at 265 nm due to ASC formation (Asada, 1984).

The assay mixture contained 50 mM KH2PO4- K2HPO4 at pH 7.0,
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0.2 mM DHA (freshly prepared in N
2
-saturated buffer), 0.1

mM EDTA, 2.5 mM GSH, and 37.5 pl of extract in a final

volume of 1.5 ml. Correction was made for the non-

enzymatic reduction rate. The GSH-independent rate was

negligible. The absorbance of GSSG was corrected for by

multiplying by a factor of 0.98 (Asada, 1984). Glutathione

reductase was assayed by measuring the decrease in

absorbance at 340 nm due to NADPH oxidization (Kalt-Torres

et al., 1984). Reaction mixtures consisted of 0.25 mM

GSSG, 0.125 mM NADPH, 50 mM Tricine (pH 7.8), 0.5 mM EDTA,

and 50 pl of extract in a final volume of 2.0 ml. Rates

were corrected for GSSG-independent NADPH oxidation. The

non-enzymatic rate was negligible.

All reported values for enzyme activities are the

means of determinations on three separate extracts for each

sampling date. Each extract was prepared from the nodules

of three pots of plants.

Other Assays

GSH and GSSG contents of cytosol extracts were

determined by HPLC analysis of the 2,4-dinitrophenyl

derivatives of 3-carboxymethyl-GSH and GSSG (Reed et al.,

1980). ASC content of nodule extracts was determined by

HPLC analysis using a Beckman Gradient LC Model 334 with

guard and analytical columns of 5 Tim RP-18 (Brownlee

Laboratories, Shaw and Wilson, 1982). Separate extractions
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were made for glutathione and ascorbate at each sampling

date from nodule samples from each of three groups of

plants. Triplicate analyses were performed on each

extract.
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RESULTS

Initial Experiments

Initial assays were designed to check for glutathione

peroxidase activity by coupling the peroxidase reaction to

NADPH oxidation in the presence of excess glutathione

reductase. This essentially duplicates the in vivo series

of reactions that occurs in mammalian cells (upper scheme

of Figure 24) while at the same time providing a convenient

means of detecting activity. The preliminary results with

crude cytosol extracts suggested low rates of glutathione

peroxidase activity. The activity averaged 26.5 nmoles

NADPH mg protein -1 min -1, which was only marginally above

the background (peroxide-independent) rate. This rate was

only slightly affected by 0.05 mM mercaptosuccinate, a

potent inhibitor of mammalian glutathione peroxidase

(Tappel, 1984). Assays with purified bovine glutathione

peroxidase were completely inhibited by this concentration

of mercaptosuccinate (Table 14). Subsequent partial

purification of this crude nodule extract by (NH4)2SO4

precipitation reduced the apparent glutathione peroxidase

activity to a level indistinguishable from the background

level. Potential glutathione peroxidase activity was

examined in detail in these partially purified extracts.

Assays were performed separately for H202 and cumene

hydroperoxide, both of which are known to act as substrates

for mammalian glutathione peroxidase. The peroxide-



117

Table 14. Comparison of possible glutathione peroxidase

activities of soybean nodule cytosol extracts with

activities of purified bovine glutathione peroxidase.

Assays were performed with cumene hydroperoxide as the

substrate.

Assay conditions
Glutathione peroxidase activities with:

Cytosol extract Purified glutathione
peroxidase

complete

without cumene
hydroperoxide

without glutathione
reductase

without GSH

without NADPH

with 0.05 mM MSa

(nmoles NADPH mg protein-1 min-1)

27.0 ±8.5 209,000 ±7220

25.5 ±3.3 949 ± 37

13.1 ±2.7 0

4.1 ±0.7 0

0 0

22.0 ±5.7 0

Activity was measured spectrophotometrically by recording

the decrease in absorbance at 340 nm due to the oxidation

of NADPH. All values were corrected for non-enzymatic

rates. Each assay was complete except as noted. Details

of the assay conditions and the extraction procedure are

described in the Materials and Methods section of the text.

Purified glutathione peroxidase was purchased from the

Sigma Chemical Co. All values are the mean of three

replicates ±1 S.E.

a
MS, mercaptosuccinate.
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independent rate in these assays was nearly equal to the

rate when peroxides were present (Tables 14 and 15).

Furthermore, mercaptosuccinate had very little inhibitory

effect. These results indicate that glutathione peroxidase

was not present.

The addition of ASC to the partially purified extract

resulted in slightly elevated rates of NADPH oxidation.

Substantially higher rates of NADPH oxidation (150-210

nmoles -mg protein-1 min-1 ) were obtained when DHA was

added and peroxide omitted in the reaction. These

observations are consistent with the conclusion that the

nodule extracts contained a H
2
0
2
-scavenging system in which

ASC peroxidase and DHA reductase were essential (lower

scheme of Figure 24). Glutathione peroxidase is not a

component of this system. The initial observations which

implicated a role of glutathione peroxidase probably were

the result of ASC peroxidase and endogenous ASC in the

crude extract. After proteins were separated from ASC by

(NH
4

)

2
SO

4
precipitation, no evidence for the presence of

glutathione peroxidase activity was observed.

Ascorbate peroxidase activity ( nmol ASC. assay
-1

min-1) increased proportionally with increased total

protein concentration (Figure 25). The specific activity

of this enzyme (nmol ASC mg protein
-1 min

-1
) was constant

over a wide protein range (0.1 to 0.4 mg) corresponding to

the amount of protein routinely included in the assay.
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Table 15. Comparison of possible glutathione peroxidase

activities of soybean nodule cytosol extracts with

activities of purified bovine glutathione peroxidase.

Assays were performed with H202 as the substrate.

Assay conditions
Glutathione peroxidase activities with:

Cytosol extract Purified glutathione
peroxidase

(nmoles NADPH mg protein-I min-1 )

complete 37.0 ± 6.3 14,900 ±200

without H
2
0
2

without glutathione
reductase

38.7

21.4

±13.9

± 3.9

1,316

0

± 0

without GSH 22.3 ± 9.6 0

without NADPH 0 0

with 0.05 mM MSa 16.3 ± 5.5 2450 ±440

with 0.50 mM MSa 7.2 ± 1.4 0

Activity was measured spectrophotometrically by recording

the decrease in absorbance at 340 nm due to the oxidation

of NADPH. All values were corrected for non-enzymatic

rates. Each assay was complete except as noted. Details

of the assay conditions and the extraction procedure are

described in the Materials and Methods section of the text.

Purified glutathione peroxidase was purchased from the

Sigma Chemical Co. All values are the mean of three

replicates ±1 S.E.

aMS, mercaptosuccinate.
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Enzyme Activities During Nodule Development

The activities of the three enzymes of the peroxidase

system (lower scheme of Figure 24) were monitored

throughout nodule development. ASC peroxidase and DHA

reductase activities were low in extracts of 11 and 13-day-

old nodules averaging about 43 nmoles ASC oxidized mg

protein-1 min-1 for ASC peroxidase and 16 nmoles ASC

formed mg protein-1 min-1 for DHA reductase. These

activities increased sharply in extracts of 15-day-old

nodules (Figure 26). Activities remained at these higher

levels through the final harvest at 61 days. The average

activity for all nodules harvested between 15 and 61 days

after planting was 283.7 nmoles ASC consumed mg protein
-1

min -1 for ASC peroxidase and 54.2 nmoles ASC produced mg

protein-1 min-1 for DHA reductase. In contrast with ASC

peroxidase and DHA reductase activities, glutathione

reductase activity did not increase substantially as

nodules matured (Figure 27). The average activity for

glutathione reductase in nodules of all ages (11 to 61

days) was 15.6 nmoles NADPH oxidized mg protein-1

-1min .

The increases in activities of ASC peroxidase and DHA

reductase coincided roughly with increases in leghemoglobin

concentration and acetylene reduction (nitrogenase)

activity (Figure 28). A low concentration of leghemoglobin

was first detected at 15 days after planting. The
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Figure 26. Ascorbate peroxidase and dehydroascorbate

reductase activities in cytosol extracts of soybean

nodules during plant development. Rates were determined

by spectrophotometric measurement of ascorbate as

described in Materials and Methods section. Each value

is the mean of three replicates ± 1 S.E.
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Figure 27. Glutathione reductase activity in cytosol

extracts of soybean nodules during plant development.

Rates were determined by spectrophotometric measurement

of NADPH oxidation as described in Materials and Methods

section. Each value is the mean of three replicates

± 1 S.E.
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Figure 28. Acetylene reduction rates and leghemoglobin

concentrations of soybean nodules. Acetylene reduction was

determined with excised nodules in sealed vials containing

10% (v/v) acetylene. Leghemoglobin concentration of nodule

extracts was determined by measuring the oxidized versus

reduced difference spectrum of pyridine hemochrome. Each

value is the mean of three replicates ±1 S.E.
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concentration increased to a high of 22.0 nmoles mg

protein-1 (285 nmoles g fresh wt-1) at 27 days and then

gradually declined. Acetylene reduction activity was

initially detected at low levels in 13-day-old nodules.

Acetylene reduction rates reached a maximum at 27 days

(31.0 Tmolesg nodule- 1
h
-1

) and then slowly decreased.

Location of Enzymes

ASC peroxidase and DHA reductase activities were found

only in the cytosol fraction of nodule extracts. These

enzymes were not detected in pellets (containing

bacteroids, cell debris, and probably some intact

mitochondria) produced by centrifugation of crude extracts.

These enzymes also were not detected in extracts obtained

after passage of resuspended pellets twice through a French

pressure cell. The total protein concentration of these

preparations was approximately equal to that of cytosol

extracts in which high activities were observed. This

indicates that ASC peroxidase and DHA reductase are present

only in the nodule cytosol and not present in bacteroids

and thus are apparently of plant origin. In contrast,

glutathione reductase was detected in the pellet fraction

from crude nodule extracts. After passage twice through

the French pressure cell, the specific activities of

glutathione reductase in these extracts were comparable in

magnitude to those measured in cytosol extracts.
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GSH, GSSG, and ASC Concentrations During Nodule Development

Glutathione concentrations increased sharply during

nodule development (Figure 29). The concentration of GSH

increased from 2.2 nmoles g fr wt-1 (0.15 nmoles mg

protein-1) in 11-day-old nodules to a high of 140.8 nmoles.

g fr wt-1 (9.6 nmoles mg protein-1) in 33-day-old nodules.

GSSG concentrations increased from 3.2 nmoles g fr wt
-1

(0.3 nmoles mg protein-1) in 11-day-old nodules to a high

of 10.4 nmoles g fr wt-1 (0.7 nmoles mg protein-1) in 33-

day -old nodules. Both GSH and GSSG concentrations declined

after the maximum values observed in 33-day-old nodules.

In contrast, ASC concentrations remained roughly constant

throughout nodule development. The average concentration

from nodules of all ages was 1.69 limoles g fr wt-1 . The

concentrations ranged from 0.94 to 1.86 nmoles g fr wt-1 .
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Figure 29. Concentrations of reduced (GSH) and oxidized

(GSSG) glutathione in soybean nodules. Determinations

were by HPLC analysis of derivatized thiols as described

in Materials and Methods section. Each value is the mean

of three replicates ±1 S.E.
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DISCUSSION

The data in this investigation have provided no

evidence for the occurrence of an active glutathione

peroxidase in soybean nodules. However, GSH oxidation

proceeds rapidly via a system involving peroxidation of

ASC, in the presence of ASC peroxidase, followed by GSH-

dependent reduction of DHA to ASC.

Correlation between nitrogenase activity and

activities of other enzymes has been used as evidence of

association between nitrogen fixation and other processes

(Stripf and Werner, 1978). The concurrent increases in

concentrations of leghemoglobin and glutathione and

activities of nitrogenase, ASC peroxidase, and DHA

reductase during early nodule development indicate that

increased capacity for H202 scavenging is associated with

the development of the process of nitrogen fixation. This

suggests that these enzymes may be plant proteins that are

produced in response to infection (i.e. "nodulins"), but

further investigations are required to verify this. The

correlation coefficients for acetylene reduction rates

versus glutathione concentrations, ASC peroxidase

activities, and DHA reductase activities indicate a strong

positive correlation (r= 0.94 to 0.79, Table 16). In

addition, significant positive correlations (r=0.98 to

0.79) between leghemoglobin content of nodules and the same

parameters of H
2
0
2
scavenging are also apparent.
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Table 16. Correlation coefficients for parameters of nitrogen

fixation (acetylene reduction rates and leghemoglobin

concentrations) and parameters associated with H202

scavenging during early developmental stages (11 to 27 days)

of soybean nodules.

Parameters Acetylene Leghemoglobin
reduction rates concentrations

Acetylene reduction rates

(correlation coefficients)

0.90 (0.02)a

Leghemoglobin concentrations 0.90 (0.02)a

Ascorbate peroxidase activities 0.79 (0.06) 0.83 (0.04)

Dehydroascorbate reductase
activities 0.79 (0.06) 0.79 (0.06)

Glutathione reductase
activities

-0.01 (n.s.) 0.21 (n.s.)

Glutathione concentration 0.94 (0.005) 0.98 (0.001)
(GSH + GSSG)

aValues in parenthesis are significance levels.

n.s., not significant.

Mr. Joe Hanus calculated the correlation coefficients.
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Glutathione reductase activity was not correlated to

nitrogen fixation parameters.

The reversible inhibition by EDTA of ASC peroxidase

from spinach chloroplasts (Asada, 1984) and nodule extracts

suggests the involvement of a metal. A heme prosthetic

group, which is known to be a constituent of many

peroxidases, may be involved. Further research obviously

is necessary to elucidate possible metal requirements and

other characteristics of ASC peroxidase and associated

enzymes in legume nodules.

The occurrence of ASC peroxidase and DHA reductase in

nodule cytosol fractions and the absence of these two

enzymes in bacteroid extracts strongly suggests that these

enzymes are of plant origin. The glutathione reductase in

the pelletized fraction of nodule extracts probably

originated from bacteroids but some may also have been

derived from intact mitochondria which were not ruptured in

the extraction procedure. Glutathione reductase is known

to occur in a wide variety of plants, animals, and

microorganisms (Flohe and Gunzler, 1976). In plants, the

enzyme has been reported to be present in chloroplasts,

mitochondria, and cytoplasm but some of these reports are

contradictory (Kalt-Torres et al., 1984 and Foyer and

Halliwell, 1976).

The concentration of glutathione found in nodules is

comparable to levels reported from other plant sources.



131

Glutathione concentrations average about 100 pM for most

plant tissues, but chloroplast concentrations are

substantially higher, ranging from 1.0-3.5 mM (Rennenberg,

1982). If it is assumed that glutathione is evenly

distributed throughout nodules, the apparent concentration

of GSH + GSSG ranged from 6.1 pM in 11-day-old nodules to

191 -11M in 33-day-old nodules. Although glutathione is

generally considered to be ubiquitous in living cells,

other low molecular weight thiols are present in some

plants. A glutathione homolog ("homoglutathione") has been

detected in leaves of some legumes, including soybean

(Carnegie, 1963 and Price, 1957). This compound differs

from glutathione by the substitution of alanine for the

terminal glycine. In the present study, GSH and GSSG were

identified by co-elution with commercial standards.

Standards for homoglutathione were not available.

Chromatograms also contained other peaks from unidentified

thiol compounds. Therefore, the possibility must be

considered that nodules may contain glutathione homologs in

addition to or instead of glutathione per se and that these

compounds may be involved in the peroxidase system.

The application of exogenous ASC to roots of nitrogen-

fixing plants has been reported to increase the weight and

number of nodules, leghemoglobin content, growth, yield,

and nitrogen content of tissues (Chinoy, 1984). Also, it

has been observed that the endogenous ASC content of
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functional nodules is much higher than that of green,

senescent nodules (Chinoy, 1984). Although the reasons for

the beneficial effects of ASC on symbiotic performance have

been unclear, the present work supports a role of ASC in a

system for the prevention of peroxide damage. The data

reported here indicate an approximate ASC concentration in

nodules of 2.1 mM (assuming uniform distribution throughout

nodules). This relatively high concentration compares

favorably with the high concentrations of ASC (2.5-3.5 mM,

Nakano and Asada, 1981) associated with peroxide scavenging

in chloroplasts.
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SUMMARY AND CONCLUSIONS

PART I. These investigations were conducted to examine the

nickel requirements of plants and bacteria involved in

nitrogen-fixing symbioses. The results may be summarized as

follows:

1. Soil microbial urease activity increased in

response to supplemental nickel in some soils if the

indigenous nickel content was low and the pH value was

high. This response was used as a bioassay to

identify soils with potential nickel deficiency

problems for plants.

2. Nickel fertilization of soybean plants grown in a low-

nickel soil resulted in increased leaf urease and

nodule hydrogenase activities; however, yield was not

improved.

3. Red alder plants growing in purified nutrient solution

showed up to a 4.2 fold increase in leaf urease

activity in response to nickel.

4. Urease was found to be produced in small quantities by

free-living Rhizobium and Bradyrhizobium species and

by bacteroids isolated from soybean root nodules.

Urease activity in cultures of these bacteria

increased up to 120 fold in response to nickel.

Urease in cell-free extracts of Bradyrhizobium

japonicum 122 DES had a large molecular weight (up to

1.12 x 10 6
) and a very low K

m
(36 pM) for urea.
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PART II. These investigations were conducted to search for

possible additional trace elements that might be required by

nitrogen-fixing symbioses and to examine mechanisms for

scavenging of peroxides in soybean root nodules. The

results may be summarized as follows:

1. Glutathione peroxidase activity was not detected in

soybean root nodules. Consequently, no role for

selenium was established for legume symbioses.

2. Scavenging of peroxides in soybean root nodules was

found to proceed via an enzymatic system that involves

ascorbate and glutathione. The enzymes concerned were

ascorbate peroxidase, dehydroascorbate reductase and

glutathione reductase.

3. During the time course of early nodule development,

ascorbate peroxidase and dehydroascorbate reductase

activities and total glutathione contents of nodule

extracts increased strikingly and were positively

correlated with acetylene reduction rates and nodule

hemoglobin contents.
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Appendix

Soil
number

1. Location of soil collection sites.

Series State County Township Range Section
number

Quarter
section

1 Nehalem Oregon Benton 14S 8W 26 SW

2 Bohannon Oregon Lincoln 14S lOW 12 NW

3 n.d. Oregon Lincoln 14S 10W 2 NW

4 Nelscott Oregon Lincoln 13S 12W 1 NW

5 Delake Oregon Lincoln 14S 12W 27 NE

6 Hembre Oregon Lane 15S 12W 26 NW

7 Gearhart Oregon Lane 19S 12W 10 SE

8 Blacklock Oregon Coos 28S 14W 29 SW

9 Eightlar Oregon Josephine 38S 8W 29 NW

10 Wagram North Edgecombe n.d. n.d. n.d. n.d.
Carolina

n.d., not determined



Appendix 2. Yield and nitrogen analyses of 52-day-old soybean plants grown in a low
nickel soil (Wagram series).

Concentration of NiC1
2

total N Shoot dry weight
in nutrient solution

Ureide content of
leaves + petioles

(M) (%) (g/plant) (mg allantoin/
g dry wt.)

(% total N as
allantoin)

0

10-7

10-5

10-3

Significance level

3.14

3.38

3.46

3.45

n.s.

3.08

2.86

2.77

2.94

n.s.

3.68

2.65

2.53.

3.15

n.s.

4.20

2.79

2.61

3.25

n.s.

Soybean plants were inoculated with Bradyrhizobium japonicum 122 DES and grown in

Wagram soil in two-liter polyethylene containers. Nutrient solution was provided at

two-week intervals. The nutrient solution contained various concentrations of NiCl2

as indicated. See Materials and Methods of text for complete details. Each value is

the mean of five replicates.

n.s., not significant



Appendix 3. Yield and nitrogen analyses of 100-day-old soybean plants grown in a low
nickel soil (Wagram series).

Concentration of NiC1
2

total N Dry weight
in nutrient solution shoots roots nodules

Ureide content of
leaves + petioles

(M) (%) (g/plant) (mg allantoin/ (% total N as
g dry wt.) allantoin)

0

10-7

10-5

10-3

Significance level

3.37

3.45

3.69

3.37

n.s.

14.68

14.18

13.05

10.33

0.05

2.79

2.50

2.14

1.43

0.01

0.57

0.54

0.59

0.44

n.s.

2.52

2.18

3.13

1.71

n.s.

2.65

2.26

2.99

1.98

n.s.

See legend of Appendix 2 for description of experiment.

n.s., not significant



Appendix 4. Iron concentration in soybean tissues at final harvest (100

days after planting).

Concentration of NiC1
2

Iron content of tissue

in nutrient solution leaves stems roots nodules

(M) (ppm)

0

10-7

10-5

10-3

137

127

128

124

±8

±5

±7

±9

46

46

52

89

± 6

± 8

± 8

±18

989

935

979

749

±129

± 57

± 54

± 79

581

581

601

612

± 430

± 19

± 26

± 40

Significance level n.s. 0.05 n.s. n.s.

See legend of Appendix 2 for details of experiment. Plant tissues were

ashed and analyzed by atomic emission spectrometry. Each value is the

mean of 5 replicates ±1 S.E.

n.s., not significant


