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INTRODUCTION

The importance of the symbiotic relationship between plants of
the Leguminosae family and bacteria of the genus Rhizobium is well
known.

Essentially all of the nitrogen utilized by some crops, such as

alfalfa and soybeans, is produced by the symbiosis.
Although dry beans (Phaseolus vulgaris L.) are known to nodulate,
inoculation with rhizobia (Rhizobium phaseoli) is not a recommended
practice in New York State.

Since Hardenburg (19^-2) recommended that

growers not use rhizobial inoculants, there has been little experimenta
tion in the state with rhizobial inoculants on beans.

The recommended

practice is to use 20-50 pounds of actual nitrogen fertilizer per acre
(Minges and Sandsted, 1969)*
Since 19^2, varieties and cultural practices associated with bean
growing have changed.

With this in mind, a series of experiments was

devised to determine the feasibility of a breeding program to develop
effective nodulating dry bean lines.

The specific objectives of the

experiments were: (l) to select nodulating and non-nodulating lines of
beans, (2) to determine the inheritance of nodulation, (3) to determine
the degree of effectiveness of nodulation through yield trials and by
measuring the effect of nodulation on the production of plant nitrogen
and seed protein, and (!)■) to measure the effect of soil texture on
nodulation.

Most of the early work in the field of rhizobia-legume symbiosis
showed that inoculating the legume with the suitable rhizobia strain
gave a considerable yield increase (Fred et al., 1932).

With beans,

however, the results of inoculation with Rhizobium phaseoli Dangeard
were not very promising.

Schneider (1892) reported that R. phaseoli

was a parasite of the bean and does not produce an effective symbiosis.
McCoy (1929) found that bean nodules contain unusually large starch
deposits relative to other legume nodules.

She said that a deficiency

of available carbohydrate occurs because the carbohydrates are tied up
as starch.

This limits the activity of the nodule bacteria.

At one time the Michigan Agricultural Experiment Station recommended
the use of rhizobia inoculum on beans.

This recommendation was

discontinued in 1911 because of unfavorable results (Fred et al., 1932).
Sevey (191*+) reported that the use of artificial inoculum met with
some success in the Northeast on light sandy soils.

He reported that

under most conditions in New York State the use of artificial inoculum
is not justified.
More recent work shows that beans may benefit from nodulation.
Sears and Clark (1930) found that beans, when inoculated with an
effective strain of R. phaseoli, have the capacity to fix substantial
amounts of nitrogen.

Franco and Dobereiner (1967 ) reported that

nodulated beans could fix nitrogen.

Symbiotic efficiency depended on

the combination of bean variety and rhizobial strain used.
combinations fixed nitrogen.

Not all

Allen (1962 ) reported that inoculated

beans may fix Ho pounds of nitrogen per acre per year.

Brakel (1967 )

found that the most efficient strains of rhizobia fixed an equivalent
of 50 kilograms per hectare per year.

Less efficient strains decreased

yields to a level below that of plots receiving neither nitrogen nor
rhizobia.

The inheritance of nodulation
The inheritance of nodulation in beans is complicated by the fact
that there are two distinct organisms involved.
the bean must be considered.

First, the genotype of

For nodulation the bean plant must have a

genotype which is susceptible to infection.

Secondly, the genotype

of the bacterium must possess the potential to infect the bean.

Thus,

for nodulation to occur two organisms with mutually compatible genotypes
must be brought together.
To date there has been little work done on the inheritance of
nodulation in beans.

The major work on the inheritance of nodulation

has been on red clover (Trifolium pratense) and the soybean (Glycine max).
Nutman (19^9 ) was the first to find evidence of resistance to
nodulation in red clover.

In those plants resistant to infection the

root hairs were not penetrated by the rhizobia.

He found that

resistance to infection was controlled by a single recessive gene (r)
which interacted with a cytoplasmic character.

The homozygous recessive

genotype was found to be lethal in the absence of the cytoplasmic
character.

With the cytoplasmic character the resulting plant was

resistant to infection.
Williams and Lynch (195*0 discovered a mutation in soybeans which
confers resistance to nodulation.

In the cross between homozygous

resistant and susceptible plants, and the reciprocal, the F^ generation

segregated 3 susceptible: 1 resistant.

They concluded that resistance

was due to a single recessive gene and that there was no cytoplasmic
effect.

They named the gene for resistance no.

It was later designated

RJX (Caldwell, 1966).
One other legume has been reported to be resistant to nodulation.
Trifolium ambiguum rarely nodulates in the presence of most strains of
Rhizobium trifolii (Nutman, 1956).

T. ambiguum represents a special case

because resistance is not complete as it is in soybeans and red clover.
Resistance can be broken by grafting a susceptible scion onto resistant
T. ambiguum stock (Hely et al., 1952).

Effect of the environment on nodulation
The presence of infective rhizobia in the root zone of a susceptible
plant is not enough to insure successful nodulation.
effects of some soil factors are very important.

The environmental

Hardenburg (19*4-2)

reported that soil texture has an effect on degree of nodulation in red
kidney beans.

He found that red kidney beans nodulated better in

lighter soils than in heavy clay soils.

Sevey (191*+) reported that

inoculation improved yield in sandy soils, but not in the heavier soils.
Clark (1957), working with a non-nodulating line of soybeans,
obtained similar results.
of twelve bore nodules.
nodules.

When the plants were grown in sand, eleven
In sand plus 2% peat all plants had large

However, when the plants were grown in decreasing ratios of

sand to Brookston silt loam soil, nodulation decreased in a linear
fashion.

In 100$ soil none of the plants nodulated.

When he grew the

plants in sand plus 10% Wyoming bentomite, a montmorillonitic clay soil,
none of the plants nodulated.

Soil temperature is another important environmental factor.

Earley

and Cartter (19^5) found that root zone temperature had a substantial
effect on the dry matter production of soybeans.

They found that root

temperatures below 12°C and above 37° restricted dry matter production
in Dunfield and Manchu soybeans.

They concluded that temperatures

between 2 k ° and 27°C were optimum.
similar effect in pinto beans.

Apply and Butts (1953) found a

There was a significant difference in

dry weight production between 63°F and82°F.
Soil temperature also affects the growth rate of

rhizobia. Fred

et al. (1932) stated that rhizobia grow at temperatures ranging from 0°C
to U7°C with optimum growth occuring between 20 ° and 28°C.
Small (1968) found that 29°C is the optimum soil temperature for
nodulation in beans.
17°C or above 33°C.

He found no nodules on plants grown in soil below
He also reported that nitrogen fixation is more

sensitive to temperature and required higher temperatures than nitrogen
uptake from the soil.

The effect of nitrogen on nodulation
Combined nitrogen in the soil inhibits nodulation.

It has been

proposed that the effect is due to the carbohydrate: nitrogen ratio in
the plant, but this is unproved (Dixon, 1969).

Of all sources of

nitrogen in the soil, nitrates are the most effective inhibitors of
nodulation (Raggio et_ al., 19&5).

Raggio et al. (1965 ) found that high

levels of nitrogen within the plant had no effect on nodulation.
Inhibition of nodulation occurred only when levels of nitrate were high
in the rooting medium.

They dismissed the carbohydrate: nitrogen ratio

hypothesis as being unwarranted.

Other workers have shown that combined nitrogen in the soil inhibits
Mickovski and Mickovska (1965 ) reported that

nodulation in beans.

soluble phosphorus increased nodulation, but mineral nitrogen had an
inhibitory effect.

Stephens (1967 ) showed that ammonium sulfate

inhibited nodulation.

Franco and Dobereiner (1967 ) found that nitrate

inhibited nodulation in one variety of beans but had no effect on other
varieties tested.

The effect of added nitrogen on bean yeilds
For most legumes nitrogen fertilizers are not added to the soil.
In New York State, however, it is recommended that 20-50 pounds of actual
nitrogen be applied per acre to beans (Minges and Sandsted, 1969 ).
Blakeslee (1969) ran an experiment to determine the effect of
applied nitrogen on dry bean yields.
360 pounds per acre of nitrogen.
per acre of P 0

His treatments were 0, Uo, 120, and

All of his plots received 2 U0 pounds

and ICO prior to planting.

All of his nitrogen appli-

cations gave significantly higher yields than the check.

Yields continued

to increase up to the 360 pound level.
Allard and Smith (195*0 found that nitrogen fertilizer does not
give economical returns when beans are grown in fertile soils.

They

reported that nitrogen fertilization in fertile soils should be
practiced only when beans follow heavy nitrate consuming crops such as
corn.
Wiggans and Marshall (i960 ) found no significant differences
between the yields of beans receiving 33> 66, and 133 pounds of nitrogen
per acre.

They did find significant differences between plots treated

with nitrogen and those receiving no nitrogen fertilizer.

Effect of nodulation on plant protein production
Weber (1966) found that nodulated soybeans are more efficient in
using fixed nitrogen to produce plant protein than nonnodulating isolines
are in using nitrogen from the soil.

He grew soybeans under conditions

of moisture stress, adequate moisture, and adequate moisture with
reduced nitrogen availability.

Only under conditions of moisture stress,

when either 100 or 150 lb/a nitrogen were added, did the nonnodulating
isoline equal or excede the nodulating isoline in above-ground plant
protein.

With adequate moisture and decreased nitrogen availability,

600 lb/a of actual nitrogen did not bring the above ground protein of
the nonnodulating isoline up to the level of the nodulating isoline.
Stephens (1967 ) found that leaf-nitrogen levels in beans were lower
when inoculated than when nitrogen fertilizer was added.

Effective versus ineffective nodules
Wot all nodules which grow on legume roots have the capacity to
fix nitrogen (Gershon, 1961 ).

Nodules range from effective nitrogen

fixers to completely ineffective tumors.

Damery (1966 ) listed three

major differences between effective and ineffective nodules:
(l) effective nodules contain haemoglobin, a red pigment, while
ineffective nodules do not,

(2 ) effective nodules are usually fewer

in number than ineffective nodules, and (3 ) effective nodules are
larger in size than ineffective nodules from the same species.
Ineffectiveness results from physiological incompatibilities
between the bacterium and the plant.

Instead of combining with the

plant to form a symbiotic relationship, the bacterium parasitizes the
plant.

Inheritance of effectivity
Nutman (19^9 ) found a recessive gene (i) in red clover which
prevented plants from producing effective nodules.
independent of the gene (r).

The gene (i) was

Plants which carried the compliment

(R ii) produced small, white ineffective nodules.

Bergersen and Nutman

(1957 ) found that the gene (i) prevented the bacteria from forming
bacteriods.

Ineffectiveness in this case was found to be specific to

a particular strain of Rhizobium trifoii. Later, Nutman (l95*+a, 195^b)
found a recessive suppressor gene which could restore effectiveness
to the (ii) genotype.
Nutman (1957) found another recessive gene (ie) which resulted in
ineffective nodules.

The action of (ie), unlike (i), was found not

to be strain specific.

The response of (ie) in the plant was also

found to be unlike that of (i).

Abnormal cell divisions occur at the

site of infection in plants homozygous for (ie) which prevented
bacteroid formation.
Similar genes controlling effectiveness have been found in the
soybean.

The genes R ^

(Caldwell, 1966) and R ^

(Vest, 1970) both

condition ineffective strain-specific nodulation reactions.

Unlike

those genes in clover controlling ineffectiveness, however, these two
genes act as dominants.

Plant and bacterial materials
Five Phaseolus coccineus and 31*+ P. vulgaris lines were initially
screened for nodulation response to a single strain of Rhizobium
phaseoli. Based on those results, 18 varieties, plant introductions
(Pi's), and hybrids (Table l) were selected for further study.

Three

lines were selected because of nodulation expression, five for either
high or low percent protein, and two because they were popular local
varieties.

The remaining were selected at random from the PI collection.

All of the Pi's used had been grown in the Ithaca area for at least
two years prior to these experiments.

They had undergone some natural

and artificial selection and differed somewhat from the original Pi's.
The hybrids used in these experiments tfere made between Phaseolus
vulgaris and P. coccineus.
parent.

In all cases P. coccineus was the pollen

The hybrids were made in two ways.

the female were hand crossed.

Those involving Redkote as

Those involving Tendergreen and Light

Red Kidney were from natural crosses (Rutger and Beckham, 1970).

The

methods used and problems encountered in making the crosses were
reviewed by Yamell (1965 ).
Seven different Rhizobium phaseoli strains were used in the experi
ments.

Strains Rp 1 and Rp2were isolated from P. vulgaris plants at

Ithaca in 1968. Rp 8 was isolated from an exceptionally well nodulated
P. coccineus plant in 1969. Rp k and Rp 5 are 3l6j2

and 3l6C15,

respectively, from the U.S.D.A. collection at Beltsville, Md. Rp 6 and
Rp 7 are U02a and U03, respectively, from W.R. Grace and Co. Inoculant
Laboratories, Princeton, 111.

Table 1.

Bean Lines used in experiments.

Identification
Number

Plant
Identification*

Origin

1

Redkote

U.S.A.

P. vulgaris

2

Tendergreen

U.S.A.

P. vulgaris

3

223005

Iran

P. vulgaris

k

175829

Turkey

P. coccineus

5

163117

Brazil

P. vulgaris

6

226880

Ukraine

P. vulgaris

7

I65I+55

Mexico

P. vulgaris

8

201+723

Turkey

P. vulgaris

9

169750

Turkey

P. vulgaris

10

179010

Turkey

P. vulgaris

n

282115

Chile

P. vulgaris

U.S.A.■

P. vulgaris

12
13
l*i
15

Light Red Kidney
F1
F1

Species

U.S.A.

P. vulg. x P. cocc.

U.S.A.

P. vulg. x P. cocc.

U.S.A.

P. vulg. x P. cocc.

Chile

P. vulgaris
P. vulgaris

16

F1
281997

17

301+823

Italy

18

223803

Afganistan

P. coccineus

* Varietal names and Plant Identification Numbers.

The bacteria were cultured on a Yeast Extract Mannitol medium (YEM).
The medium contained 1.0 gm K^HPO^, 1.0 gm KHgPO^, 0.2. gm NaCl, 0.18 gm
MgSO^, 0.13 gm CaSO^ • 2 H^O, 9-0 gm Mannitol, 1.0 gm Arabinose, 0.008
gm FeClg • 6 H^O, 1.0 gm Yeast Extract, and 1.0 gm KNO^.
water was added to make up 1000 ml.
to the solution.

Distilled

For YEM agar 15 gm agar was added

Both the YEM agar and broth ere sterilized by auto-

claving for 15 minutes at 121°C.

To isolate rhizobia from a nodule the nodule was first removed from
the plant with about 1 cm of root attached.

The nodule was then washed

for four minutes in a 1:1000 HgCl^ solution in a sterile petri dish.
Next, the nodule was washed for three minutes in 95% ethyl alcohol in a
sterile petri dish.

The nodule was then washed for three minutes in

sterile distilled water in a sterile petri dish.

Finally, the nodule

was crushed with a sterile glass rod and streaked on a YEM agar plate.
Sterile forceps were used in all transfers.

The plates were incubated

at room temperature and stored in a refrigerator at about 5°C.

Preliminary experiments
The purpose of the first experiment (68-l) was to find lines which
would and would not nodulate.

There were 31^ Pi's and five named

varieities included in the test.

Two seeds from each line were planted

in four inch pots containing sterile quartz sand.

The pots were

inoculated with five ml of a five- day-old, shake-grown culture of
strain Rp 1 one week after planting.

Five weeks after planting the pots

were emptied and the plant roots examined for nodules.

They were rated

on a scale of 0-5, with 0 indicating no nodules and 5 indicating heavy
nodulation.
A second experiment (69-2) was conducted to assure that those
plants given a score of zero in 68-1 had not escaped infection.
pots each of lines U and 18 were planted.

Four

Two of the pots contained

sterile sand and two of the pots sterile soil.

Each pot was inoculated

with an inoculant containing a mixture of all strains except Rp 8. Five
ml of a four-day still-grown culture was applied.
and scored 31 days after planting.

The pots were emptied

Effect of soil texture on nodulation
Five different mixtures of a silty elay loam soil and sand were
used to determine the effect of soil texture on nodulation.

The

mixtures were, by volume, 100% soil, 75% soil, 50% soil, and 100% quartz
sand.

The sand and soil were hand mixed and autoe laved.

lines used were 1, 3>
cated four times.

6, 16, 17, and 18.

The bean

Lines 1 and 3 were repli

The other lines were not replicated.

were planted in the greenhouse on January 21, 1969 .

The seeds

They were

inoculated with a five-day culture of Rp 1 eight days later.

The pots

wei'e emptied 38 days after planting and the roots were rated for
nodulation on a 0-5 scale.
It was noted that the water used in the greenhouse averaged about
k.5°C.

Because of this a second experiment (69-3) was devised using

water which had been warmed.
the previous experiment.
the experiment.

The same sand:soil ratios were used as in

Only bean lines 1, 3 and 6 were included in

The seeds were planted April 1, 19£>9> in a 5 x 5 Latin-

square experimental design, with a split plot treatment design (Steele
and

Torrie, i960 ).

The sand;soil treatments were the main plots, and

the three lines were treated as split plots within the main plots.
The seeds were surface sterilized with a 1:1000 HgCl^ solution prior
to planting.

The growing plants were watered with warmed water.

water was stored in a 55 gallon barrel in the 21° greenhouse.

The

The

average temperature of the water when used was approximately 15°C.

The

plants were inoculated with a five-day culture of Rp 1 on April 9> 1969On May 3> 19&9> the pots were emptied and the roots rated for nodulation
on a 0-5 scale.

Yield trial
During the summer of 1969 a yield trial (experiment 69-^) was
conducted to measure the differential effects of rhizobia and nitrogen
fertilizer on the yield of beans.

Originally lines 1, 3,

9, 10, and 11 were included in the trial.

5, 6, 7, 8,

Line 6 was later dropped from

the trial because it was suffering from Bean Virus 1.

None of the other

lines showed such symptoms.
The trial initially included two locations at the Ketola field on
Hanshaw Road and one on the Mt. Pleasant farm.

The sites were chosen

because beans had not previously been grown on them and therefore would
be expected to be free of rhizobia.

The Mt. Pleasant location was later

omitted from the trial because the bean yields and performance were not
representative of New York bean-growing areas.
The sites were prepared in a normal fashion.

Approximately 10

days before planting, the locations were sprayed with the herbicide
EPTC for weed control.

The beans were planted by hand on May 27.

The treatment design used in the experiment was a split plot design
(Steele and Torrie, i960 ) with two locations.
rhizobia, nitrogen, and control treatments.
split plots.

The main plots were the
The bean lines were the

These treatments were arranged in a randomized complete

block experimental design.
The same planting plan was used at each location.
five feet long and thirty inches apart.
apart within the rows.
each main plot.

The rows were

Beans were spaced four inches

Two guard rows of line 1 were planted between

Guard rows were also planted on either side of the

P. coccineus line to minimize competition between the very vigorous

P. coccineus plants and the P. vulgaris lines.
On the day after planting 30 lb/a actual nitrogen were applied
as ammonium nitrate to the plots receiving nitrogen.

A Gandy

fertilizer spreader was pulled by hand over the plots after being
calibrated.
Four liters of a rhizobia broth solution were prepared for
inoculation.
used.

A mixture of all the Rhizobium strains except Rp 8 was

The solution was grown for four days with aeration, then poured

over 20 gallons of sterile peat moss.

The peat moss was placed within

the furrow of the rhizobia plots before they were covered.
On June 26 the plots were sprayed with the insecticide Sevin at
the rate of l/2 lb/a for bean beetle control.
by hand during the summer as needed.

The plots were weeded

The rhizobia plots were always

weeded last to avoid contaminating the other plots.

During the last

week in August lime was inadvertantly spread on the Ketola 2 location.
A few rows of beans were destroyed by the spreader truck.

The lime

was dusted off the plants so that there was no apparent injury due to
the lime itself.
All of the lines except line 11 were harvested on October 10,

1969. Line 11, a later maturing line, was harvested on October 25, 1969Serology experiment
In 1969 a serological experiment (69-7) was designed to different
iate the bacterial strains.
(19^1) was used.
strains.

A method modified from that of Vincent

Two rabbits were used for each of the seven Rhizobium

The rabbits were initially checked to determine if they had

antibodies which would react to the bacteria.

They were then injected

with bacteria according to Vincent's method.
Two weeks after the end of a series of four injections the final
test was made.

Blood was taken from the rabbits' ears and the plasma

separated from the clot.

The bacteria were mixed with the serum under

a cover slip on a hanging-drop microscope slide.

The slides were then

observed under a microscope at low power for the antibody-antigen
reaction.

Effect of nodulation on plant protein
Two experiments were performed to determine the effect of nodula
tion on plant protein.

The first, 70-1, using material from the yield

trial, was designed to find the effect on seed protein.
of two replications from location 1 of experiment

69-b

Seed yields
were sampled,

ground, and analyzed by the micro-Kjeldahl (AOAC, 1965 ) method for total
nitrogen.

Duplicate samples were used to determine total nitrogen.

This

figure was then multiplied by 6.25 to give total protein.
The purpose of the second experiment (70-U) was to determine the
effect of nodulation on total plant nitrogen.

The experiment not only

tested the difference between plants inoculated and those not inoculated,
but also the differential effectiveness of several Rhizobium phaseoli
strains.

Four P. vulgaris lines (l, 3> 5? 8) and one P. coccineus

line (1+) were used in this experiment.

Four Rhizobium strains originally

isolated from P. vulgaris (Rp 1, Rp U, Rp 5> and Rp 7) and one Rhizobium
strain originally isolated from P. coccineus (Rp 8) were used.
The seeds were surface sterilized with 1:1000 HgClg and planted in
sterilized quartz sand in pots without holes.
walk-in growth chamber.

The pots were kept in a

Each bacterial treatment was located on a

separate bench.

The treatments were replicated four times on each bench.

A sixth bench of beans was grown exactly as the first five except that
it was not inoculated with rhizobia.

The plants were watered every

other day with tap water.
A split plot treatment design (Steele and Torrie, i960 ) was used.
The main plots were the bacterial treatments.

The bean lines were the

split plots.
The bean plants were removed at the end of six weeks and the roots
rated for nodulation on a 0-5 scale.

The plants were then dried, ground

and analyzed by the micro-Kjeldahl method for total nitrogen.

Inheritance of nodulation
The inheritance of nodulation was studied in F^ and Fg generations
of beans from crosses between P. vulgaris, lines 1 and 2, and several
P. coccineus lines.

On June 6 , 1969> 15 pots of sterile soil were

planted with F^ seeds from the cross between line 1 and line *+. After
five days, the pots were inoculated with Rp 1.

After about 90 days, the

plants were checked for nodules.
In experiment 70-5 two F^ seeds from crosses between line 2 and
several P. coccineus lines were planted in each of 89 pots of sterile
sand.

Fourteen pots each were planted with line 2 and P. coccineus

seed to serve as checks.
Five days after planting, the emerging seedlings were inoculated
with two ml of five-day culture of Rp 1.

Thirty-four days after

planting the pots were emptied and examined for nodules.
were separated into two groups, nodulated or nonnodulated.

The plants

p

RESULTS & DISCUSSION

Preliminary experiments
A preliminary study (68-l) was performed to find lines of beans
which would and would not nodulate with strain Rp 1.

Each of the 31^

P. vulgaris lines in the study nodulated to some degree.

None of the

five P. coccineus lines nodulated with Rp 1.
Two of the P. coccineus lines, U and 18, were selected as represen
tative lines and included in a further test (69-2).

This time the

inoculant contained a mixture of all of the Rhizobium strains isolated
from P. vulgaris. As in the first experiment none of the plants was
nodulated.

Thus the P. coccineus lines seem to be resistant to all of

the Rhizobium strains isolated from P. vulgaris. Crosses between
P. coccineus and P. vulgaris were then made to study the interspecific

inheritance of the nodulation reaction.

Effect of soil texture on nodulation
Five separate mixtures of sand and soil were used to measure the
effect of soil texture on nodulation.

Seven bean lines were used; two

of these (lines 1 and 3) were replicated four times, whereas the other
five were not replicated.
most dramatic.

The effect of the 100% soil treatment was

Five of the 13

sets of seeds planted in the 100% soil

failed to germinate, whereas only four of the remaining 62 pots did not
germinate.

A Chi-square test was used to determine if the two levels

of germination were significantly different:

Y 2

expected

_ (observed - expected)
expected
= 9/75 • 13 = I .56

x2

.

X 2

= 7.59

confidence limit P = .05, 1 degree of

3.8U >

X2

freedom

> 0.0039
(Steele and Torrie, i960 )

These results show that the two levels of germination were significantly
different.

Germination was abnormally low in the 100% soil.

The cold

temperature of the soil, resulting from the 1+.5°C water, probably
inhibited germination of the seeds.
Line 1, Redkote, proved to be very stable in its response to the
five treatments, in that it nodulated to some degree in all treatments
(Table 2).

Line 3 showed a nearly linear increase in nodulation as

sant increased in the soil mixture.

Its score in the 100% sand treatment

was 3.38 compared to 3.25 for line 1 , but its mean score, 1 .88 , was lower
than the mean score of 2.90 for line 1 .
The mean nodulation scores for treatments increased steadily as
volume of sand increased with the most marked rise occurring between
100% soil and 75% soil (Figure l).

A nearly linear increase in

nodulation score was observed between 75% soil and 100% sand.
In experiment 69-3 warmed water (15°C) was used.
uniform in all treatments in this test.

Germination was

Line 1 again nodulated in

all treatments (Table 3)> however, its nodulation score fluctuated

Table 2.

Mean effect of soil texture on the nodulation score of
lines 1 and 3 with cold water, experiment 69-1*.

Treatments
Lines

100%
soil

75%
soil

50%
soil

25%
soil

100%
sand

Line
Means

1

2.00

3.50

3.00

2.75

3.25

2.90

3

0

1.00

2.00

3.00

3.38

1.88

1.00

2.25

2.50

2.88

3.32

2.39

Treatment
Means

*Plants rated on a 0-5 scale, with 0 indicating no nodule s and 5 heavy
nodulation.

Table 3-

Mean effect of soil texture on the nodulation score of
lines 1 and 3 with warm water, experiment 69-3 .

Treatments
Lines

100%
soil

7%
soil

50%
soil

25%
soil

100%
sand

Line
Means

1

2.60

b .60

2.60

3.80

1.60

3.0!+

3

2.00

3.^0

2.60

3.^0

2 . bo

2.76

2.30

J+.00

2.60

3.60

2.00

2.90

Treatment
Means

Modulation
Score

percent sand in soil-sand mixture
Figure 1.

The effect of soil texture on mean nodulation score of lines
1 and 3 with cold and warmed water.

widely from a high of k . 6 in 1 % soil to a low of 1.6 in 100$ sand.
There was no linear trend to nodulation response.

The mean nodulation

score of line 1 for all treatments was 3 .0*1, a slight increase from
the mean score of 2.90 observed in experiment 69-1 .
The general response trend of line 3 was very similar to that of
line 1 , although it was not as variable as line 1 . Whereas the response
of line 3 was definitely linear in experiment 69-1 , it was somewhat
erratic in experiment 69-3.

The mean nodulation score of line 3 was

2.76, a substantial increase over the mean score of 1.88 observed in
experiment 69-1 .
An analysis of variance was not attempted in either 69-I or 69-3Because of the non-parametric nature of the data, the analysis of
variance technique is not a valid statistical procedure.

The

nodulation scores are discreet variables and are not distributed
randomly.
The effect of soil texture on nodulation seems to be temperature
dependent (much the same as seed germination was dependent on the soil
temperature as illustrated by the 100% soil treatment in 69-I).
textured soils have fewer and smaller air spaces and pores.

Fine

Therefore,

these soils tend to be more insulated from atmospheric changes outside
the soil.

Also as the texture becomes finer the ability of a soil to

hold water increases (Buckman and Brady, 1965 ).

Because of the high

specific heat of water, the fine soil stays colder longer than a
similar volume of coarser textured soil.
As volume of sand in the sand:soil mixture increased (Figure l)
in the cold water test, nodulation increased.

After the initial

increase, the response to more sand was nearly linear.

As the sand in

the rooting mixture increased the soil not only warmed up more rapidly,
but became better aerated.

Since both rhizobia and plant roots require

oxygen for survival, nodulation probably improves with better aeration.
The results of the second experiment (69-3) are difficult to
interpret.

The greater nodulation response in 100$ soil with warmed

water (Figure l) is to be expected.

Again nodulation response initially

increased as the volume of sand increased.

Both lines 1 and 3 had low

nodulation scores in the 50$ soil treatment; however, it is not known
why they should react in the way they did.

Possible reasons for the

decline in nodulation in 100$ sand include the following.

First, the

increase in root zone temperature may have risen high enough to
inhibit either bacterial or plant growth, or both.

Secondly, as

temperature increased the processes involved in evapotransporation
were increased and the moisture in the pots may have become limiting
to growth.
There was some evidence of a genotype x soil texture interaction
(Tables 2 and 3).

In both experiments the response of line 1 was

relatively stable over all soil:sand treatments, while line 3 showed
an increasing nodulation score as percent sand increased.

If a line

were being bred for nodulating ability, a line with a wide adaptation
over many soil textures such as line 1 would be more desirable than
line 3.
Because of the failure of so many of the 100$ soil treatments,
the results from the unreplicated lines are incomplete.

One of the

unreplicated lines, 6, nodulated in all treatments in the first experi
ment.

Because of its performance in this test it was included in a

second experiment (69-3 ).

Performance of the five unreplicated lines in experiment 69-1 is
given in Table

as well as the replicated performance of line 6 in

experiment 69-3.

A direct comparison between the performances of line

6 in the two trials was not attempted.

In experiment 69-3 its nodulation

response shows a slight increase from 0$ sand to 75$ sand.
score decreased markedly in the 100$ sand treatment.

Nodulation

The average

nodulation score for line 6 was 3 .3 0 in experiment 69-1 and 2 .1+0 in
experiment 69-3 .
Experiments 69-I and 69-3 further demonstrate that genetic
variability for nodulation response is present within beans.

Further

research is required to determine if the genetic variability is
sufficient to justify a breeding program.

Table *+.

Nodulation scores of the unreplicated lines in experiment
69-I and line 6 in experiment 69-3 .

Treatments

100$
soil

75$
soil

50$
soil

25$
soil

100$
sand

Line
Means

1+

0

0

0

0

0

0

6

2.50

3.00

3.00

If.00

1+.00

3.30

16

—

—

3.00

5.00

3.00

—

17

—

2.00

1.00

1+.00

—

—

0

0

1.00

0

0

2.20

2.20

2.80

3.00

1.60

Lines

Exp. 69-I

18

—

Exp. 69-3
6*

* Mean values for 5 replications.

2.36

Yield trial
The principle objective of experiment 6 $ - k was to measure the
effect of nodulation on the yield of dry beans.

A second objective

was to measure the reaction of several bean genotypes to inoculation.
The final objective was to determine if an interaction exists between
nodulation treatments and bean genotypes.
The test was performed at two locations, but the results from
location 1 were considered more reliable than those from location 2.
At location 2 there was an infestation of nutsedge (Cyperus esculentus)
within part of the experimental area.

There were also missing plots

due to a lime truck inadvertantly crossing the area.

The results was

a lack of precision in the test indicated by the large "Error a" term
in the analysis of variance (Table 5).
At location 1 there was a significant difference among the treat
ments (Table 6).

The mean of the rhizobia treatment, 35^- g/plot, was

significantly lower than the means of the nitrogen and control treat
ments, U15 and *+l8 g/plot, respectively (Table 7).

Both Schneider (1892 )

and Brakel (1967 ) reported that R. phaseoli can reduce the yield o f
beans.

Schneider went so far as to call R. phaseoli a parasite of beans.

The results of this test seem to substantiate that theory.
There were significant differences among lines for yield in 69~^
(Table 6).

Line yields ranged from a mean of 576 g/plot for line 3

to 100 g/plot for line 7 demonstrating that the lines used in the tests
were of widely differing genotypes (Table 7).
treatments were similar over most lines.

The effects of the

Line 8 was the only line to

show a greater mean yield with the rhizobia treatment than with the
control or the nitrogen treatments.

Table 5.

Analysis of variance of dry bean yield for experiment 69-1+,
location 2.

Source

Degrees of
Freedom

Sums of
Squares

Total

108

10,257,33*+

Mean

1

8,61+3,951

Replications

3

Treatments

Mean
Square

F-test

221,5^

73,81+8

3.12**

2

23,1+28

11,711+

1

Error a

6

1^1,959

23,660

Lines

8

733,81+9

91,731

T x L

16

105,937

6,621

Error b

72

386,666

5,370

**

17 .08**
1.23

Significant at 5$ level of probability.

Table 6.

Analysis of variance of dry bean yield for experiment & 9 -k ,
location 1.

Source

Degrees of
Freedom

Total

108

20,707,*+87

Mean

1

16 ,932,160

Replications

3

Treatments

Sums of
Squares

Mean
Square

F-test

193,685

61+,562

5 .10**

2

93,579

1+6,789

3.70**

Error a

6

111 ,1+58

18,576

Lines

8

2,315,050

28,931

2 .29 **

T x L

16

186,238

11,61+0

1

Error b

72

875,317

12,157

Pooled error

78

986,771+

12,651

**

Significant at 5$ level of probability.

Table 7.

Effect of treatment and lines on the yield of dry beans in
grams per plot, experiment 69-*f, location 1 .*

Treatments
Lines

Rhizobia

Nitrogen

Control

Line Means

1

278

502

39*f

391

3

530

537

659

576

If

2 kk

383

if25

351

5

368

38U

k6k

lf05

7

107

111

82

100

8

U89

lf62

U3*f

U6l

9

H87

583

578

5*+9

10

h67

5U6

511

508

11

219

229

217

221

35*f

*fl5

if18

396

Treatment
Means
* LSD lines

—

LSD treatment

76 grams.
—

kk grams.

The treatment x line interaction was not significant (Table 6 ).
However, response of lines 1, 3 , *+» 8 , and 10 to the rhizobia and
nitrogen treatments suggest an interaction (Figure 2).

The yield of

line 1 , when inoculated with rhizobia, was depressed 116 g/plot below
the mean or the control.

The yield of line 10 was decreased

g/plot

below the control by the rhizobia treatment, whereas the mean yield
of line *f was decreased 180 g/plot below the control by the rhizobia
treatment.

However, the yield of line 8 was increased 5*f g/plot above

the mean yield of the control.
degree but also in direction.

Thus, the responses not only differ in

-27-

mean
yield
g/plot

treatments
Figure 2.

The effect of three treatments on the dry bean yield
of nine bean lines at location 1.

Although in some combinations of lines and strains a form of
parasitism seems to develop, it is not true for all combinations.
Furthermore, the degree of parasitism when it develops also varies
between combinations.

If rhizobia tends to be parasitic on beans, it

might be desirable to have bens resistant to all strains of R. phaseoli.
In this way the chance that rhizobia might parasitize beans would be
eliminated.

The feasibility of breeding resistance into beans will be

discussed in a later section.
In 1905 Edwin F. Dibble made the following statement after trying
inoculants on beans:

"We purchased enough bean culture in 50 acre

packages for several hundred acres of different varieties of beans,
such as wax, green-podded, and white beans.

We treated the seed exactly

according to directions accompanying the package.

The beans were

planted by farmers on some two-score farms located in Monroe, Livingston
and Ontario counties, and western sections of New York.

These are

conceded to be three of the best bean counties in the state.

In every

case the culture did not give us or any of our growers one single
bean more than we would have obtained if there had been no culture used,
and on several fields, the tests where we planted seed treated with
culture, and untreated seed, the results were in favor of the untreated
seed." (Sevey, 191*+).

In most instances these same findings seem just

as true in 1970 as they were in 1905 .

Serology experiment
Prior to experiment 70-*+ all experiments were conducted using
either Rp 1 or other strains isolated from P. vulgaris. From these
experiments it was concluded that P. coccineus was resistant to

nodulation by Rp 1 and the other strains.

In the summer of 1969

several well nodulated P. coccineus plants were found in the field.
This suggested that the bacteria which nodulated the P. coccineus plants
were different from all the strains previously used.
If the strain of bacteria isolated from the P. coccineus plants,
designated Rp 8, was the same as Rp 1, several previous conclusions
would be false.

Although Rp 8 seemed to grow faster on YEM slants than

Rp 1, there was no quick, accurate way of determining if the two
strains were identical.

Therefore a serological examination was used

to determine if the two strains actually differed.
The antigen-antibody reaction between Rp 1 and Rp 8 was negative,
proving that the two strains were indeed different.

That the two strains

were different was also shown later by the nodulation response of the
different lines to the strains in experiment 70-*+.
The results with the other strains were mixed.

Wot all of the

rabbits had sufficiently high antibody titers as did the rabbit
sensitized to Rp 1.

In the antibody-antigen test the reaction was

positive between Rp 1 and Rp 6.

Rp1 did

not react with Rp 2, or Rp 8.

Rp 6 did not react withRp 2, Rp

*+,Rp 5-

Based on the above reactions

Rp 1 was the same as Rp 6. Neither

Rp1 nor Rp 6 were the same as

Rp 2, Rp U, Rp 5, o r R p 8.

Effect of nodulation on plant protein
Since R. phaseoli is thought to form a nitrogen-fixing symbiosis
with beans, a measure of plant nitrogen and seed protein should give
an indication of the effectiveness of a particular combination of
R. phaseoli and bean genotypes.

If there is an effective symbiosis

the inoculated plants should be higher in protein than the uninoculated
controls.

If the bacterial treatments reduce plant protein to a level

lower than that of the control, the combination does not result in an
effective symbiosis.

In such an instance the bacteria would be

considered parasitic on the beans.
In experiment 70-1 seed was used from the yield trial (69-*+) to
determine the effect of nodulation on the level of seed protein.

The

results of the Kjeldahl analysis show that there were no differences
among the three treatments (rhizobia, nitrogen, and control) in seed
pratein (Table 8).

There were significant differences among the

protein contents of the various lines.

Line k , P. coccineus was much

lower than the other lines in seed protein (Figure 3 and Table 9)*
The correlation between yield and percent protein was - .Ul2
which means that as protein increased yield decreased.

This relation

ship was further examined by multiplying seed yield by percent protein
to give yield of protein per plot.

'When this data was analyzed (Table 10),

it was found that the differences between treatments were not
significant.

The mean yield of protein per plot for the rhizobia

treatment was slightly lower than for the other two treatments (Table ll).
This was mainly due to the lower seed yield of the rhizobia treatment.
The difference between lines that had been noted earlier was somewhat
accentuated.

Line 3, because of its high yield of dry beans, produced

the larges yield of protein even though its percent seed protein was
less than that of line 5-

In contrast line 1+ had a very low yield of

protein even though its seed yield was relatively high (Table 11).
In experiment 70-1, lines 3 and 8 were the only lines which showed

Table 8.

Analysis of variance of percent seed protein, experiment 70-1.

Source

Degrees of
Freedom

Total

30

18,690

Mean

1

18 ,1+26

Replications

1

8

8

Treatments

2

1

0.5

Error a

2

8

k

Lines

1+

22k

56

38 .oU**

L x T

8

5

0.6

1

12

17

Error b

**

Sums of
Squares

Mean
Square

F-test

2.08
1

1

Significant at 5$ level of probability.

Table 9-

Mean percent protein values for experiment 70-1.

Treatments
Lines

Rhizobia

Nitrogen

Control

1

26.51

26.11

2 k . 02

25.55

3

25.5^

26.23

26.16

25.98

k

18.93

18 .1+0

19.5^

18.96

5

26.20

27.67

26.7*+

26.87

8

2k M

2 k .k 3

21+.11

2l+.3*+

2 k . 33

21+.57

2I+.11

2i+.3l+

Treatments
Means
*

LSD lines

1Q —

0.95$.

Line Means*

Figure 3.

The effect of three treatments on the percent seed
protein of five bean lines.

Table 10.

Analysis of variance for grams of protein per plot of
experiment 70-1.

Source

Degrees of
Freedom

Total

Sums of
Squares

Mean
Square

F-test

30

l+8l+,575

Mean

1

1+56,236

Replications

1

51

51

1

Treatments

2

221+

112

1

Error a

2

1,096

5 I+8

12,200

3050

8

5,282

660

Error b

12

9,1+86

791

Pooled error

lb

10,582

756

Lines
L x T

**

1+.03**
1

Significant at the 5$ level of probability.

Table 11.

Mean grams of protein per plot, experiment 70 -1 .

f

Treatments
Line Means*

Lines

Rhizobia

Nitrogen

/Control

1

101+

153

125

127

3

155

ll+l

11+1+

ll+7

1+

67

92

101

87

8

155

122

127

13 !+

119

125

126

123

Treatment
Means
* LSD lines

.05

—

28 grains.

an increase in protein yield when inoculated.

In the other three lines

the rhizobia treatment produced the lowest yield of protein (Figure k ) .
The results from experiment 70-1 are very similar to those of the
yield trial (compare Figures 4 and 2).

The results provide further

evidence for the argument that rhizobia are parasitic on some bean
genotypes.
The effect of nodulation on seedling nitrogen (experiment 70-4) was
tested by inoculating five plant lines with five Rp strains and compar
ing the results against a control.

None of the lines inoculated with

Rp 1, Rp U, and Rp 5 had any nodules when examined.

There were some

signs that there had been nodules, but these had sloughed off and
decayed.

Because there was no difference in the nodulation between the

three lines, the treatments Rp 4 and Rp 5 were omitted from the
laboratory analyses.
It is of interest to note that although Rp 1 was used successfully
to nodulate P. vulgaris in earlier experiments, it did not nodulate
any of the plants in this experiment.

The inoculum was checked prior

to inoculation and there were viable bacteria in the culture.

A

possible explanation for the failure of Rp 1 is that the growth chamber
environment may have had a detrimental effect on the bacteria.
Although the seed nitrogen was recorded as protein, probably all
of the nitrogen was not in the form of protein in the seedling
(Krober and Gibbons, 1962, reported that soybean seedlings may have
over 30% nonprotein nitrogen).

Since tests were not made to differen

tiate protein nitrogen from nonprotein nitrogen, all of the nitrogen
weis recorded as nitrogen.

treatments
Figure U.

Interaction o f lines and treatments for yield of protein
in g/plot, experiment 70-1.

The analysis of variance showed that there were significant
differences among strains, lines, and a line x strain interaction
(Table 12).

Line 1 was significantly higher in seedling nitrogen

than any of the others (Table 13).

In contrast to experiment 70-1

where it had the lowest yield of seed protein, line 4, P. coccineus,
had the highest control level of seedling nitrogen, but was second to
line 1 over all treatments.
successful nodulation.

Line 3 showed the largest response to

Seedling nitrogen was significantly higher in

line 3 when inoculated with strain Rp 7 or Rp 8 than when inoculated
with strain Rp 1.

Line 5 showed the greatest decrease in percent

nitrogen when inoculated.

The level of nitrogen in line 5 when

inoculated with strain Rp 1 was less than half of the control (because
of the extremely low value the results for the combination were
rechecked and confirmed).
R. phaseoli strain Rp 8 produced the highest level of nitrogen
of all bacterial treatments.

The nitrogen level of those plants

inoculated with Rp 8 was not significantly different from those
inoculated with Rp 7 but was significantly higher than the control and
Rp 1.

Rp 1 depressed the levels of nitrogen significantly lower than

the control.
At the same time the plants were harvested for nitrogen determin
ations, they were also rated on a 0-5 scale for nodulation (Table lU
and Figure 5)*

A linear correlation was computed to determine the

relationship between nodulation score and percent nitrogen.

The

correlation of + .3^3 which was obtained was significantly different
from zero at the 1% level of probability.

Although it was significantly

Toble 12.

Analysis of variance of percent seedling nitrogen for
experiment 70-4.

Source

Sums of
Squares

Degrees of
Freedom

Mean
Square

F-test

80

381.5805

Mean

1

351.3231

Replications

3

0.7353

0.2451

Strains

3

3.9230

1.3076

Error a

9

4.1261

0.4584

Lines

4

5.6575

1.4143

6 .26**

L x S

12

4.9749

0.4i 45

1.83*

Error b

48

10.8U03

0.2258

Total

*,**

1
2.85**

Significant at 10$ and 5$ levels of probability, respectively.

Table 13.

Effects of lines and strains on mean seedling nitrogen
percentages, experiment 70-4*.

Strains
Rp 1

Rp 7

Rp 8

2.282

2.389

2.469

2.712

2.462

3

1.549

1.782

2.411

2.693

2.109

4

2.443

1.864

2.280

2.432

2.25^

5

2.392

1.096

2.270

2.051

1.952

8

1.806

1.531

1.605

1.853

1.699

Strain
Means

2.094

1.733

2.206

2.349

2.096

Lines

Control

1

*

LSD Interactions
LSD Strains
LSD Lines

—
—

1Q —

0.6l8$

0.219$

0.195$

Line Means

differently from zero, it implied that there was little relation
between nodulation score and percent nitrogen.

This is consistent with

Nutman's (19^9 ) finding that the genes which control presence or
absence of nodules are independent of those controlling effectivity.
Tiro of the lines showed striking differences in their responses
to the different strains.

Line b } P. coccineus, did not nodulate with

Rp 7> which was isolated from P. vulgaris; whereas it did nodulate with
Rp 8 which was isolated from P. coccineus. The other difference was
in the response of line 8 to two strains.

Line 8 was not nearly so

susceptible to infection by Rp 7 as it was to Rp 8 (Figure 5).
The analysis of seedling nitrogen probably gave the most meaningful
data for measuring the effectiveness of different line-strain combin
ations.

Figure 6 and Table 12 show that there were not only differences

among lines and strains, but that the interaction between lines and
strains was significant.

Table lU.

Effects of lines and strains on mean nodulation score,
experiment 70 -U.

Strains
Lines

Control

Rp 1

1
3

0
0
0
0
0
0

0
0
0
0
0
0

h

5
8
Strain
Means

Rp 7

Rp 8

Line Means

h .2 5

3.50

1.9^

2.50

2.50

0

3.25
2.00
3.00
2.85

1.25
0.81

2.50
0.75
1.95

1.13
0.9^
1.20

1

mean
nodulation
score

lines
Figure 5.

The mean nodulation scores of five bean lines when inoculated with
two Rhizobium phaseoli strains.

-ko -

Mean
Percent
Nitrogen

Figure 6.

The effect of three Rhizobium phaseoli strains on the
seedling nitrogen percentages of five bean lines.

The significant interaction gives strong evidence that in some
combinations R. phaseoli is parasitic on P. vulgaris.

The data also

show that in certain combinations, line 3 and Rp 8 (Table 13), an
effective symbiosis was produced.

The wide variability in effectiveness

implied differences due to genetic variability.

Therefore crosses

could probably incorporate genes for effectiveness from one line into
another.

Inheritance of nodulation
Two experiments, 69-5 and 70-5, were performed to determine the
inheritance of nodulation.

In experiment 69-5 the 15 interspecific F^

hybrids which were inoculated with Rp 1 all nodulated.

This indicated

that susceptibility to nodulation was dominant.
There were three different kinds of genotypes in experiment 70-5:
P. coccineus, line 2, and interspecific F^'s.
P. coccineus plants in the trial nodulated.
(Tendergreen) failed to nodulate.

None of the 2b
Five of the 18 line 2 plants

Of the 121 F^ plants 70 were nodulated.

Rp 1 was used in this test as inoculum.

As was shown in

experiment 70-U, the performance of Rp 1 in later experiments was
erratic.

This was further illustrated in this experiment by the fact

that five line 2 plants failed to nodulate.

Because five of the line 2

plants failed to nodulate, the assumption was made that the same
percentage of susceptible Fg plants failed to nodulate.

Therefore,

the data were adjusted by multiplying the 70 nodulated Fg plants by
(l + 5/18 ).

The adjustment indicated that 89 Fg plants should have

nodulated of the 121 total.

After the adjustment was made to the data, the percentage of Fg
plants which nodulated was 7*+$.

This corresponds to a ratio of 3

nodulated: 1 nonnodulated. This is the result expected if suscepti
bility to nodulation is determined by a single dominant gene.

As

previously noted, single dominant genes for susceptibility have been
found in the soybean (Williams and Lynch, 195*+) and red clover (Nutman,
l9*+9).
In earlier discussion the possibility of instituting a breeding
program to transmit resistance to nodulation into P. vulgaris was raised.
If, as results of experiments 69-5 and 70-5 indicate, susceptibility
to nodulation is inherited as a single dominant gane, it would be
relatively easy to backcross the recessive gene for resistance into
P. vulgaris. The resulting plants would be less likely to be
parasitized by a R. phaseoli strain such as Rp 1.
Although present results indicate a 3:1 ratio, further tests should
be made before initiating a breeding program.

To confirm that nodulation

is inherited as a single dominent gene, test crosses and progeny tests
should be made between and with heterozygous plants and those
resistant to nodulation.
dominant

If the nodulation is determined by a single

gene the progeny would segregate in a 1 susceptible: 1

resistant ratio if a testcross were made.

CONCLUSIONS

A series of experiments was planned with four objectives: (l) to
select nodulating and nonnodulating lines of beans, (2) to determine
the inheritance of nodulation, (3) to determine the degree of effective
ness of nodulation through yield trials and by measuring the effect of
nodulation on the production of plant nitrogen and seed protein, and
(*+) to measure the effect of soil texture on nodulation.
Initial studies showed that there is within the genus Phaseolus
a gene for resistance and susceptibility to nodulation.

Although the

two alleles are in different species, experiments showed that they
could be transmitted by making the interspecific cross.

Interspecific

F^ hybrids were as susceptible to nodulation as the P. vulgaris parent.
Interspecific F^'s were apparently segregating in a 3 nodulated: 1
nonnodulated ratio.

This indicated that susceptibility to nodulation

is controlled by a single dominant gene.
Studies on the effectiveness of nodulation in beans showed that
three conditions may occur when a given P. vulgaris genotype is nodu
lated by a specific R. phaseoli genotype:

(1) an effective symbiosis

may be produced; (2) the bacteria may have no measurable effect on the
bean; (3) the bacteria may parasitize the bean.

The exact condition is

determined by the specific bean and bacterial genotypes which are combined.
It was determined that soil texture has a definite measurable
effect on nodulation.

Nodulation improves as the texture of the soil

becomes coarser, i.e., as the proportion of sand in the mixture
increases.

Soil temperature has an effect on nodulation, but the

exact effect was not completely characterized.
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Appendix Table 1.

Effect of treatment and lines on the yield of dry
beans in grams per plot, experiment 69- b , location 2*.

Treatments
Lines

Rhizobia

Nitrogen

Control

Line Means

1

288

253

367

303

3

bb3

3^9

353

382

1*

360

219

235

271

5

283

207

300

26U

7

72

118

103

98

8

367

333

3^5

3^9

9

350

333

351

3^5

10

310

3^3

333

329

11

213

213

191

205

299

263

286

283

Treatment
Means

*

LSD lines

—

39 grams.

