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Summary The technique of !N isotope dilution was used to verify that nitrogen was fixed
and transferred to the plant by Klebsiella pneumoniae strain Pp in association with Poa
pratensis or Triticum aestivum. Surface sterilized, sprouting seeds were inoculated with K.
pneumonige and grown in sand in modified Leonard jars. Potassium nitrate enriched with
1SN was used to provide N concentrations ranging from 10-40mg NI1™' nutrient solution.
After 10—18 weeks the shoots and roots were analyzed separately for dry matter, N content,
total N, and atom % !°N excess. The acetylene reduction technique was used to test for the
presence of N,-fixing organisms on the roots. The data from '*N isotope dilution demonstrated
that up to 33.8% of N in the shoots of P. pratensis and 15.9% in those of T. aestivum were
derived from associative N, fixation by K. prneumonige. In most experiments the dry matter
yield, N content, and total N yield of the shoots of P. pratensis were increased by K. pneu-
moniae inoculation, whereas inoculation had no significant effect on the dry matter yield, N
content or total N of the shoots of T. aestivum.

Introduction

Among N,-fixing Enterobacteriaceae, organisms of the genus
Klebsiella have been isolated from the roots of several grasses growing
in temperate zones®%! #1728 Tjepkema and Burris® tested Wisconsin
prairie grasses for nitrogenase activity and found that such activity,
although very weak, was associated with the bluegrass Poa pratensis
among others. Shearman et al® investigated associative nitrogen
fixation in ‘Park’ Kentucky bluegrass (Poa pratensis L.) with various
N, -fixing isolates. Undisturbed turfs of a bluegrass inoculated with
Klebsiella pneumoniae (W6) originating from winter wheat!” expressed
significant nitrogenase activity, and there was a greater accumulation
of nitrogen in aerial tissues of the test grasses than in those of control
grasses. Wood et al.® confirmed that observation by demonstrating an
association between K. prneumoniae (W6) and ‘Park’ Kentucky blue-
grass that appeared to have some degree of specificity.

Conclusive proof that grasses derive some of their nitrogen from the
atmosphere must be based on ®N isotopic measurements of N,, the
true substrate. N, gas has been used successfully to demonstrate N,
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fixation in association with tropical grasses*, sugarcane!s-2?:23:2%  and
rice>*® . These studies showed that the level of N, fixation in such
crops was lower than in legumes. The use of 1°N, gas allows short term
kinetic measurement, thus avoiding the risk of recording artefacts by
growing plants in an enclosed atmosphere, as well as the need for
complicated equipment®®. 15N isotope dilution was used to measure N,
fixation in maize and sorghum inoculated with Azospirillum lipo-
ferum®, but no N, fixation was observed. Lethbridge and Davison
reported that N, fixation in wheat inoculated with several N,-fixers
was negligible unless carbohydrate was added. Rennie'® used isotope
dilution, and showed that when sufficient C substrate was available to
the bacteria 12.6—38.0% of maize plant N was derived from associated
N, fixation by Azospirillum brasilense.

In the work discribed in this paper our objective was to use !N
isotope dilution in a simple system to determine whether root-associated
K. pneumoniae enables Poa pratensis or Triticum aestivum to derive
significant quantities of nitrogen from atmospheric N, .

Materials and methods

Bacterial strain

N, -fixing Klebsiella pneumoniae strain Pp was isolated from the roots of Poa pratensis
growing in an abandoned, previously cultivated field® . The bacteria were grown in static malate
broth for 48 h at 28°C™'!2. The suspension obtained, containing ca 10° colony forming units
per millilitre, was used for plant inoculation. Part of the inoculum was autoclaved to kill
bacteria inoculation of control plants. For acetylene reduction assay bacterial samples were
grown in 22-ml serum bottles in § ml of N-free semisolid medium?® containing 0.25% glucose
and 0.25% malate.

Plant material, inoculation, and conditions of growth

Modified Leonard jar assemblies’” each consisting of a bottomless 1-litre wine bottle
inverted on a 1-litre jar, were used. Each bottle was filled with 500 g of sand and the jar with
Hoagland’s nutrient solution® (1/4 concentration) containing KNO, to give concentrations of
10, 20, 30, and 40 mg KNO,-N1""' enriched with 0.5 or 1.0% K'*NO,. Total amounts of
nutrient solutions used were 1.61at N level of 20mgN1"" and 2.01at N level of 40 mgN1™"' in
the first experiment. In the second experiment with P. pratensis the amounts were 1.0, 1.2 and
1.21, and with T. gestivum 1.8, 2.0, and 2.01 at N levels of 10, 20, and 30 mgN 17!, respectively.
Sterile solution was added aseptically with an injection syringe, as required. The dry matter
yields and total N yields in all tables were calculated per litre of nutrient solution used in the
experiment to facilitate comparison.

Seeds of bluegrass (Poa pratensis cultivar Arina Dasas) and spring wheat (Triticum aestivum
cultivar Ruso) were surface sterilized with 5% sodium hypochlorite and germinated on water
agar plates as previously described'?>. They were then inoculated by incubating them in a
suspension of K. pneumoniae Pp for 1h at room temperature with occasional shaking, a pro-
cedure that allows the bacteria to become attached to the roots'?. After inoculation 30 seeds of
P. pratensis or 20 seeds of T. aestivum were planted in each autoclaved Leonard jar. Also, to
ensure association of roots and bacteria, 50 ml of K. penumoniae Pp culture were added to the
jars. Six jars were treated with living bacteria and six control jars with autoclaved bacteria. The
seedlings were first grown under cover of a Petri dish lid. Gravel was then added to prevent
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contamination, when seedlings were taller than 2—3 cm. The jars were wrapped in aluminium
foil to prevent growth of photosynthetic micro-organisms. The plants were grown under green-
house conditions with an 18-h photoperiod (mercury vapour lamps) from October 1982 to
February 1983 or in sunlight from July to October 1983. Poa pratensis was grown for 16—-18
weeks and 7. aestivum for 10 weeks before harvesting.

Plant yield and nitrogen analysis

Shoots and roots were harvested and analyzed separately. Samples were dried overnight at
70°C and then weighed. The samples were ground and total nitrogen was determined as NH,-N
following Kjeldahl digestion'. After titration, excess H,50, was added and the samples
evaporated to dryness. Atom % '°N excess was determined with a Micromass 622 (VG-Isotopes
Limited, England) mass spectrometer®. Seeds and inoculum were also analyzed for nitrogen
to calculate the dilution of nitrogen caused by their addition to the system. In experiments
with P. pratensis and in those with 7. aestivum 14.3 mg **N per jar came from the inoculum
growth medium, which consisted of mineral nitrogen, 0.4 mg from the seeds of P. pratensis,
and 8.3 mg from seeds of 7. aestivum, respectively. The amount of nitrogen in bacterial cells
was negligible.

Acetylene reduction assay

Samples from the roots were incubated with acetylene in N-free semisolid medium in serum
bottles. After incubation the production of ethylene was determined by gas chromatography as
previously described®’®.

Results

Effect of K. pneumoniae Pp on growth of P. pratensis

The first experiment was carried out in October 1982 to February
1983 at 20 and 40 mg N 17! with an atom % 5N excess of 1.0%. Green-
house temperature was 20 to 24°C in daytime and 15—20°C at night.
Plants were harvested after 18 weeks. The plants grown at the lower N
level (20mgN17!) and inoculated with viable K. pneumoniae Pp had
significantly higher dry matter yields, total N yields and N contents
than had controls treated with autoclaved bacteria (Table 1). Total N
yield increased by 48%. The plants grown at the higher N level (40 mg
N171) and inoculated with viable K. prneumoniae Pp had significantly
higher dry matter yields but not significantly different total N yields or
N contents than had plants inoculated with autoclaved bacteria (Table
1). Incorporation of atmospheric N, into P. pratensis was detected with
the plants that had been inoculated with viable K. pneumoniae Pp and
grown at the lower N level. Atom % 5N excess in the shoots was
decreased significantly (Table 1), as compared with the controls. The
roots also showed !SN dilution, though the effect was not significant
(data not shown). The percentage of N derived from atmosphere (%
Ndfa) was 7.3 in the shoots and 4.0 in the roots. % Ndfa has been
calculated according to Rennie and Rennie®:



HAAHTELA AND KARI

248

's01e01[doI § O}  IOJ SUOIIBIAOD PIBPURLS ¥ SUBSUI 9TB PUE SJOOYS 0] I9JoI saIndL]

*4823-1 Aq [ONU00 PA[IIY-1LAY WO (TO0 > ) HUSISIJIP AQUBILJIUSIS 4

188)-7 Aq [OX}UOO PA[IIY-1EAY WIOXS (GO"0 > J) TUIIAJIP APUBOYIUTLS

"y-INSW O 18 [ 0°C PUB ([ N3W Q7 18] 9'[ 210M Pasn SJUNOWE [EI0, "UOHN[OS JUALINU JO 313y 1od PAILINOTED ¢
BIIS)OEQ PO[[IN-18OY Y3IM PIIB[NoOUT = wolsAs Suxijuou = sju

BIIS)IBQ S[GRIA YIIM PIJB[NOOUT = WIOISAS SUIX]) = §f oIoym

(sJu) ss00%9 N, % WOy

001 X | (e waova N, oy F| = UPN%

060°0 ¥ €6L°0 1L #69°€l 60°¢ ¥ $8°81 L9T0 7871 0¥ peaq

L8~ 210°0 #7980 ECTFITLL L90 FST¥T *+£80°0 7 90¥'T oy alqeIA

8200 ¥ 090 LL'O ¥ 9901 6907 1S'L 9€0°0 ¥ S0L°0 0t 182

E'L *EV0°0 ¥ €650 xxLS'T 7 60°€T A8TEFTITT *E9T°0 7 T98°0 07 SIqEIA
;-8 8w (;-13un) qG-19 (;-13un)

«BIPN % $590Xd N, % WOy JUUOD N Eu% N 18107, prarf 1a3peur AI(g 1949 N wnnaouy

€86 T ATeniqa,] 01 86T 190100 WOIJ SUOTIIPUOO aSNOYUdIIT 19pun umoId spsuaivid ‘g 3o yimoIs uo dJ anuownsud "y [Ia UOREINIOUT JO 109539 "1 SIqEL



ESTIMATION OF NITROGEN FIXATION WITH '°N 249

% Ndfa = percentage of N, fixed =

Atom % 5N excess (fs)
~ Atom % 5N excess (nfs)

]X 100

where fs = fixing system (plants inoculated with viable bacteria)
nfs = nonfixing system (plants inoculated with heat-killed bacteria)

The plants grown at the higher N level showed no incorporation
of atmospheric N, (Table 1).

In order to verify the results of the first experiment and to find the
most favourable N level for N, fixation the second experiment was
carried out in July to October 1983 at 10, 20, and 30 mg N 17! with an
atom % N excess of 0.5%. Greenhouse temperature was 20—28°C in
daytime and 15—22°C at night. The plants were harvested after 16
weeks. Results are summarized in Table 2. The shoot dry matter yield
had increased in the plants inoculated with viable K. penumoniae, as
compared to controls (Table 2). The difference was significant at the
level of 30 mg N17!. There were no increases in the dry matter yields of
the roots or in the total N yields and the N contents of the shoots or
the roots (Table 2). At each N level the atom % !N excess had
decreased in shoots and roots of the plants inoculated with viable
bacteria (Table 2). In shoots of the plants grown at the level of 20 mg
N17! the difference was significant, as compared with controls. %Ndfa
reached 33.8 in the shoots and 20.0 in the roots.

Effect of K. pneumoniae Pp on growth of T. aestivum

The experiment with T. aestivurmm was carried out in July to
September 1983. Nitrogen levels and growth conditions were similar to
those in the experiment with P. pratensis. The plants were harvested
after 10 weeks. Results are summarized in Table 3. There were no
differences in dry matter yield, total N yield or N content for either
shoots or roots (data not shown) of the plants inoculated with viable
K. pneumoniae Pp, as compared with the control plants. On the other
hand atom % !N excess in the shoots had decreased at every N level
(Table 3) and % Ndfa reached 15.9. There were scarcely any differences
in the atom % '°N excess for roots of the plants inoculated with viable
or autoclaved bacteria (data not shown).

Nitrogenase activity

Roots of the plants inoculated with viable X. pneumoniae Pp showed
high nitrogenase activity, whereas those of the control plants inoculated
with autoclaved bacteria showed none. Klebsiella pneumoniae Pp was
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repeatedly re-isolated from roots of the plants inoculated with viable
bacteria.

Discussion

The results from the two experiments with P. pratensis showed that
the plants benefited from inoculation with viable N,-fixing K
pneumonige Pp. Shoot dry matter yield, total N yield and N content
increased in the first experiment (Table 1). In the second experiment
there was an increase in the dry matter yield, but results for total N
vield and N content were variable (Table 2). Several yield-dependent
techniques have been used to assess N, fixation. Dry matter yield and N
content may or may not be related to fixed nitrogen?°. Total N yield,
a product of dry matter and N content, could be used to estimate N,
fixation. Rennie and Kemp!® found that in experiments in vitro dry
matter and total N yield correlated with each other to a high degree, so
dry matter yield can presumably be used to estimate N, fixation.

In the soilless system used, nitrogen was derived from nutrient
solution (fertilizer), the atmosphere (N, fixation), seeds, and inocula
which contained mineral nitrogen from the bacterial growth medium.
Both the N,-fixing and the non-N,-fixing system received the same
extra amount of nitrogen, which became mixed with the fertilizer
solution, although because inoculum was added to the top of the vessel,
a vertical *N/¥°N gradient might have developed and caused differences
between the systems, if the roots were growing at different rates. In
the sand culture, however, such a gradient would not persist. Moreover,
there were no significant differences between yields of root dry matter,
which indicates that the roots were not growing at different rates. The
nitrogen derived from seeds of P. pratensis was negligible, but was
rather large from seeds of T. aestivum. This means that we cannot know
exactly how much seed nitrogen is retained in the plants or taken up by
the bacteria in the case of the plants inoculated with viable cells. Thus,
calculations of N, fixation were less accurate in the case of T. aestivum.
There was also a possibility of denitrification by the viable bacterial
cells. This error, though theoretical, may indicate that the amounts of
nitrogen fixed are too small.

With P. pratensis, the % Ndfa was 7.3—33.8 in the shoots and ca 20.0
in the roots (Tables 1 and 2). In T. aestivum, the % Ndfa was 10.0—
159 in the shoots (Table 3). Rennie'® used isotope dilution to
determine N, fixation of maize in vitro and calculated that 12.6% of
maize nitrogen was derived from the atmosphere, and that the addition
of a suitable carbon source increased the amount to 38%. Lethbridge
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and Davison!® used !*N dilution to study N, fixation in wheat inocu-
lated with several diazotrophic bacteria. Small amounts of mineral N
in sand cultures were used. Root-associated N, fixation was negligible
unless carbohydrate was added to the rooting medium!3. In our
research we did not add carbon source, but only mineral N fertilizer
so that the plants could become established well and support bacterial
N, fixation by exuding carbon compounds. Rennie et al?' also used
15N isotope dilution to quantify N, fixation associated with Canadian
and Brazilian wheat grown in soil under greenhouse conditions.
Inoculation with Bacillus polymyxa or Azospirillum brasilense resulted
in Ndfa of up to 32.3 % in some varieties. Inoculation had no significant
effect on total N yield. A high degree of plant-bacterial specificity
existed. In our study inoculation by K. prneumoniae Pp produced a
much better effect on P. pratensis than on T. aestivum. Shearman et
al.*® and Wood et al.?® studied as a model system the association of P
pratensis and K. prneumoniae and showed by the acetylene reduction
method that N, was being fixed in the association and that the
association had at least some degree of specificity.
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