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I.

INTRODUCTION

Symbiotic nitrogen fixation is one of the most economi
cally important and. scientifically intriguing phenomena in
Many research studies have attempted to deter

plant science.

mine the quantities of nitrogen fixed by nodulated legume
crops and, although there has been a wide range reported in
amounts of nitrogen fixed, there is general agreement that
there exists an inverse relationship between nitrogen fixed
and the amount of combined nitrogen in the soil.

This reduc

tion of nitrogen fixation and nodulation by combined nitrogen
may be regarded as a liability, whereas it should be regarded
as an asset.

Legumes grown in soils low in combined nitrogen

tend to fix more nitrogen, thus increasing the soil nitrogen;
where soil nitrogen is higher, less fixation occurs.
The mechanism by which combined nitrogen reduces nodula
tion and nitrogen fixation has been the subject of many re
search studies.

Results of most studies lend support to the

idea that the effect of combined nitrogen is wrought within
the plant, the end result being determined by the carbohydrate
to nitrogen ratio (relationship).

However, numerous results

have been reported which seem to indicate that a local effect
of combined nitrogen may be acting externally in the rhizosphere.

This study was initiated to re-evaluate the role of

combined nitrogen in reduction of nodulation and to attempt
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to postulate a mechanism for a local or external effect of
combined nitrogen in reducing nodulation.
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II.

REVIEW OP LITERATURE

Twenty years before Hellriegel and Wilfarth (10) demon
strated the relationship between nodules and nitrogen fixation,
Rautenberg and Kuhn (19) first observed the inhibition of
nodule formation by combined nitrogen.

Hallsworth (9, p. 189)

emphasized the fact that both nodule formation and nitrogen
fixation are adversely affected by combined nitrogen.

It was

extremely important, therefore, to distinguish between the two
effects of combined nitrogen.
Many theories have been advanced attempting to explain
the effect of combined nitrogen in nodule inhibition.

Allison

and Ludwig (1) in 1934 presented all of the suggested explana
tions at that time and discussed the merits and limitations of
each.

Their conclusions, based on their own studies and their

review of previous work by Maze (13) and by Weber (30) were
stated as follows:
. . . that decreased nodulation in the presence of
soluble nitrogenous salts is due to inadequate car
bohydrate supply in the roots.
When nitrogen is abundant, the carbohydrate synthe
sized is used for top growth, and little is availa
ble for the growth of roots or nodules.
This theory, with only slight modifications has been accepted
by most workers engaged in this area of research.
convincingly demonstrated.

It can be

In tests where plants were grown
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under low soil nitrogen, nodulation has been greatly decreased
by weekly spraying with 1/2$ or ±% urea solutions (2).

The

theory is physiologically sound, having its basis in results
obtained in growth correlation studies concerning root-top
balance (12, p. 201).
However, changes in both nitrogen level and form often
provide results which are difficult to interpret using the
carbohydrate.'nitrogen theory.

The addition of low levels of

nitrogen often stimulates nodulation (6).

Richardson et_ al.

(20), working at the very low levels of 0.5 and 12 ppm found
a marked increase in nodulation when the ammonium ion was used,
but a decrease when the nitrate ion was used on Ontario varie
gated alfalfa.

At their highest nitrogen concentration (60

ppm) both forms of nitrogen reduced nodulation but the reduc
tion was greater when nitrate was supplied.

Gibson and Nutman

(8) reported an initial delay, followed by an eventual increase
in nodulation using 2.0-20 ppm nitrate or nitrite ,

but no

delay when urea, asparagine or ammonium was used at the same
levels.

Their experiments were conducted in sterile mineral

nutrient agar.
Nutman (15) has suggested that nodules and lateral roots
arise at the same foci and that the development of a nodule
subtends the development of a lateral root.

The delay in

nodulation by nitrate and nitrite reported by Gibson and Nutman (8) apparently resulted in more lateral root development,
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which in turn resulted in more potential nodule sites.

There

is evidence, therefore, that even at equal concentrations of
nitrogen the reduction caused by nitrate is greater than the
reduction caused by ammonium.

It is difficult to explain this

difference if the carbohydrate:nitrogen ratio is accepted as
the sole determinant affecting the degree of nodulation.
Gibson and Nutman (8) in i960 stated that the "available
carbohydrate" or "C:N" hypothesis is an inadequate explanation
of nitrate inhibition of nodulation.

Nutman (14, p. 135)

stated further, that whatever the mechanism, a local reaction
at the root surface was involved.
There is some good evidence to support a theory proposing
a local or external effect of combined nitrogen.

In experi

ments employing a divided root technique several investigators
(5, 7, 31) have shown that nitrate supplied to one part of the
root had no influence on infection elsewhere.

Gaumann et. al.

(7) employing a split root technique obtained 50.5 nodules on
the side containing 1% of the nitrogen employed in Shop's
solution and 0 nodules on the side containing twice the level
of nitrogen in Knop's solution.

Fedorov and Kozlov (5) used

similar levels and obtained approximately 400 and 0 nodules
respectively.

These observations appeared to be in disagree

ment with the "C:N ratio" theory, for if there was sufficient
nitrate in the media to completely inhibit nodule formation,
there should have been little carbohydrate available for
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nodule growth.
Raggio et al. (18) working with excised bean roots, found
that nitrate inhibited nodulation if it was supplied in the
medium containing root and bacteria, but not if it was sup
plied through the base of the excised root.

They concluded

that this questions the theory of an internal effect of nitro
gen and suggests an external effect.

Thornton (26) observed a

greatly reduced number of infection threads in root hairs when
combined nitrogen was in the root medium.
Fedorov and Kozlov (5) found that if nitrate was supplied
slowly to the plant at a rate equivalent to fixation, nodule
number was stimulated in some species.

Gibson and Nutman 1 s

(8) results, showing a delay in nodulation when nitrate or
nitrite was used, but no delay when urea, asparagine, or
ammonium was used, could not have resulted from differences in
amounts of nitrogen used by the plants.

The urea, asparagine,

and ammonium were assimilated in amounts equal to or greater
than the nitrate or nitrite.

•

Thornton (26) was able to show nitrate inhibition of root
hair curling.

Although root hair curling itself may or may

not be an essential stage in bacterial infection of the root
hair, its presence indicates that some essential process has
occurred.

Nutman (17) has stated that, with few exceptions,

only curled root hairs become infected.

Root hair curling

has been shown by Thimann (25) to be caused by bacterial
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production of indoleacetic acid (IAA).

Production of IAA by

rhizobia has been measured only in the presence of plant roots
or when tryptophan has been added to the media (11).

Trypto

phan has been shown to be excreted in trace amounts from
intact roots of Plsum sativum (21).

The role of IAA in infec

tion is not known but it probably is involved with increasing
the plasticity of the root hair cell wall, thus enabling cell
wall invagination and infection thread formation (17).

Other

investigators (11, 24) have indicated that initiation of the
lateral primordium giving rise to a nodule was induced from
outside by this bacteria-produced IAA.
Few attempts have been made to propose a mechanism for a
local effect of combined nitrogen in inhibiting nodulation.
Virtanen (29) has suggested that nitrate inhibition occurs
through the formation of nitrite which reacts to form a nitrite-leghemoglobin complex.

Thornton and Nicol (27) suggest

that the local effect is due to nitrate inhibition of the
preliminary curling reaction of root hairs.

However this

should be regarded as an observation rather than a mechanism,
but probably merits further investigation.

Thornton (26)

considered that the carbohydrate level in the piliferous layer
of the root was important but did not expand on this idea.
In summation, there appears to be sufficient evidence to
support a theory proposing a local effect of combined nitrogen.
Nutman (14) has stated that too little is known of the details

8
of the interrelations of carbohydrate and nitrogen metabolism
and auxin activity to formulate an alternative hypothesis.
Hence, at the present a mechanism for a local effect of com
bined nitrogen is lacking.

However, as is often the case,

developments in other areas of research may provide the know
ledge required to propose a workable mechanism.

Oheniae and

Evans (3), working on the nitrate reductase enzyme system,
demonstrated that R. japonicum obtained from soybean nodules
contained this enzyme which reduced nitrate to nitrite.

In

another area of research Tonhazy and Pelczar (28) in their
research in IAA oxidase demonstrated that nitrite acted catalytically to destroy IAA.

This being true, it is conceivable

that small amounts of nitrite could destroy relatively larger
amounts of IAA.
A study of the Interrelationships between plant, rhizobia,
tryptophan, IAA, nitrate, and nitrite, and the overall effect
of this interrelationship on root hair curling and bacterial
infection, could conceivably provide sufficient information to
propose a mechanism for external inhibition of nodulation.
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III.

A.
1.

METHOD OP PROCEDURE

General Procedure

Culture of Rhizobium
Pour strains of Rhizobium were used in this study:

R.

japonicum Kirchner (strains 117 and 123, Dr. H. Johnson, U.
S. D. A., Beltsville), R. meliloti Dangeard (strain Su 388,
Dr. J. M. Vincent, C. S. I. R. 0.), and R. trifolli Dangeard
(strain 205, Dr. D. T. Parker, Ames).

Three of these strains

were selected because antisera for checking their purity was
available.

The bacteria were maintained and cultured for use

on slants of the following media:
K 2 HP0 4

0.5 g/1

MgS0 4 -7H 2 0

0.2 g/1

NaCl

0.2 g/1

Mannitol

10.0 g/l

Yeast Extract

5.0 g/l

Water

1

Adjusted to pE

6.5- 7-0

1

Pure strains of rhizobia were maintained on slants in (16 x
125 mm) screw-cap test tubes (small slants).

Rhizobia grown

for experimental use were grown on slants in 1/2 pint square
screw-cap bottles (large slants).

The large slants were
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Inoculated with 5 ml of 1% mannltol solution containing a sus
pension of cells obtained from the small slants.

After inoc

ulation the large slants were incubated at room temperature
until cell growth was visible, then stored under refrigeration
(5°C).

Two days prior to use the large slants were again

incubated at room temperature.

By this method 5 ml of a very

heavy suspension of bacteria could be obtained from each large
slant.
2.

IAA determination
Spectrophotometry:

Two drops of conc. HOI were added

to 5 ml of the test solution to reduce the pH and then ex
tracted twice with equal volumes of absolute ether (analytical
grade).

The ether was evaporated and the residue redissolved

in 3 ml of distilled water.

The addition of 1.5 ml of 0.05 M

FeClj in .'*5/6 HCIC^ (Salkowski reagent) resulted in a red color
characteristic of IAA (23).

The intensity of the red color

was determined by measuring the optical density at 530 mU.
The density values obtained were converted to molar concentra
tions from a standard curve and reported as V> moles/ml of
reaction mixture unless otherwise indicated.
Chromatographic:

As required, extracts of bacterial

cultures were chromatographed for detection of IAA and/or
tryptophan.

Ascending chromatograms were made on No. 1 What

man filter paper using the following solvent :

isopropanol

11
- 8 N NH^OH (4:1 V/V).

Guide chromatograms of synthetic IAA

and tryptophan were made for comparison of R-p values.

Chroma

to gram s were sprayed with Salkowski reagent (see before) to
develop color.
3.

Nitrite determination
Nitrite determinations were carried out by means of a

modified Shinn (22) technique using sulfanilic acid rather
than sulfanilimide.

Two reagents were required for the test:

1% sulfanilic acid in 1.5 N HC1, and 0.02$ N (1 naphthyl)ethylenediamine • HC1 • in water.

The test was made by adding

1 ml of each reagent to a 2 ml aliquot of the solution under
study.

The amount of nitrite was indicated by the intensity

of red color in the solution.

Quantitative determination of

nitrite was obtained by measuring the optical density at 525
mP.

The density values were converted to molar concentrations

from a standard curve and reported as P- moles/ml of reaction
mixture unless otherwise indicated.
B.
1.

Experimental Procedure

Hypersurface nodulation
The results of some preliminary studies, where alfalfa

seedlings were grown in mineral agar media in test tubes con
taining various rates of nitrate, indicated that nitrate level
affected frequency of hypersurface nodulation.

Those nodules
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borne on roots above the surface of the agar were designated
as hypersurface nodules.
An experiment was designed to determine the relationship
between nitrate content in the agar and occurrence of hyper
surface nodulation.

Ten replications of four levels of

nitrate, as KNO3, were used:
M.

10~ 2 M, 10"^ M, 10~^ M, and 10~^

Seed of Medicago sativa var. Vernal was sterilized by soak

ing 5 minutes in "Chlorox" (5% sodium hypochlorite) followed
by 5 rinses with ethanol and 6 rinses with sterile distilled
water.

In order to detect any contaminated seeds, the seeds

were then placed aseptically on mineral mannitol agar media
(see Culture of Rhizobium) in petri dishes, using 20 seeds per
dish.

When the emerging radicals were about 1/2 inch long the

seed was aseptically replanted into mineral agar (see below)
in sterile (16 x 150 mm) culture tubes, each tube receiving
one seedling.

The tubes were plugged with non-absorbent cot

ton to prevent contamination.

Each tube was inoculated by

adding 0.2 ml of a heavy suspension of bacterial strain Su
388 in sterile distilled water.
suited in approximately 10

5

This amount of inoculant re-

cells per tube.

The plants were

then placed under continuous light (fluorescent, 800 fc) and
nodule position and numbers were recorded daily from the 12th
to the 30th day.
The mineral-agar solution on which the seedlings were
grown was as follows:
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EgHPO^

0.005 M

MgS0 4 -7H 2 0

0.002 M

KgSO^

0.002 M

FeS0 4 '7H 2 0 (Versene)

0.6 ppm

Agar

0.8 %

pH adjusted to 7.0
2.

Tryptophan exudation by soybean seedling roots
Seeds of soybean (Glycine max. Merr.) strains T202 and

T201 (Dr. C. R. Weber, Ames) were sterilized by soaking in
"Ohlorox" for 4 minutes followed by 3 successive rinses with
ethanol and 5 successive rinses with sterile distilled water.
Seeds were then placed aseptically on spun glass over 5 ml of
distilled water in sterile (16 x 150 mm) culture tubes.

Seeds

were permitted to germinate for five days after which the
liquid from ten culture tubes was bulked for tryptophan assay.
In selecting the tubes for assay care was taken to insure that
the seedlings were developed to the same degree.

One drop of

liquid from each tube was placed on solid mineral nutrient
agar media in a sterile petri dish in order to detect and dis
card any contaminated tubes.
strain of soybeans.

Six assays were made on each

Tryptophan content was determined by us

ing a tryptophan-requiring mutant of Lactobacillus arabinosus
in the standard tryptophan bioassay described in the Difco
manual (4, pp. 235-236).
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3.

Nitrite destruction of IAA
In an attempt to obtain more specific data on nitrite

destruction of IAA an experiment was designed utilizing 5
levels of sodium nitrite and 3 levels of IAA combined in all
possible combinations.
were used:

The following molar concentrations

nitrite - 10"^, 10"^, 10"^, 10"^, 10"^, and water;

IAA - 5.7 x 10~^, 5-7 x 10-5,

5.7 x

10"^, and water.

Aliquots

were removed from each flask immediately after mixing and at
intervals of one day for 4 days.

Both IAA and nitrite deter

minations were made on the aliquots taken.
4.

Rhizobial production of IAA and nitrite
a.

Rhizobial production of IAA

Rhizobia were washed

from a large slant and suspended in 100 ml of 1.5$ mannitol
solution in a 250 ml Erlenmeyer flask.

Tryptophan was added

to yield a final solution of 150 ml of 1$ mannitol solution
containing ÎO~^ M tryptophan.

Dilution to 1 x 10~ 10 showed

the solution contained approximately 10^ cells/ml.

The time

of addition of the tryptophan solution to the bacterial sus
pension was designated as zero time.

The flask was kept

stationary throughout the experiment, i.e., not on a shaker.
Aliquots of 7 ml of bacterial suspension were removed at
designated times and centrifuged for 8 minutes at 20,000 Xg
to remove cells.

The concentration of IAA in the supernatant

was determined colorimetrically as described elsewhere.
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b.

Nitrate reduction by rhizobia and IAA destruction by

the nitrite produced

Cells of strain 117 were washed from

a large slant and suspended in 100 ml of 1.5$ mannitol solution
in a 250 ml Erlenmeyer flask.

Nitrate (KNOj) was added to

yield a final solution of 150 ml of 1$ mannitol solution con
taining 10 - ^ M nitrate.

The time of addition of the KNO^ to

the bacterial solution was taken as zero time.
kept stationary throughout the experiment.

The flask was

Aliquots of 7 ml

of bacterial suspension were removed at regular time intervals
and centrifuged for 8 minutes at 20,000 Xg to remove cells.
Nitrite determinations, as described elsewhere, were made
using 2 ml of the supernatant.
The supernatant remaining was used to demonstrate nitrite
destruction of IAA.

Two ml of supernatant from each sampling

interval was added to 2 ml of IAA solution of known concentra
tion (10~ 3 IAA).

The IAA which was not destroyed by the

nitrite in the supernatant was measured spectrophotometrically
as described elsewhere.

As nitrite concentration increased

with time, IAA concentration was expected to decrease.
c.

Simultaneous production of IAA and nitrite by single

strains of rhizobia

(i)

Bacteria of strain Su 388 were

washed from 5 large slants, centrifuged at 20,000 Xg and resuspended in 250 ml of 1.2$ mannitol.
mixtures were set up:

The following reaction
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tryptophan + rhizobia
potassium nitrate + rhizobia
tryptophan + potassium nitrate + rhizobia
ammonium chloride + rhizobia
tryptophan + ammonium chloride + rhizobia
The final concentrations were as follows:

tryptophan, 10""3 M;

nitrate, ÎO~ 2 M; ammonium, 10""^ M; mannitol, 1.0%; cells
approximately 10^ per ml.

Prior to adding the cells, the

reaction mixtures were adjusted to pH 6.8.

Aliquots were re

moved at specific time intervals for determination of IAA and
nitrite.
(ii)

This experiment was repeated using strains 11?, 205,

and 388.
d.

Simultaneous production of IAA and nitrite by mixed

strains of rhizobia

(i)

Previous experiments had shown

that strain 117 produced relatively large amounts of nitrite
from nitrate, and that strains Su 388 and 205 showed a greater
tendency to convert tryptophan to IAA.

A mixture of 2 strains

could conceivably produce a system in which both reactions
would occur.

A series of experiments were instigated to test

this assumption.

The reaction mixtures used were the same as

those used with single strains except twice the level of
tryptophan was added.

The 2 mixed cultures used were 117 +

Su 388 and 117 +205.
(ii)

The cells of 3 large slants of strain 117 and 3
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large slants of Su 388 were centrifuged at 20,000 Xg for 8
minutes and resuspended in 180 ml of 1.2$ mannitol.

This

mixture was added to 3 Erlenmeyer flasks (125 ml) producing
the three following reaction mixtures:
tryptophan + rhizobia
tryptophan + potassium nitrate + rhizobia
tryptophan + ammonium chloride + rhizobia
The final concentration of each constituent was:

tryptophan,

10" 3 M; nitrate (00^), 10"^ M; ammonium (HH^Ol), 10~ 2 M;
and mannitol, 1%.

The reaction mixture contained approximate

ly 10^ cells per ml.

The flasks were placed on the shaker and

aliquots of 7 ml were removed at intervals of 2 hours for IAA
and nitrite determinations.
5.

Rhizobial conversion of tryptophan to IAA in the presence

of ammonium
Previous experiments had indicated that considerably less
IAA was found when ammonium (NH^Cl) was present in the reac
tion mixture (see Tables 3, 5, 6, and 7)•

In some experiments

there were trace amounts of nitrite produced from the ammonium,
however,--in- the majority of cases no nitrite was formed.

For

this reason, some mechanism other than nitrite destruction of
IAA was believed to be acting.

The possibility that ammonium

might inhibit conversion of tryptophan to IAA obviously merited
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some study.
Strains 117 and Su 388 were added to reaction mixtures
of tryptophan, tryptophan + nitrate (KNO^) and tryptophan +
ammonium (NH4CI).

Final concentrations of the constituents

in the reaction mixtures were as follows:
KNO10

2

tryptophan, 10~ 3 M;

M; NH4CI, 10"^ M; mannitol, 1%', and cells 10^/ml.

Aliquots were removed after 24 hours and centrifuged at 20,000
Xg to remove cells.

The supernatant was used for IAA and

tryptophan determinations.

The reaction mixture was diluted

by l/lO for tryptophan assay using L. arabinosus as described
previously (see Tryptophan exudation by soybean seedling
roots).
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IV.

A.
1.

RESULTS

Experimental Results

Hypersurface nodulation
The effect of nitrate concentration on hypersurface nodu

lation is shown in Pig. 1.
totals.

These data are based on the 30-day

The average time required for nodule appearance after

inoculation was 13.9 days for the hypersurface nodules and
18.2 days for the subsurface nodules.

Because nodule formation

occurred later in the agar than above it, the per cent of
subsurface nodules tended to increase with time.
2.

Tryptophan exudation by soybean seedling roots
The results of the tryptophan assay are shown in Table 1.

With the exception of the higher amounts detected in strain
T202 in assay no. 2 the plants were quite consistent in exud
ing approximately 1 P-g per plant in 5 days.

Table 1.

Soybean
strain

Tryptophan exuded by 5-day soybean seedlings
Tryptophan per plant (mU moles)
Assay no. 1
Assay no. 3
Assay no. 2
Rep 1 Rep 2
Rep 1 Rep 2
Rep 1 Rep 2

T201

3.75

3.65

3.75

4.15

4.25

4.50

T202

3.75

4.20

6.75

6.75

4.00

4.15

Pig. 1.

Effect of nitrate level on production of
hypersurface nodules

21

LU

60

10 "

MOLARITY

10

OF NITRATE IN AGAR

Please Note:
Figure pages are not original copy.
They tend to "curl". Filmed in the
best possible way.
University Microfilms, Inc

22
3.

Nitrite destruction of IAA
The IAA at 5 x 10"^ M was destroyed immediately by all

levels of nitrite.

Concentrations of nitrite below 10"^ M

gave no measurable destruction of IAA at the upper two levels
of IAA.

The concentrations of IAA after 4g hours is shown in

Table 2.

Table 2.

Concentrations of IAA remaining after destruction
by nitrite
IAA P moles/ml reaction mixture
Sodium nitrite added (M)
10-3

10" 4

10" 5

10™ 6

10~ 7

EgO

5.7 x 10~ 4

.015

.045

.059

.059

.059

.059

5.7 x 10" 5

—

.001

.004

.006

.006

.006

——

——

—

——

——

.0 0 1

IAA added (M)

-6

5«7 x 10

Nitrite did not appear to act catalytically in that there
was no detectable destruction of IAA after the first day.

At

all levels of added nitrite there was some destruction of
nitrite by the high level of IAA.

These observations were not

in entire agreement with what might have been expected if, as
reported by Tonhazy and Pelczar (28) the nitrite acted as a
catalyst.

However, the fact that' nitrite did destroy IAA at

relatively low concentrations of each was of real significance
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to this study.
4.

Rhizobial production of IAA and nitrite
a.

Rhizobial production of IAA

IAA production was

illustrated using strains 117, 123, and Su 388.

Because the

density of cells in the reaction mixtures varied somewhat be
tween experiments, there were some differences in IAA produc
tion between experiments.

Strain 117 was very slow in produc

ing IAA and in some experiments IAA could not be detected.
Strains Su 388, 205, and 123 produced IAA quite rapidly and in
relatively high concentration.

Fig. 2 illustrates results

which were obtained using strain Su 388.
b.

Nitrate reduction by rhizobla and IAA destruction by

the nitrite produced

The reduction of nitrate to nitrite

by rhizobia varied greatly between experiments even though
great care was taken to provide uniform conditions throughout.
The reason for this variability was not determined, although
it appeared that cells obtained from fresh slants were more
active in nitrite production.
typical for these experiments.

Pig. 3 shows results which were
Very rapid destruction of IAA

occurred even at low nitrite concentrations.

There were

marked differences in nitrite production between the strains
used.

Both strains of R. japonicum (117 and 123) caused the

accumulation of nitrite in greater quantities and much less
time than did the R. mellloti strain (Su 388)•

Pig. 2.

Tryptophan conversion to IAA by rhizobia
(strain Su 388)

IAA
M

M
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S

m
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g
s
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Fig. 3.

Nitrate reduction to nitrite by rhizobia
(strain 117) and IAA destruction by the
nitrite produced
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c.

Simultaneous production of IAA and nitrite by single

strains of rhlzobla
is shown in Table 3.

(1)

The production of IAA and nitrite

Nitrite production was very low, hence

there was relatively little destruction of the IAA produced.
The accumulation of IAA was affected more by ammonium than by
nitrate even though there was no detectable nitrite produced
from the ammonium.

Table 3.

Rhizobial3- production of IAA from tryptophan and
nitrite from nitrate or ammonium

IAA (li moles/ml)
Reaction mixture
Time Tryptophan Tryptophan Tryptophan
(hr.)
+ KN0 5
+ NH 4 C1

Nitrite (U moles/ml)
Reaction mixture
KNO*
NH4CI

0

.009

.007

.008

.001

none

2.0

.010

.010

.010

.002

none

4.0

.011

.011

.Oil

.003

none

6.5

.012

.012

.012

.004

none

8.5

.019

.017

.015

.008

none

12.0

.031

.022

.017

.024

none

a Strain

Su 388.
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(11)

There was no detectable IAA produced by strain 117

even after 20 hours.

However, the production of nitrite from

nitrate was very high.
trite with time.

Table 4 shows the production of ni

Only trace amounts of nitrite were detected

when ammonium was added.

This was the first indication that

ammonium could be oxydized to nitrite by rhizobia.

Table 5

shows the IAA and nitrite production for this group of experi
ments.

Table 4.

Rhizobial8- production of nitrite from nitrate and
ammonium

Time (hr.)
0

.015

.003

1.0

.132

.003

3.0

.293

.005

4.0

00
5

a Strain

Nitrite (P» moles/ml)
Reaction mixture
KNO^
NE^Cl

.006

6.0

.646

.003

7-5

.887

.003

10.0

1.054

.003

20.0

2.261

.048

117.
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Table 5.

Rhizobial production of IAA from tryptophan and
nitrite from nitrate and ammonium
IAA (P- moles/ml)
Reaction8- mixture

Nitrite (P» moles/ml)
Reaction3- mixture

Ttrlin3 Tryptophan

M03

™4=1

388

.029

.020

.016

.022

none

388

.027

.021

.015

.012

none

117

none

none

none

1.173

.048

205

.021

.015

.010

.002

.002

^Reaction time - 11 hr.

d.

Simultaneous production of IAA and nitrite by mixed

strains of rhizobia

(i)

The results obtained by mixing

strains showed both nitrite and IAA production and IAA de
struction by nitrite.

Table 6 shows a summary of these re

sults.
Where nitrite was produced, the IAA was destroyed thereby
yielding a lower IAA concentration than with no nitrate added.
In most experiments where nitrite was farmed in considerable
amounts the addition of nitrate seemed to have a greater effect
in reducing IAA concentration than did the addition of ammo
nium.

Additions of ammonium reduced the final concentration

of IAA with no or only slight production of nitrite indicating
that something other than nitrite production was lowering the

Table 6.

Reaction
time (hr.)

IAA (P» moles/ml)
Reaction mixture
Tryptophan
Tryptophan
Tryptophan
+ KNO3
+ NH4CI

Nitrite (P> moles/ml)
Reaction mixture
KNO^

NH4OI

16

.013

.000

.007

6.324

none

+ 117

12

.065

——

.045

.010

.001

205 + 117

12

.063

.021

.022

10.000

none

205 + 117

20

.089

.027

.017

4.000

none

24

.054

.015

.019

.066

none

OQ
00

388 + 117
Vi
CO
00

Strains

Production of IAA from tryptophan and nitrite from nitrate or ammonium
by mixed strains of rhizobia

+ 117
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final concentration of IAA.
(il)

The results of this experiment are presented

separately because, quite by accident, they vividly illustrated
nitrite destruction of IAA.
The IAA and nitrite production from tryptophan and ni
trate are shown in Table 7«

Up to the end of 7 hours the

flasks had been kept on the shaker.

The flask containing

tryptophan + nitrate had shown good IAA production (although
still considerably less than the tryptophan check) and only
trace amounts of nitrite.

After the 7-hour aliquot was taken

the flasks were inadvertently left on the lab bench rather
than being placed on the shaker.
vivid change.

The 9-hour sample showed a

There was a very great increase in the amount

of nitrite present, and the IAA which had been present in the
7-hour sample was greatly reduced.

Furthermore the water

layer remaining after the IAA had been extracted twice with
ether appeared visibly orange-brown.

This would approximate

the tan-colored precipitate that Tonhazy and Pelczar (28)
suspected to be indoleacetic aldehyde (polymerized), which was
produced from nitrite destruction of IAA.
5.

Rhlzoblal conversion of tryptophan to IAA in the presence
of ammonium
The results of the IAA and tryptophan determinations are

shown in Table 8*

The bacteria grown on tryptophan alone and

Table

7.

Rhizobial 8, production of IAA from tryptophan and nitrite from nitrate
or ammonium

Time (hr. )

IAA (U moles/ml)
Reaction mixture
Tryptophan
Tryptophan
Tryptophan
+ KN 0j
+ NH4CI

moles/ml)
Nitrite
Reaction mixture
Tryptophan
Tryptophan
+ KNO3
+ NH4CI

0

.004

.004

.002

.014

1

.013

.012

.012

.014

II

3

.029

.028

.020

.008

11

5

.068

.055

.035

.010

11

7

.144

.103

——

.002

II

9

.148

.049

.051

.166

II

a Strains

117 + Su 388.

none
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Table 8.

Rhizobial 3, production of IAA from tryptophan and
nitrite from nitrate and ammonium, and the residual
tryptophan

IAA produced
(U moles/ml)

Nitrite
produced
(P- moles/ml)

Tryptophan
remaining
(P- moles/ml)

Tryptophan

.054

none

.093

Tryptophan +
potassium nitrate

.015

.066

.096

Tryptophan +
ammonium chloride

.019

none

.152

Reaction
mixture

^Strains Su 388 + 117.

tryptophan + nitrate both used the same amount of tryptophan,
however where nitrate was in the media there was less IAA due
to nitrite destruction of IAA.

When ammonium was in the media

much less tryptophan was converted to IAA.

This was borne out

by the lower amount of IAA accumulated and the greater amount
of tryptophan remaining.
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V.

DISCUSSION

It appears that adequate evidence is available in the
literature to support a theory proposing a local effect of
combined nitrogen in inhibition of nodulation.

The observed

increase in hypersurface nodulation obtained in this study,
while not conclusive, lends support to such a theory.
The physiology of nodule formation, as described by Nutman (16, p. 90, 17), postulates a vital role for IAA in in
fection.

Eefford et. al. (11) suggested that the essentiality

of IAA was maintained both in infection thread formation and
development, and in initiation of cell division leading to
nodule formation.

Although the precise role of IAA has not

been elucidated, its presence, coupled with its general
biological importance, has involved it to the point of "nearessentiality" in bacterial infection and nodule initiation.
The ideas upon which this study was conducted and the validity
of resulting proposed mechanisms both are dependent upon the
essentiality of IAA.
Assuming IAA to be essential for infection, it follows
that substances which reduce IAA concentration below a certain
critical level would reduce and/or delay infection.

The dura

tion and severity of the inhibition would be proportional to
the concentration of the inhibiting material.
Tonhazy and Pelczar (28) proposed that nitrite acted
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catalytically in IAA destruction.

Results obtained in the

present study support the observation of nitrite destruction
but would question somewhat its catalytic role in that little
additional destruction of IAA by nitrite occurred over time.
However a mole per mole destruction of IAA by nitrite would be
a conservative minimum.
The reduction of nitrate to nitrite by rhizobia appeared
to vary greatly betw^a strains.

R. japonicum strains 117 and

123 consistently produced higher levels of nitrite in the
reaction mixture.

Similar differences between rhizobia strains

with regard to tryptophan conversion to IAA were observed with
strains Su 388, 205, and 123 consistently producing more IAA
than 117.

These differing abilities to produce IAA and ni

trite merit further investigation.
The use of mixed strains resulted in production of both
IAA and nitrite in amounts adequate to illustrate IAA destruc
tion by nitrite.

Mixed cultures probably approximate field

conditions more closely than pure strains.

Under field condi

tions, not only would many strains of Rhlzobium be present but
also many other soil micro-organisms would affect similar
reactions.
Considerably less IAA was produced from tryptophan when
nitrate was added to the bacterial media.

The fact that the

same amount of tryptophan was utilized with and without added
nitrate indicated that the tryptophan conversion to IAA was
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not reduced.

The tan-colored precipitate present in the water

fraction after IAA had been extracted with ether was evidently
the same as that which Tonhazy and Pelczar (28) proposed to be
indoleacetic aldehyde.

It is obvious that in the presence of

nitrate IAA production was not reduced, but that the observed
decrease in IAA resulted from nitrite destruction of IAA.
The lower IAA level in the presence of ammonium was the
result of a different mechanism.

Tryptophan conversion to IAA

occurred at a greatly reduced rate.

This was shown by deter

mining residual tryptophan after cells were incubated with
and without ammonium in the tryptophan media.

Trace amounts

of nitrite were sometimes detected when ammonium was present.
However it was concluded that nitrite production from ammonium
did not occur in great enough quantity or frequency to be
significant in IAA destruction.
Using the preceding observations, mechanisms for a local
(external) effect of nitrate and ammonium were proposed.

Re

duced concentration of IAA is essential to both mechanisms,
although the means by which this is achieved differs with
nitrate and ammonium.

The proposed mechanisms are represented

schematically in Fig. 4.
Concentration of combined nitrogen would determine the
degree of nitrite destruction of IAA (when nitrate is present)
and tryptophan conversion (when ammonium is present).

Complete

inhibition of infection would be expected where IAA concentra-

Fig. 4.

Diagram of proposed mechanisms of inorganic nitrogen
inhibition of rhizobial infection
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tion reached a certain minimum level.

Insufficient research

in this area has resulted in there being too little known with
regard to absolute levels present or essential in the rhizosphere.

Concentrations of IAA in extracts of root medium are

of doubtful significance (11) and probably differ markedly
from actual rhizosphere concentrations.

The problem of meas

uring local rhizosphere levels of IAA, tryptophan, etc.
represents a very challenging area for future research into
the problem of bacterial infectivity.

An understanding of

rhizobial virulence will require a better knowledge of the
interrelationship between all factors involved in infection.
Strain differences in production of IAA do exist, but evalua
tion and significance of these differences cannot be made
with the present level of knowledge of the overall infection
process.
The theories proposed herein have not been proved by
means of nodulation response on plants.

For those experiments

(see Review of Literature) where inhibition by combined nitro
gen cannot be explained by the internal "C:N ratio", the pro
posed theories present a logical explanation.

The delay in

nodulation using low levels of nitrate and nitrite but not
ammonium, urea, or asparagine (8) could also be explained
using the proposed mechanisms.

With nitrite or nitrate pre

sent, nitrite would destroy IAA until the plant assimilates
the nitrite to below inhibitory levels.

With ammonium, urea,
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or asparaglne present, IAA production would be retarded but
IAA would not be destroyed.

The delay would not be expected

to be as long because both plant and bacteria would be utiliz
ing the combined nitrogen and the IAA which had been produced
would still be present.
The relative importance of the internal effect of nitro
gen versus the external effect is difficult to assess.

Under

normal conditions both effects are probably operative.

How

ever the internal "0:N ratio" primarily affects nodule initia
tion and development; the external mechanisms postulated
retard or inhibit infection.

Infection must chronologically

precede nodule initiation and development, hence the external
mechanism could preclude the internal effect.
Because of the heterogeneous nature of the rhizosphere
isolated "escapes" probably do gain entrance.

In such in

stances, and when bacteria gain entrance through wounds, the
internal "C:N ratio" would inhibit nodule initiation and
development.

The two theories (internal and external) would

not appear to be contradictory, but instead, quite compli
mentary and compatible.

42

VI.

SUMMARY

Evidence supporting an external (local) effect of com
bined nitrogen in nodule inhibition was discussed and addi
tional evidence was presented.
A theory proposing that the local effect of combined
nitrogen was wrought through a reduction in IAA concentration
in the rhizosphere was described and supporting data presented.
Different mechanisms were suggested for nitrate reduction
of IAA level and ammonium reduction of IAA level.
Nitrate nitrogen was reduced to nitrite in the presence
of rhizobia.

Nitrite destroyed IAA produced by the rhizobia

from tryptophan.
Ammonium nitrogen, however, acted to retard the rhizobial
conversion of tryptophan to IAA.
Species and strains of Rhlzoblum differed in their ability
to reduce nitrate to nitrite and to convert tryptophan to IAA.
The proposed mechanisms were discussed with particular
emphasis on their probable importance in nodulation inhibition
and possible implications with regard to bacterial infectivity.
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