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Summary. In a series of short-term experiments root
systems of young sorghum and millet plants in-
oculated with N,-fixing bacteria were exposed to
'5N,-enriched atmospheres for 72 h. The plants were
grown in a normal atmosphere for up to 22 days after
the end of the exposure to allow them to take up the
fixed N,. Environmental conditions and genotypes of
sorghum and millet were selected to maximise N,-fix-
ation in the rhizosphere. Detectable amounts of fixed
N (>16 pg/plant) were rapidly incorporated into
sorghum plants grown in a sand/farmyard manure
medium, but measurable fixation was found on only
one occasion in plants grown in soil. N, fixation was
detectable in some experiments with soil-grown millet
plants but the amounts were small (2 -4 pg/plant) and
represented less than 1% of plant N accumulated over
the same period. In many cases there was no detec-
table '*N, incorporation despite measurable increases
in ethylene concentration found during an acetylene
reduction assay.
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The potential for increased production of cereals and
grasses by means of N, fixed by bacteria associated
with their roots has stimulated much research interest
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(reviewed by van Berkum 1984; Giller and Day 1985;
Dart 1986). Enhancement of N, fixation in the
rhizosphere may be possible by inoculation with large
populations of N,-fixing bacteria, or by selection of
plant genotypes which support greater amounts of
bacterial N, fixation. In crops that are generally
grown on soils with a small N content, such as
sorghum [Sorghum bicolor (L.) Moench] and millet
(Pennisetum americanum L.), the evolution of such
bacterial-root associations may have been favoured;
differences have been found between genotypes of
these species in root-associated acetylene reduction ac-
tivity (Bouton and Brooks 1982; Wani et al. 1984).
Measurements of acetylene reduction activity, how-
ever, may not represent in situ N, fixation, for a num-
ber of reasons (Witty 1979; van Berkum and Bohlool
1980; Giller 1987).

Direct measurement of N, fixation is possible us-
ing "*N-labelled N, gas. Incorporation of fixed N into
a variety of crops and tropical grasses has been dem-
onstrated using this method (Ruschel et al. 1975; De
Polli et al. 1977; Eskew et al. 1981; Giller et al. 1984).
Here we report a series of experiments carried out with
young sorghum and millet plants in which we used
SN, to examine the rates of N, fixation and the possi-
ble differences in root-associated N, fixation between
genotypes of these crops.

Materials and methods

Experimental conditions. The plants were grown from seed in in-
cubation chambers in a greenhouse at the ICRISAT Center, Patan-
cheru, India, which allowed the intact root/soil system to be en-
closed. The chambers were attached to a closed circulating system
and gas mixtures containing '*N, introduced. Incubations were car-
ried out for 72 h in all experiments. At regular intervals O, was
replenished by injection into the loop and gas mixtures were cir-
culated over soda-lime to remove accumulating CO,. The methods
are described in detail elsewhere (Giller et al. 1984).



Gas muxtures enriched with '*N, were made by muung commer-
cially prepared 'SN; gas (99 atom ®a'*N) or recaptured '*N; gas
mixtures from previous experiments with 20% O, In later ex-
periments 20% argon was substituted for N, gas in the muxtures to
reduce the amount of "Nz required All gas mixtures were stored
over acidified water to remove any contamunaung '*N-labelled am-
monia Air 1n the circulanng loop was removed by purging with
CO; and the *N, gas mixture allowed to flow into the loop as the
CO, was removed by passing over soda-ime. The imual ennichment
of gas mixtures after introduction was generally less than 70 atom %
UN due to some residual "N, in the arculaung system and
chambers Gas samples were taken from the incubation chambers
immediately after introduction of '$N, and at 24-h intervals, and
analysed for N SN enrichment 1nvariably decreased by approx-
imately 30% over the 3-day incubation period, probably due to
gaseous diffusion through the leaf sheaths of the shoots as leakage
from the gas circulation system was rarely detected The amount of
N, fixed was calculated by using the mean gas concentration over
the incubation period The plants were allowed to grow for up to 22
days after the start of the exposure to allow uptake of tixed N before
harvest

The amounts of fixed N incorporated in the plants were
calculated as

R plant part

N, fixed = N n plant parts X ——————(

R gas phase ue)

where R = atom % '*N excess, and similarly, the detection hmuts
for ncorporation of fixed N were calculated as

0005

Detection limit = N in plant part x
R gas phase

(ng)

using a plant enrichment of 0005 atom % 'SN excess as a lower
limit of detecuon due to variation 1n the natural abundance of '*N
and analytical precision Treatments and specific conditions of each
expeniment are detailed in Tables { and 2 Growth media were either
a muxture of sand and farmyard manure (97 5 2 § w w) or an Alfisol
soil (total Kjeldahl N = 0 07%) collected from the surface 0-15cm
of fields at the ICRISAT Center, Patancheru Both media were used
at a rate of 350 g per incubation chamber Inoculum was pipetted
over the seeds at the ume of sowing as three different treatments
(1) S ml/incubation chamber of a soil suspension of air-dried soil
taken from the rhizosphere of field-grown sorghum plants (2) S ml
napier bajra root extract (Wani et al 1984) containing approximate
ly 2x 108 N,-fixing bacteria/ml, counted by the dilution and plate-
count technique using N-free sucrose or malate medium, or (3) 3 ml
Azospirillum lipoferum {(ICM 1001) contaiming 2x 107 cells/ml
Details of genotypes of sorghum and muillet used in the experiments
are given 1n Table t [n total, five "NZ exposures were performed
on sorghum genotypes and four on millet genotypes The plants
were watered once a week with an N-free nutrient solution
(Broughton and Dilworth 1975) and at other times with deionised

Table 1 Details of mullet (Pennisetum americanum) and sorghum (Sorghum bicolor) genotvpes used in the experiment

Genotype Ongin

Millet
BJ104 Commercial hybrid released 1n India
ICH107 ICRISAT test hybnid
Ex Bornu Population denved from Nigerian

land races

Sorghum
CSH § Commeruial hybnd released in India
IS 3003 Ethiopian land race

Average days to

Charactenistics 1n field at ICRISAT

Average plant Average days to

50" flowering height (cm) thaturity
4446 156 75-80
54-55 216 83-85
55-58 240-250 90-95
60-70 200 110-115

140 390 170 - 180

Table 2. Short-term measurements of uptake of fixed N in sorghum plants by exposure of soil/root systems to "Nz-cnnched atmospheres

for 72h
Exp Genotype Plant age at (days) Growth Inoculum? Mean gas enrichment Detection imit Fixed N, incorporated
number e medium (atom %o 'SN excess) (ug N, fixed) (ug/plant)®
Exposure Harvest
ta CSH § 21 24 Sand/FYM*®  Soul susp 403 05 16
21 33 Sand/FYM  Soul susp 403 07 27
b CSH § 25 41 Sand/FYM  Soil susp 16 § 18 46
25 47 Sand/FYM  Soil susp 165 26 k1
2 CSH s 12 26 Alfisol Soil susp 107 09 8
IS3003 12 26 Alfisol +NBRE 107 07 70
3a CSH § 20 37 Alfisol NBRE 4.5 13 ND
1S3003 20 kY) Alfisol +ICM 1001 445 10 ND
b CSH § 27 44 Alfisol NBRE 533 [ ND
1S 3003 27 4“4 Alfisol +ICM 1001 $33 12 ND

* Soil susp , soil suspension, NBRE, napier bajra root extract (Wam et al. 1984), ICM 1001, Azospirillum lipoferum strain ICM 1001
% Each figure 1s mean of five replicate analyses except for the 33-day harvest in exp. 1a where the mean 1s of four replicates; ND, not detec-

table
¢ FYM, farmyard manure



water In expenments 2 and 6, $ ml nutrient solution containg
S5mg N/l (1e. 25 ug N) was added to each incubation chamber
before the incubations were carried out 1n order to alleviate symp-
toms of N deficiency in the plants Acetylene reduction activity was
measured over a 6-h incubation period on similar plants not ex-
posed to '*Nj, or at the ume of harvest on the plants exposed to
"Nz by sealing the chambers and introducing 10% acetvlene (Har-
dy et al 1973)

Analytcal methods Soil samples were finely ground, sieved (2 mm
mesh) ahd digested by a Kjeldahl procedure (Rothamsted Ex-
perimental Station 1978) The N content of the digests was estimat-
ed by semi-mucro Kjeldahl distillation and titration aganst a stan-
dardised acid, and the samples were dried for '*N analysis by a
Micromass 602 mass spectrometer. Shoots and roots (plus adhering
soil) were analysed separately The plant samples were finely ground
and the N content was determined by Kjeldahl digestion and esuma-
ton by an automated indophenol blue method (Rothamsted Ex-
perimental Station 1978) Ammonium was concentrated by a
microdiffusion technique (Conway 1939) and *N enrichment was
measured with a Micromass 622 mass spectrometer (VG [sogas,
Northwich, Cheshire, U K)

Results and discussion

Incorporation of fixed N in sorghum

Acetylene reduction activity associated with sorghum
roots in growth media amended with farmyard manure
is often greater than in soil (Wani et al. 1984). When
sorghum plants were grown in a sand/farmyard
manure mixture, N, fixation and its rapid incorpora-
tion were easily demonstrated (Table 2; Exp. 1). In a
'SN,-gas exposure experiment conducted on plants
grown in soil, substantial "N enrichment (>0.063
atom® "N excess) was found in all plants of
genotype IS 3003, but only small enrichment (>0.010
atom % excess) was found in the plants of the other
genotype (CSH 5) examined in the same assay (Table
2; Exp. 2). Genotype IS 3003 generally has low rates
of root-associated acetylene reduction activity, and in
this experiment, the young plants showed low ethylene
production in both genotypes at the time of assay (IS
3003, 23.2 + 20.4 nm/plant per h; CSH 5, 284 +

Table 3. Ethylene production (nmol/plant per h) in an acetylene
reduction assay of intact soil-root systems of young sorghum plants
used 1n lsNz-gas exposure expenment (Exp 3)

Days after sowing 21 242 28 3t 38
IS 3003 ND® 38 68 68 9
CSH § ND® 65 220 94 29
SE - 5.3 746 197 8.1
Unplanted tubes ND®?  ND® 52 97 26
SE - - 472 781 176

? Statistical analysis indicated significant differences (P <0.05) be-
tween the genotypes at the 24-day harvest
ND, not detectable
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3.4 nm/plant per h; n =5). Soils collected from this
experiment at harvest were analysed, but enrichment
was detected 1n only one of the soils in which S 3003
was assayed [0.0046 atom % N excess: 0.0014 above
the natural abundance of 0.0032 (0.00013, n=8) in
soil not exposed to l’N:] and 1n one soil 1n which
CSH 5 was grown (00006 atom% '*N above the
value determined for natural abundance on replicate
unplanted tubes).

This experiment was repeated in order to examine
the differences between genotypes IS 3003 and CSH §.
Both genotypes accumulated dry matter over the
course of the second experiment, but took up only
small amounts of N (Fig. 1). The N content of the
leaves decreased from 2.3% to 0.8% between the 20-
and 43-day harvests, indicating that the N available
for plant uptake and growth was hmited. Easily
measurable rates of ethylene accumulation were found
at all except the 21-day harvest (Table 3) but despite
this, no incorporation of "*N was detected in any of
the plants examined i1n two "N2 exposures (Table 2;
Exp. 3).

In order to measure the benefits of N, fixation in
more mature plants larger incubation chambers were
constructed (3 kg soil) and a plant of genotype CSH
5 was exposed to 15N2 afrer 43 days’ growth. A solu-
tion containing nitrate was added to these plants on
two occasions (total of <10 mg N) in order to alleviate
severe N hmitation. Despite the good growth and N
accumulation (160 mg total N accumulation) in the ex-
posed plant no 'SNZ incorporation was detected
(detection limit 2 ug N incorporated 1n the plant) over
the 7-day growth period after incubation under *N,,
nor was enrichment detected in the soil.

Incorporation of fixed N in mullet

Small amounts of '*N, incorporation were found in
one incubation experiment where Ex-Bornu plants
were grown in soil (Table 4). Analysis of the soils in
which BJ 104 plants were grown and exposed to “*N,
(Table 4; Exp. 6) did not demonstrate any N, fixation.
A further experiment was carried out. to examine two
genotypes (BJ 104 and ICH 107) grown in an Alfisol
soil and inoculated with Azospirillum lipoferum. In-
corporation of "*N was found in all plants examined
but the enrichments were again small, and no signifi-
cant differences were found between the genotypes
(Table 5). The initial N content of BJ 104 was
2.2 mg/plant and that of ICH 107 was 3.4 mg/plant
after 21 days. The final N content of ICH 107 was
5.12 mg/plant, representing an N uptake of 1.8 mg/
plant over 9 days or 200 ug N/plant per day. The
subsequent uptake of N fixed during the 3-day incuba-
tion period amounted to 2.8 pg/plant in ICH 107 or
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0.93 ug/plant per day of exposure, a small amount
compared to the N being accumulated. Similar calcu-
lations for genotype BJ 104 indicated a fixed-N, up-
take of 0.76 pg/plant per day compared with an N ac-

Dry weight (g/plant)

N content [mg/plant)

—
I

B &S

8 30 35 L0
A
Days after sowing

Fig. 1. Dry-matter and N uptake in shoots (circles) and roots
(squares) of sorghum genotypes [S 3003 (closed symbols) and CSH
S (open symbols). Exposure periods to "Nz are indicated (A, B) as
are relevant harvest dates of plants exposed. Vertical bars represent
standard errors of the means

cumulation of 320 ug/plant per day over the same
period.

Amounts of N, fixation associated with young
plants of sorghurm and millet

The experimental conditions were manipulated to en-
sure an optimal environment for N, fixation; low soil
N, high temperatures (30°C) and a high soil-moisture
content (70% water-holding capacity of the medium)
as well as a large bacterial inoculum and suitable plant
genotypes shown to support substantial acetylene re-
duction activity (Wani et al. 1984). Despite this, only
small amounts of N, fixation were found for both
sorghum and millet. Indeed, in some cases N, fixa-
tion ‘was not detectable even where measurable
amounts of ethylene production were found in an
acetylene reduction assay.

Where small amounts of N, fixation were demon-
strated for sorghum grown in a sand/farmyard manure
medium, rapid plant uptake of fixed N was detected
immediately after the 3-day exposure (Table 2). It is
likely that bacterial N, fixation in this medium was
favoured by the presence of a large amount of organic
matter. Small amounts of incorporated fixed '*N were
also found immediately after a 24-h incubation of
grass-soil cores in Texas (Morris et al. 1985) although
fixed-N uptake by rice was slow (Ito et al. 1980; Eskew
et al. 1981). Our analyses did not indicate significant
enrichment of soil N in the incubation chambers
where no '*N-incorporation was found in the plants,
suggesting that the absence of detectable N,-fixation
was not due to slow release of fixed N from bacteria.

Incorporation of much larger amounts of fixed N
have been demonstrated in sugar cane (Ruschel et al.
1975) and in the tropical grasses Paspalum notatum
and Dugitaria decumbens (De Polli et al. 1977) using
"N, incubation experiments. Okon et al. (1983) also

Table 4. Short-term measurements of uptake of fixed N in mullet plants by exposure of soil-root systems to ”N;-enriched atmospheres for

72h
Exp no. Genotype Plant age at (days) Growth Inoculum?®  Mean gas enrichment  Detection limit  Fixed N, incorporated
e medium (atom %o '*N excess)  (ug N, fixed) (y.ag/pl;mt)b
Exposure Harvest
4 Ex-Bornu 24 27 Sand/FYM 3oil susp.  28.4 0.4 ND
Ex-Bornu 24 34 Sand/FYM  Soil susp.  28.4 0.5 ND
Ex-Bornu 24 40 Sand/FYM Soil susp. 28.4 0.7 ND
b} Ex-Bornu 29 32 Alfisol Soil susp.  26.7 0.2 2.4
29 37 Alfisol +NBRE 26.7 0.5 35
6 BJ 104 16 29 Alfisol Soil susp. 37.5 04 ND
+NBRE
7 BJ 104 21 30 Alfisol Soil susp. 303 0.8 2.7
ICH 107 21 30 Alfisol +NBRE 30.3 1.3 2.8

* Soil susp., soil suspension; NBRE, napier bajra root extract (Wani et al. 1984)
® No. of replicates at each harvest: Exp. 4 = 3, Exp. 5 = S, Exp. 6 = 10, Exp. 7= 5. ND, not detectable



Table S. Dry weight, N accumulation and uptake of fixed N, in
young plants of two millet genotypes exposed to "Nz for 21 -24
days and harvested after 30 days (Exp. 7)

Genotype Dry weight N content Atom % N
(mg/plant) (mg/plant) excess
Shoot  Root Shoot Root Shoot Root
BJ 104 23§ 135 4.16 0.92 0.013 0.017
ICH 107 234 108 4.35 0.82 0.013 0.016
SE 10.6 19.1 0.174  0.137 0.0037 0.0038
Fixed N incorporated (ug/plant)
Shoot Root Total
BJ 104 1.77 0.51 2.27
ICH 107 2.39 0.41 2.80
SE 0.559 0.053 0.494

demonstrated significant enrichment in Setaria italica
inoculated with Azospirillum brasilense, although the
plants largely assimilated only 5% of the fixed N as es-
timated by acctylené reduction assay. In the work re-
ported here we did not find consistent or significant
inputs of N from Nj-fixation in the rhizosphere to the
growth of young sorghum and millet plants. Rates of
acetylene reduction activity are often small for young
sorghum and millet plants, increasing to maximal
values around the time of flowering (Wani et al. 1984).
Examination of the root systems of mature plants us-
ing '*N, exposures is difficult, not least because of
the large volume of ”Nz gas required. In mature
plants the large amount of N reduces the sensitivity of
detection of N, fixation due to dilution of the iso-
tope.

Much of the evidence indicating a substantial up-
take of N by cereal plants from N, fixation in the
rhizosphere is indirect and subject to other interpreta-
tion (van Berkum and Sloger 198S; Giller and Day
1985). Isotope-dilution estimates of N, fixation with
species of Paspalum (Boddey et al. 1983) and with
sugar cane (Lima et al. 1987) indicate substantial gains
from N, fixation in the rhizosphere. However, despite
many claims, it has not yet been substantiated that in-
creases in growth of cereal crops following inoculation
with free-living N,-fixing bacteria are due to enhanc-
ed fixation of N, in the rhizosphere (Giller and Day
1985).

Acknowledgments. We thank M. Babu Rao for excellent assistance
in the glasshouse and P. Edwards and M. Smith for the chemical

analyses. The Rothamsted collaboration was funded by the U.K.
Overseas Development Administration.

References
Boddey RM, Chalk PM, Victoria RL, Matsui E (1983) The N

15

isotope dilution technique applied to the estimation of biological
nitrogen fixation associated with Paspalum notatum cv. batatais
in the field. Soil Biol Biochem 15:25-132

Bouton JH, Brooks CO (1982) Screening pearl millet for variability
in supporting bacterial acetylene reduction activity. Crop Sci
22:680-682

Broughton WJ, Dilworth MJ (1975) Control of leghaemoglobin
synthesis in sake beans. Biochem J 125:1075 1080

Conway EJ (1939) Microdiffusion analysis and volumetric error.
Crosby-Lockwood, London

Dart PJ (1986) Nitrogen fixation associated with non-legumes in
agriculture. Plant Soil 90:303 ~334

De Polli H, Matsui E, Dobereiner J, Salati E (1977) Confirmation
of nitrogen fixation in two tropical grasses. Soil Biol Biochem
9:119-123

Eskew DL, Eaglesham ARJ, App AA (1981) Heterotrophic '*N,
fixation and distribution of newly fixed nitrogen in a rice-flooded
soil system. Plant Physiol 70:1564 - 1567

Giller KE (1987) Use and abuse of the acetylene reduction assay for
the measurement of associative nitrogen fixation. Soil Biol
Biochem 19:783 - 784

Giller KE, Day JM (1985) Nitrogen in the rhizosphere: Significance
in natural and agricultural systems. In: Fitter AH, Atkinson D,
Read DJ, Usher MB (eds) Ecological interactions in soil. Spec
Publ No 4, Br Ecol Soc. Blackwell Scientific Publications, Oxford

Giller KE, Day JM, Dart PJ, Wani SP (1984) A method for measur-
ing the transfer of fixed nitrogen from free-living bacteria to
higher plants using |’Nz. J Microbiol Methods 2:307-316

Hardy RWF, Burns RC, Holsten RD (1973) Application of the
acetylene-reduction assay for the measurement of nitrogen fixa-
tion. Soil Biol Biochem 5:47-81

Ito O, Cabrera D, Watanabe [ (1980) Fixation of dinitrogen-15 asso-
ciated with rice plants. App! Environ Microbiol 39:554 558

Lima E, Boddey RM, Dobereiner J (1987) Quantification of biolog-
ical nitrogen fixation associated with sugar cane using a '*N aid-
ed nitrogen balance. Soil Biol Biochem 19:165-170

Morris DR, Zuberer DA, Weaver RW (1985) Nitrogen fixation by in-
tact grass-soil cores using '*N, and acetylene reduction. Soil Biol
Biochem 17:87-91

Okon Y, Heytler PG, Hardy RWF (1983) N, fixation by Azospiril-
lum brasilense and its incorporation into host Setaria italica.
Appl Environ Microbiol 46:694 -697

Rothamsted Experimental Station (1978) Analysis of crops and fer-
tilizers. Soils and Plant Nutrition Department, Rothamsted Ex-
perimental Station, Harpenden, Herts,, UK

Ruschel AP, Henis Y, Salati E (1975) Nitrogen-15 tracing of N-fixa-
tion with soil-grown sugar cane seedlings. Soil Biol Biochem
7:181-182

van Berkum P (1984) Potential for nonsymbiotic and associative
dinitrogen fixation. In: Hauck RD, Beaton JD, Goring CAI,
Hoeft RG, Randall GW, Russel DA (eds) Nitrogen in crop pro-
duction. Am Soc Agron, Madison, Wisc

van Berkum P, Bohlool BB (1980) Evaluation of nitrogen fixation
by bacteria in association with roots of tropical grasses.
Microbiol Rev 44:491-517

van Berkum P, Sloger C (1985) A critical evaluation of the charac-
teristics of associative nitrogen fixation in grasses. In: Malik N,
Nagri SM, Aleem A (eds) Proc Int Symp Nitrogen and the Envi-
ronment. Nuclear Institute for Agriculture and Botany,
Faisalabad, Pakistan

Wani SP, Upadhyaya MN, Dart PJ (1984) An intact plant assay for
estimating nitrogenase activity (C;H, reduction) of sorghum and
millet plants grown in pots. Plant Soil 82:15~29

Witty JF (1979) Acetylene reduction assay can over-estimate
nitrogen fixation in soil. Soil Biol Biochem 11:209-210

Received December 9, 1987



	00000001.tif
	00000002.tif
	00000003.tif
	00000004.tif
	00000005.tif

