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SUMMARY 

Nittogenase activity (C2H 2 reduction) was demonstrated in seedlings of wheat roots 
bearing para-rlodudes induced by 2,4-dichiorophenoxyacetic acid (2,4-D) and inocula- 
ted with AzospinTlum brasilense. Increased nitrogenase activity was observed in inocu- 
|ated para-nodulated seedlings as compmed to Inoculated roots not treated by 2,4-D 
under the conditions of assay used. 2,4-D had no stimulating effect on plant ethylene 
production in the absence of acetylene. When inoculation was performed with a Nit-  
mutant OfA. brasilensa, no ethylene production was detected. It was also shown that 
the energy souroe required for nitrogenase activity was supplied by the host plant. 

Key-words: Nitrogenase, Nitrogen fixation, Nodule, Azospirillum; 2,4-D, Wheat, P~ra- 
nodule, Ethylene production. 

INTRODUCTION 

Symbiotic nitrogen fixation is restricted to 
relatively few families of  higher plants, mostly 
associated with rhizobia, Frankia and cyanobac- 
teria, In the monocotyledons, including the 
major crops and economically important plants 
(such as wheat, rice, maize and pasture grasses), 
symbiotic nitrogen fixation does not occur natu- 
rally. The difficulty involved in introducing func- 
tional bacterial nitrogen fixation (nit) genes into 
plants has prevented rapid progress in this direc- 
tion (Merriek and Dixon, 1984; Tchan, 1988; 
Steinhiss and Broughton, 1988). Protocols have 
been developed to induce the formation of 

bumps, tentatively referred to as nodule-like 
structures, pseudonodules or pare-nodules, on 
the roots of several non-legume plants, including 
rice, wheat, barley and o[1-seed rape (for reviews, 
s¢¢ Tchan and Kennedy, 1989; Cocking et a!., 
1990; de Bruijn and Dowuie, 1991 ; Kennedy and 
Tchan, 1992). 

Nie et el. (I~'9) fLrst discovered that "nodule- 
l i ke"  s t ructures ,  could be induced by 
2,4-dichlorophenoxyacetic acid (2,4-D) on plant 
roots and that they could be colonized by 
microorganisms including diazotrophs (rhizoh]a 
and A zotobacter). These experiments have been 
reproduced (Tchan and Kennedy, 1989; Bender 
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et al., 1990; Ro!fe et al., 1991a, b). Staining with 
te t razol ium salts indicated sites o f  reduct ion 
within these structures (Tt:han and  Kennedy,  
1989). Enzyme t rea tment  experimertts together  
with inocula t ion o f  rh izobia  to induce nodule  
format ion  on rice, wheat  and  o ther  plants ,  led 
only to a very low frequency o f  nodule-like struc- 
ture fol mat ion  and  failed to demons t ra te  nin'o- 
genase activity (AI Manah  et aL, 1989; Cocking  
et aL, 1990). 

This  paper  r~?o,"ts the combined use ~ f 2 , 4 - D  
and Azospirillum, a rhizospheric and associative 
d iazotroph that  normal ly  lacks the abi l i ty  to  
form nodules on  host  plants ,  to establlsh a new 
nitrogen-fixing system using wheat  as the host.  
Signif icant  n i t rogenase  activi ty (C2H 2 reduc- 
t ion /e thy lene  product ion)  was found  in this 
system. Pa r t  of  this work  has  been repor ted  at  
in ternat ional  conferences (Kennedy et aL, 1990, 
1991 i Tchan  et al., 1991 ; Z e m a n  et aL, 1991). 

MATERIALS AND METHODS 

Plant tubes 

A total of  15 ml of nitrogen-free hydroponic solu- 
lion were added to 15 mm diameter test tubes con- 
taining a piece of  filter paper to support the wheat 
seedling. The hydroponic solution contained: 
KH2PO 4 40 tzM, KzSO 4 80 gM, CaCI 2 40 gM, 
MgSO a 60 gM, MnSO 4 4 tsM, and, per liter, Fe- 
chelate Ill rag, HaBOa 120 ~tg, ZnSO4.7H20 46 ~g, 
Na2MoO4.2H20 10 p.g, CuSOa.5H20 15 [zg, 
CoC12-6H20 4 tLg. The pH was adjusted to 6.8 with 
K2HPO ~ 0.1 M solution. The tube was covered by 
another test tube of a slightly larger diameter (fig. 1, 
pan  l)  and sterilized by autoclaving. 

Plant host 

Seeds of wheat (Triticum aestivum) cultivar 
Miskte (Sun 110 C) were first wetted with detergent 
and rinsed five times with distilled water under a 
vacuum/air cycle prior to surface sterilization. After 
two-min treatment with 0.5% HgCI2, the seeds were 
rinsed as described above and germinated as pre- 
viously reported (Tchan et al., 1991). Uncontamina- 
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ted seedlings were grown in the plant tubes in a 
controlled environment, under constant light 
(200 [a.E.m-Z-sec - l ,  with alternate cycles at 18 and 
23°C. 

Bacterial strains 

Azospirillum brasilense Sp7 ATCC 29145 was a 
gift from Dr. A.H, Gibson. It was grown in nitrogen. 
free Nfb malate liquid medium (Kr!eg and D6berei- 
ner, 1984). A. brasilense 7571, is a N i l -  derivative 
of  strain Sp7, impaired in Mo-nitrogenase nifD or 
noOK structural gene, which was isolated after ethyl 
methane sulphonate mutagenesis (Jara et al., 1983); 
1% potato extract was added to Nfb medium to grow 
the strain 7571. 

Induction and inoculation of  para.nodnles 

Addition of different doses of 2,4-D and inoculation 
with 0.1 ml of  a 24-h culture (routinely 106 to 107 
eells/ml) of  A. brasilense Sp7 were performed when 
the root system was approximately 5.7 cm in length. 
Uninoculated plant tubes containing 2,4-D and ino- 
culated plant tubes devoid of 2,4-D were used as 
• f 9nh'c~$. 

Nitrogenase assays 

Nitrogenase activity was assayed by the acetylene 
reduction test (ARA) with a "Shimadzu •CgA" ~as 
chromatograpi~ fitted witil a flame ionisation detec- 
tor and a l-meter column of "Porapak  T "  (Waters- 
Millipare). 

Plants were grown and inoculated as indicated 
above. ARA were performed on 12-day old seedlings. 
Early experiments were carrieo out with 4 to E plants 
(Tehan et al., 1991); however, for statistical analy- 
sis, individual seedlings were tested as follows. Each 
wheat seedling which had its remaining seed detached 
aseptically and its roots washed in sterile nitrogen- 
free Winogradsky mineral solution was transferred 
to a 30-ml McCartney bottle containing 3 mI of 
nitrogen-free Winogradsky minaral sahition ( rehan 
and New, 1984). The washing of  the roots and 
detachment of  the seeds was done to eliminate solu- 
ble substrate that could be carried over by the roots 
when being transferred. McCartney bottles were stop- 
ped with sterile rubber stoppers and incubated at 
30°C in a water bath in either a shaken (160 rev/min) 

ARA - acetylene reduction (test). [ INT = iodonilrotetrazolium. 
2 , ~ D  - 2,4-dichlorophenoxyaceticacld. I TPT - 2,3,5-triphenyltetrazolium. 
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or still position under continuous illumination. The 
atmosphere in the vials was 87.50¢0 nitrogen, 2.5070 
oxygen and 10eTa acetylene. ARA were performed 
after 24-h incubation. This protocol was applied both 
to the wild type strain and to mutant 7571. 

Nitrogenase activity of free-living bacteria in the 
presence of different doses of 2,4-D was monitored 
as follows: 1 ml of a 24-h culture (containing 
approximately 1.5 × l0 s cells) of A. brasilense was 
added to a series of 30-ml vials containing 1 ml of 
nitrogen-free medium; 2,4-D was added to the vials 
when required. The vials were evacuated and the 
atmosphere was replaced by argon. Air was intro- 
dticed to produce 0.004 atm. oxygen. The vials were 
then injected with C2H 2 to a final concentration of 
10% aild incubated in a Warburg bath at 30°C. ARA 
were carried out after 6-h incubation. 

Tetrazolium salt staining 

Para-nodnlated seedlings were incubated with a 
solution of 0.0250/0 of iodonitrotetrazolium (INT) or 
2,3,5.t riphenyltctrazolium (TPT) to localize the sites 
of strong reduction. Such sites were detached, crus- 
hed and examined by phase-contrast light microscopy 
(Olympus Series BH). Thin sections of these sites 
were also made and examined. The sites on the roots 
that showed no visible reduction were similarly 
examined. 

RE~UL¥S AND DISCUSSION 

Effect of 2,4-D on the root system 

The plant tube system used in our experiments 
(fig. 1, part 1) has several advantages. Firstly, 
the shadow effect created by the traditional cot- 
ton wool plug has been eliminated, thus provi- 
ding better iUumination. Secondly, the outer tube 
can easily be lifted up to accommodate the 
increase in the size of the plants during growth 
without the need to remove it completely, thus 
reducing the risk of contamination. 

The concentration of 2,4-D influenced '.he 
growth of the wheat seedlings and para-nodule 
formation, as reported in table I. There was no 
significant difference in terms of root develop- 
ment and para-nodule formation between ino- 
culated and uninoeulated plants with 
Azospirillum (data not shown). At 10 ppm of 
2,4-D, all seedlings died in less than two weeks. 
At 5 ppm, symptoms of disorder were apparent. 

The variations in number of para-nodules (per 
plant) within the range of 0.50-2.50 ppm were 
too wide to precisely determine the best concen- 
tration of 2,4-D. The concentration of 1.0 ppm 
was adopted for general use, a concentration 
recommended by Nieet aL (see also Tchan and 
Kennedy, 1989). It was also noted that better 
result~ ~:ere obtained by adding 2,4-D after the 
root system had reached a length of 5-7 crn, since 
more space was available for nodularion and 
more para-no;~ules were formed. 

Site of infection 

For general experimentation, 0.1 ml of a 
young culture containing 106-107 cells/ml was 
used. The wholepara-nodule structure was stai- 
ned red with tetrazolium salts indicating a site 
of strong reduction. INT gave faster reduction 
than TPT. This observation suggested that Azos- 
pirillum colonized the structure and found a site 
of low redox potential, possibly better suited for 
nitrogen fixation (fig. 1, parts 2 and 3). Using 
light microscopy, large numbers of bacteria were 
found associated with the peru-nodules (Tchan 
et aL, 1991). These observations were substan- 
tiated by using resin embedding, thin and ultra- 
thin sections of para-nodulated tissues. Substan- 
tial numbers of azospirilla were located intereel- 
hilarly (fig. 1, part 4; fig. 2A, B, C) at the 
junction of the para-nodule with the root tissue. 
Bacteria were also observed in the main parts 
of the root para-nodule (fig. 2C). By contrast, 
root tissue of plants not treated with 2,4-D sho- 
wed only a few bacteria located mainly in the 
cortex zone (fig. 2D, E). Azospirillum cells have 
also been observed on the surface of the para- 
nodules. Further experiments are required to 
decide whether the bacteria multiply within the 
para-nodules cr simply at the junction between 
the para-uodules and the roots. 

Azospirillum Nif- mutant 7571 cells have 
been observed in para-nodulated seedlings, 
although the actual number of bacteria was 
lower than with the wild-type. This was expec- 
ted, due to the inability of this strain to multiply 
effectively in an environment limited in combi- 
ned nitrogen. Details of cytological studies will 
be reported else-c~here. 
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Table I, Influence of 2,4-D concentration on the development of wheat seedlings and para-nodule formation. 

2,4-D concentration Length of main No. of para-nodules Length of shoot 
(ppm) root (L) (cm) (n) (main root) n/L (cm) 

0 32.6 -- - 18.7 
0.25 6.5 11 1.7 17.0 
0.5 10.0 22 2.2 22.0 
1.0 9.3 15 1.6 16.9 
2.0 6.5 20 3.0 14.5 
2.5 8.0 21 2.6 16.5 
5.0 3.0 14 4.6 13.0 

10.0 - - 

Measurements are made after 14 days of growth. Data represemed here were obtained with uninoculated seedlings using only tile 
main root for the measurements. When lateral roots were included, the total number of paro-rlodules per seedling was approximately 
50. Very similar results were obtained wilh inoculated seedlings. 

O x y g e n  tens ion and energy supply  for nitrogen 
f i xa t i on  

As azospirilla were found inside as well as 
outside the roots andpara-nodules, it was essen- 
tial to differentiate the ethylene produced by the 
bacteria located on the surface of the root and 
para-nodules from the ethylene produced within 
the plant. It was previously reported that Azos- 
pirillum in the free-living state can only fix nitro- 
gen under microaerobiosis, indeed, nitrogenase 
activity, which was maximal at 0.004 atm., was 
totally abolished under shaking conditions at 
0.02 atm. 02 (Tchan et al., 1991). This oxygen 
tension was increased to 0.025 arm. to perform 
acetylene reduction determinations with the 
para-nodulated plantlets. This was chosen to 
ensure that nitrogenase activity from outside the 
plant system was excluded. In early experiments 
using shaken and unshaken vials, it was repea- 
tedly observed that acetylene reduction was grea- 
ter with unshaken vials (Tchan et al., 1991). It 
was assumed that ethylene produced in the sha- 
ken vials containing wheat seedlings arose mainly 
from the activity of the bacteria inside the plant. 
The unshaken vials provided the total acetylene 
reduction value produced by azospirilia situated 
inside and outside the plant roots. Moreover, it 
was also found that exposure to continuous ligh- 

ting under shaking conditions led to a substan- 
tial increase in the nmoles of ethylene produced 
per hour per plant (Tchan et al., 1991). 

These results were substantiated using a sin- 
gle plant in each reaction vessel for each treat- 
ment, and statistically analysed. Table II shows 
that plants inoculated with Azospirillum and 
treated with 2,4-D gave a mean value of 89.80 
nmoles/plant/hour of ethylene compared to 
those inoculated with Azospirillurn but lacking 
2,4-D, which gave a mean value of 7.7 nmo- 
les/plant/hour. In the absence of azospiriUa, 
acetylene reduction was very low. It is worth 
mentioning that the oxygen concentration in the 
vial at the time of the assay varied between 2.5 
and 5~0 due to possible infiltration of oxygen 
into the vial during the incubation period and 
to the photosynthesis of the seedling. Therefore, 
the increase in acetylene reduction of inocula- 
ted seedlings treated with 2,4-D could not be 
attributed to the reduction of oxygen tension 
during incubation. It is tempting to speculate 
thatpura-nodulated seedlings provide better oxy- 
gen protection, which might al~o be compatible 
with better proliferation of the bacteria. Since 
acetylene reduction is conducted without any 
added carbon source, the necessary energy 
supply for nitrogen fixation must come from the 
photosynthetic system of the host plant. 
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Fig. 2. (A to E). Light microscopy of  roots of  wheat seedlings grown under  reduced oxygen tension, 

A) Seedling treated with 2,4-D showing azospirilla in the intercellular spaces of  plant cells bet- 
ween the root and para-nodale (PN) as well as in the main part of  the para-nodule  in (B) and (C), 
bar = 32 ~la (A), 5 itm (B) and (C). 

D} Root of  wheat seedlir, g not treated with 2,4-D showing azospirilla in the intercellular spaces 
of  cortical cells, bar  - 33 ~m (D), 5 ~m (E). 
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Correlation between ethylene production and 
nitrogenase activity and the effect of  2,4-D on 
acetylene reduction by Azospirillum 

Tittle at al. (1990) demonstrated that ethylene 
was produced in a very small quantity (in the 
absence of added acetylene) when soybean and 
barley seedlings were treated with 1 mM 2,4-D 
(221 ppm). There are also reports of nitrogenase- 
independent ethylene production by some aero- 
bic bacteria (Nagahama et al., 1991). It was the- 
refore important to ascertain whether the 
ethylene produced by the para-nodulated wheat 
system was the result of the activity of nltroge- 
nase and was not due to an abnormal reaction 
of the plant in the presence of 2,4-D and azos- 
pirilla, or to nitrogenase-independent ethylene 
production by the bacteria. This was checked by 
comparing the ethylene production of para- 
nodulated wheat seedlings inoculated either with 
the wild type Nif + Sp7 strain or with the 7571 
Ni l -  mutant. Plants inoculated with strain 7571 
did not show ethylene production (< 0.05 nmo- 
les ethylene/h/plant), in contrast with those ino- 
culated with the wild type strain (see table II). 
This constituted evidence that ethylene produc- 
tion was related to nitrogenase activity. In addi- 
tion, ethylene production could be inhibited by 
NH~- and NOr,  and lSN could be detected in 
plant tissues after a relatively short exposure (Yu, 
personal communication). 

Table II. Table of means of nitrogen fixation (C2H 2 
reduction) by the wheat-root system 

under different treatments. 

Ethylene formation 
n.moles/h/plant 

Plant treatment under shaking conditions 

None < 0.05 
2,4-D < 0.05 

Sp7 only 7.70 
Sp7 and 2,4-D 89.20 

Measurements were made with 12-day old plants incubated 
under 0.025 attn. oxygen as described in Materials and Methods. 
Six replicate seedlings were used for each treatment. Analysis of 
variance was performed on log-transfo~ed values. Diffcren~ 
between treatments of controls and each other were significant 
[p < 0.051. 
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Another control sought to determine the 

effect of 2,4-D on acetylene reduction in Azos- 
pirillum grown under free-living conditions. 
Martinez-Toledo et al. (1990) showed that 2,4-D 
at a concentration of 100 ppm had no effect on 
ethylene production by azospirilla. In contrast, 
Christiansen-Weniger (1988) indicated, that 
amongst plant growth substances, 2,4-D at a 
concentration of 2.5 ppm was capable of increa- 
sing ethylene production in A. brasilense by 
nearly 3-fold. The mean values obtained from 
several determination of acetylene reduction in 
the presence of different concentrations of 2,4-D 
are reported in figure 3. Up to 10 ppm, in spite 
of some dispersion in individual measurements, 
the line of best fit did not indicate any stimula- 
tion of eth'ylane production. On the contrary, 
a slight tendency to a decrease in acetylene reduc- 
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Fig. 3. Influence of 2,4-D on nitrogenase (ethylene forma- 
tion) of a culture of A. brasi[ense. 

Points are the mean vahles of three of five replicates 
for each concentration. The line of best fit is indicated. 
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lion with increasing 2,4-D concentrations was 
observed. This effect was stronger at higher con- 
centrations (data not shown). Thus, the 3-fold 
increase in acetylene reduction reported by 
Christiansen-We, niger was not reproduced with 
the strain of  A.  brasilense used in our expe- 
riments. 

Our thanks are due to Emeritus Professor J.M. Vin- 
cent and Dr. P. Nutman for their discussions regarding this 
research project and to Dr. A.H. Gibsan for providing a 
culture of A. brasilense. The assistance provided by the 
Electron Microscope Unit of The Sydiley University, sta- 
tistical assistance given by Ms A. Kirky of the School of 
Crop Sciences and the gift of 2,4-D by Nufarme are like- 
wise acknowledged. 

Conclusion 

A substantial increase in C2H 2 reduction in 
plants treated with 2,4-D compared to those 
which were not was demonstrated. The following 
observations justify the conclusion that ethylene 
production is correlated with nitrogenase acti- 
vity of bacteria located in para-nodulated seed- 
lings: (1)para-nodulated plants inoculated with 
the wild-type strain displayed nitrogenase acti- 
vity that was relatively insensitive to the inhibi- 
tory effect of oxygen; (2) para-nodulated 
non-inoculated plants, or plants inoculated with 
a Nif-  mutant did not display nitrogenase acti- 
vity; (3) the plant itself did not produce ethy- 
lene under our experimental conditions; (4) at 
the concentrations used, 2,4-D had practically 
no effect on Azospirillum nitrogenase activity. 
In addition, as the assay was carried out without 
any external carbon source, this ~uggests that the 
energy needed for nitrogenase activity must come 
from the host plant. 

One of the perequisites for symbiosis is the 
establishment of nitrogen-fixing bacteria which 
accumulate in a protected niche provided by the 
plant. The experiments reported here provide an 
experimental model to identify limiting factors 
and the improve the association. Another major 
requirement is the beneficial transfer to the host 
plant of nitrogen fixed by the bacteria. Such a 
requirement could be realised by constructing 
genetically modified Azospirillum strains capa- 
ble of secreting higher amounts of ammonia than 
the wild-type. 
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Actlvit~ nitmg~nase de structures Induites sur les raci- 
nes du bl~ par I'acide 2,4-dichloroph~noxyae~tique 

et colonis~es par Azospirillum 

Des racines de bl~ portant des structures, appe- 
l~es pure-nodules, induites sur les racines du bl~ par 
l'acide 2,4-dichloroph~noxyac(,'tique (2,4-D) peuvent 
&re colonis~es par Azospirlllum brasilense Sp7, qui 
s'~tablit duns les espaces interceliuiailes. Darts ces 
conditions, la plante exprime une activit6 nitrog6nase 
mcsur~e par la rdduction de l'ac~tyl6ne. En ~ouant 
sur la tension partielle de l'uxyg~ne ambient qui, au- 
del/l de 0.02 atm., inhibe totalement l'aetivit~ nitro- 
g~nase, on a pu montrer que eette aetivitd est duc 
majorit airement aux batteries localisdes dans les plan- 
rules para-nodul~es, et minoritairement aux batteries 
localis~es [t la surface des raeines. Cette aetivitd est 
tr/:s fortement stimul~e par illumination de la plante, 
ce qui sugg~re que le syst~me photosynth~tique v~g6- 
tal est capable de fournir aux bact&ies la source 
d'~nergie n~cessalre au fonctionnement de la nitro- 
g~nase. Diff(~rents eontr6ies ont permis d'exclure la 
possibilit~ que l'~t ayl~ne formd spit le produit d'un 
m~tabolisme partieulier de la plante ou des bact&ies, 
ind,~pendant de la presence d'acdtyl/me comme subs- 
trat. D'autre part, aux concentrations utilis~es, le 
2,4-D n'a pratiquement aueun effet sur l'activit~ 
nitrog~nase de la souche SpT. Ce sys~'6me, oO des bac- 
t6ries diazotrophes s'&ablissent daas une niche pro- 
t6g~e de l'oxyg~ne, fournie par la plante, et y 
expriment une activit~ nitrog~nase, pomrait cousti- 
tuer un premier pas vers la construction de symbio- 
ses artlficielles fixatrices d'azote ehez les ce~ales. 

Mots-clds: Nitrogdnase, Fixation de l'azo;,~, 
Nodule, Azospirillum; 2,4-D, Production d'~thyl6ne,~ 
B16, Pare-nodule. 
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