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Growth, pod vyields, and nitrogen fixation of effectively inoculated bean plants were
greatly enhanced in greenhouse sand cultures by high levels of phosphorus, potassium,

calcium, and magnesium.

The beneficial effects from high levels of mineral nutrients were

most pronounced when the plants were grown in the presence of moderate amounts of

inorganic nitrogen.

200 p.p.m. of combined nitrogen in the sand cultures.

Symbiotic nitrogen fixation was also increased by the presence of
Increased levels of mineral nutrients

did not improve nitrogen fixation in bean plants nodulated by ineffective rhizobia, regard-

less of the presence or absence of inorganic nitrogen.

High levels of mineral nutrients

were favorable to uptake of added nitrogen by both inoculated and noninoculated plants.

LEGUMINOUS PLANTS grown in the
presence of adequate nutrients
usually accumulate greater concentra-
tions of basic mineral elements in their
tissues than do nonleguminous plants
{4, 7). High concentrations of calcium,
magnesium, phosphorus, and potassium
in plant tissue are usually associated
with a high nitrogen content (/2, 75).
In the case of inoculated legumes, the
high nitrogen content could result from
stimulation of symbiotic nitrogen fixation
by the high levels of mineral nutrients
furnished the host plant.

Experiments were conducted to study
effects of various levels of phosphorus,
potassium, calcium, and magnesium on
nitrogen fixation by the common bean
(Phaseolus wvulgaris L.) when inoculated
with effective and with ineffective strains
of rhizobia. The latter were included to
determine the relationship, if any,
between rhizobia efficiency and mineral
nurrition of the host plant.

Phosphorus and Potassium Levels

Materials and Methods. In green-
house experiments, stringless, green-pod
beans were grown in 2-gallon glazed
earthenware jars filled with 10 kg. of
fine quartz sand. Each jar contained a
glass watering tube which extended to
the basal substrate. The lower end of
this tube was wrapped with a small piece
of borosilicate glass wool to prevent
clogging. The jars containing the sand
were autoclaved for 12 hours at 250° F,
Nutrient solutions as shown in Table I
were used.

A volume of 1800 ml. of nutrient
solution was added to each jar. This
was sufficient to provide three fourths of
the total water-holding capacity of the
sand. Moisture content was approxi-

mately maintained throughout the
growth period by addition of distilled
water as needed.

The mode of surface-sterilizing the
seed has been described (6). Fifteen
surface-sterilized seeds were planted, but
only 10 plants were allowed to grow in
each jar. There were four replicates in
each treatment. One series of plants
was inoculated with effective rhizobia,
another with ineffective rhizobia, and a
third noninoculated series served as
controls. Bean yields, dry weights, and
nitrogen contents of the plants were
determined after a 7-week growth period.

Results. At the end of 4 weeks, the
effectively nodulated plants were dark
green in color, whereas the noninoculated
plants and those with ineffective rhizobia
showed nitrogen starvation.

At harvest, after 7 weeks of growth,
the dry weights, pod yields, and nitrogen
contents of the ineffectively inoculated
plants were not appreciably different
from those of similarly fertilized, non-
inoculated plants (Table IT). This was
to be expected, inasmuch as nitrogen
was a growth-limiting element in all
cases.

The plants supplied with ammonium
nitrate showed symptoms of acute
phosphorus deficiency at the 10-p.p.m.
phosphorus level. Growth was stunted;
the lower leaves were yellow, while the
upper leaves were bluish green. These
svymptoms did not occur in plants that
received 100 p.p.m. of phosphorus.
The high levels of phosphorus and
potassium were beneficial to nitrogen
uptake by both inoculated and non-
inoculated plants.

At harvest time, the noninoculated
and ineffectively inoculated plants which
received 100 p.p.m. of phosphorus and
150 p.p.m. of potassium contained 62
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and 729 more total nitrogen, respec-
tively, than did those which received
lesser amounts of these elements. The
total nitrogen content of the plants
which received ineffective strains of
rhizobia did not differ from that of the
noninoculated plants.

All of the effectively inoculated plants
showed symptoms of phosphorus de-
ficiency at the 10-p.p.m. phosphorus
level, regardless of the presence or
absence of ammonium nitrate; how-
ever, the symptoms were most Ppro-
nounced in the former case. At harvest,
there were no marked differences in dry
weight or nitrogen content attributable
to phosphorus level, except where
ammonium nitrate was present. Here
the plants in treatment 6 which received
100 p.p.m. of phosphorus had approxi-
mately 509 greater dry weight and

Table 1. Nutrient Combinations
and Concentrations

Element, P.P.M.

Treatment®
No. p Ke N¢
1 10 15 0
2 10 150 0
3 100 15 0
4 100 150 0
5 10 15 500
6 100 150 500

@ Secondary elements were added uni-
formly in all treatments. Elements a_nd
concentrations, p.p.m.: Calcium, 150;
magnesium, 50; iron, 15; boron, 0.5;
copper, 0.1; manganese, 1.0; zinc, 0.4;
molybdenum, 0.02.” All nutrient solutions
were adjusted to approximately pH 6.8
with NaOH solution and autoclaved at
250° F. for 0.5 hour before adding to the
sand.

b Source, HsPOu.

¢ Source, K:SO4.

2 Source, NHNOs.
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Table III,

Effect of Levels of Phosphorus and Potassium on Growth

and Nitrogen Content of Inoculated Bean Plants

(Data are averages of four replicates, 10 plants each)

Pods Total Plantsb
Treatment Green Total N, Dry wt., Total N, Nitrogen
No.2 wt, g. mg. g mg. fixed,® mg.
Not Inoculated
1 5.5 15 6.4 36
2 2.3 6 6.2 68
3 3.0 6 8.2 91
4 4.5 8 8.2 85
5 9.9 35 9.7 246
6 29.9 103 14 .1 400
Inoculated with Ineffective Strains
1 4.4 12 7.0 105
2 3.5 3 5.9 72
3 3.8 8 8.7 99
4 3.4 7 8.3 96
5 16.7 59 9.8 227
6 21.7 71 14.3 390
Inoculated with Effective Strains
1 13.3 38 10.1 235 149
2 11.1 33 10.2 195 127
3 18.8 61 11.9 276 185
4 21.7 67 11.4 208 123
5 16.5 64 11.5 345 99
6 45.2 170 18.7 589 189

@ See T'able T for composition of treatment solutions.

b Includes roots.

¢ Data on nitrogen fixed were obtained by subtracting corresponding figures for total

nitrogen in noninoculated series from those obtained with effective strains.
ineffective rhizobia caused no nitrogen fixation.

Apparently the

nitrogen content than those supplied
with 10 p.p.m. of phosphorus. Green
pod vyields were increased 419; in
treatment 3 and 1749, in treatment 6 as
a result of increasing the phosphorus level
from 10 to 100 p.p.m.

In treatments 1 to 4, where nitrogen
was the limiting element of growth, 15
p-p-m. of potassium were apparently
adequate for growth. There was no
beneficial effect from increasing the
potassium level from 15 to 150 p.p.m.

On the other hand, with plentiful
nitrogen, the effectively inoculated plants
that received the upper levels of po-
tassium and phosphorus in treatment 6
contained 709, more total nitrogen and
produced 659, greater pod yields than
did those provided with the lower
dosages. These increases were con-
siderably above those of the non-
inoculated and ineffectively nodulated
plants in similarly treated series. It
appears that the effectively nodulated
plants fixed more atmospheric nitrogen
when grown in the presence of in-
organic nitrogen.

Calcivm and Magnesium Levels

The growth and nitrogen contents of
the effectively inoculated plants in
treatments 1 to 4 (Table II) were
surprisingly low as compared to those
obtained in earlier studies where vermic-
ulite was used as the substrate (6).
In these studies, effectively nodulated

bean plants grown without inorganic
nitrogen contained 600 mg. of nitrogen
per 10 plants, whereas in the foregoing
experiment using quartz sand, the
plants contained less than one half of this
amount. Since vermiculite contains
about 229, of magnesium oxide (2), it
was suspected that the 50 p.p.m. of
magnesium supplied in the sand cultures
was inadequate.

Experimental Procedure. To explore
the possibility that magnesium was a
determining factor, three levels—25, 100,
and 200 p.p.m.—of magnesium were
established in a second pot culture ex-
periment similar to the preceding one,
except as Indicated. Because of the
importance attached to the necessity
for a satisfactory calcium-magnesium
ratio (9, 70) and also because of the
possible synergistic (7, 76) and antag-
onistic (5, &) absorption effects of
these elements on one another, the
calcium portion was varied to provide
calcium-magnesium ratios of 4 to 1, 3 to
1,and 2to 1. The nutrient combinations
are shown in Table III.

The basic salts used in preparing
nutrient solutions, KH,PO,, KNOj, and
Ca(NOj),, were used at the maximum
level possible without exceeding the
desired concentration of any particular
element. Calcium in treatments 1 to 3
which received no combined nitrogen
was provided by CaCls. In the high
nitrogen treatments, NaNQOj provided
the needed extra nitrogen. All magne-
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Table Il. Nutrient Concentrations
and Combinations

Treatment? Element, P.P.M.
No. Mgt Cat Nd
1 25 100 0
2 100 300 0
3 200 400 0
4 25 100 200
5 100 300 200
6 200 400 200
7 25 100 400
8 100 300 400
9 200 400 400

2 Phosphorus and potassium levels, 100
p.p-m. and 150 p.p.m., respectively, were
uniform in all treatments. Concentrations
of trace elements were the same as given in @
Table .

& Source. MgSO;-7H.0.

¢ Source. CaCl,.-2H,0;

Ca(N03)g . 4Hgo

4 Source. KNO;, NaNO;,

Ca(NOs)z . 4Hzo

sium was supplied as MgS8O..7H,0.
Concentration of sodium was kept to a
minimum.

All nutrient solutions were adjusted
to approximately pH 6.8 with 0.1V
NaOH or H,SO, as needed. The
methods of surface-sterilizing seed and
planting have been described. One
series of plants was inoculated with
effective strains of rhizobia and the
other with ineffective strains.

Results. All plants were uniformly
green and thrifty up to the fifth week,
when vellowing began in the ineffec-
tively inoculated plants grown without
added nitrogen. When harvested at 7
weeks, all of the ineffectively inoculated
plants showed symptoms of nitrogen
starvation.

The data (Table IV) give no indica-
tion that high levels of calcium and
magnesium increase nitrogen fixation
in ineffectively inoculated plants.
Growth and nitrogen content of plants
which received 100 p.p.m. of magnesium
and 300 p.p.m. of calcium did not differ
from those of plants which received
greater amounts of these elements,

Uptake of fertilizer nitrogen bv in-
effectively  inoculated plants was
increased by raising the levels of mag-
nesium from 25 to 100 p.p.m. and of
calcium from 100 two 300 p.p.m. The
starting levels of 25 p.p.m. of magnesium
and 100 p.p.m. of calcium are apparently
too low for maximum uptake of nitrogen
from the substrate. Nitrogen content of
plants furnished moderate and high
levels of magnesium and calcium were
directly related to amounts of nitrogen
added to the jars.

The effectively inoculated plants re-
mained green throughout the growth
period, although there was considerable
variation in height and vigor due to the
different treatments. In general, plants






levels of phosphorus, potassium, calcium,
and magnesium furnished the host plant.

Results also signify that the best
growth response to eflfective inoculation
and increased mineral nourishment was
obtained with a treatment of 200 p.p.m.
of inorganic nitrogen. With this nitrogen
plants grew more rapidly and had
larger leaves than did those grown
without it. Presumably, the denser
foliage and, hence, increased photo-
synthetic capacity of the plants were
beneficial to symbiotic nitrogen fixation.
No improvement in plant growth or total
nitrogen content of the plants resulted
from increasing the level of inorganic
nitrogen from 200 to 400 p.p.m. It
appears that high levels of inorganic
nitrogen suppress symbiotic nitrogen
fixation.

Apparently, the bean plant requires
rather large amounts of divalent cations
for maximum growth and best response
to inoculation with rhizobia. Further
study to determine a proper balance
between potassium and the divalent
cations, calcium and magnesium, ap-
pears warranted.

A point of practical importance to
bean growers is the beneficial effect of
high levels of calcium, magnesium, and
phosphorus on pod vields. Increasing
the level of phosphorus from 10 to 100
p.p-m. caused a 419, increase in pod
yield from effectively inoculated plants,
although the total nitrogen content of
the plants was not materially affected
(Table IT). The responses in pod yields
resulting from high levels of calcium
and magnesium were even more spec-
tacular. Plants furnished 300 p.p.m.
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of calcium and 100 p.p.m. of magnesium
produced almost three times the yield
of green pods harvested from those
which received only 100 p.p.m. of
calcium and 25 p.p.m. of magnesium.

In general, the results reported here
agree with those obtained with other
leguminous plants. Roberts and Olsen
(74) showed that inoculated red clover
plants fixed little nitrogen in the absence
of ample potassium. Peanut plants
grown on fertile soils fixed more nitrogen
than did those grown on poor soils (73).
Lynch and Sears (77) noted improved
efliciency of rhizobia of Lotus corniculatus
as a result of high fertility treatments
given the host plant. Inexperimentsof a
sirnilar nature, Ash (3) showed that
alfalfa grown in the presence of 100 and
200 p.p.m. of phosphorus and potassium,
respectively, fixed the largest amounts of
nitrogen. On the other hand, the
nitrogen-fixing ability of an ineffective
strain was improved little by high
fertility treatments.

All of the afore-mentioned results
seemingly point to the conclusion that
both effective rhizobia and adequate
plant food are essential for best nitrogen
fixation. Whereas nitrogen-fixing abili-
ties of mediocre strains may be improved
by high fertility treatments, fertilization
is not a good substitute for effective
rhizobia, or vice versa.
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potentially reactive moiety were ob-
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active phenol. The moieties released
by hydrolysis are coupled with p-
nitrobenzenediazonium fluoborate to
give colored products suitable for color-
imetric estimation.

Although the diazo coupling reaction
is not a general one (<), several examples
of phenols, which will react under the
conditions outlined to give a suitable
colored compound, are given in Table I.
Carbamates or other pesticides contain-
ing these phenols may thus be deter-
mined by this method. In general, it is
first necessary to unmask the phenol by



