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 The present study, thus, leads to following conclusions: 
(i) The diffusive mobility of F in soil increases signifi-
cantly with the rise in soil water content and F concentra-
tion gradient. With the rise in incubation period the 
observed Dp decreases, indicating the simultaneous occur-
rence of F fixation processes in soil along with diffusion; 
(ii) Presence of Al in soil helps in F diffusion in early 
phases, possibly due to the formation of the mobile 
fluoro-aluminium complexes. This may lead to greater 
uptake of F by plants which have faster growth, e.g. leafy 
vegetable plants, especially during the time span immedi-
ately after irrigation with fluoride-rich water or else  
manuring soil with phosphatic fertilizers or some indus-
trial sludges, which are known high F materials. However, 
the study also indicates that at incubation time ≥ 384 h, 
the process of F fixation in the soil gets facilitated in the 
presence of added Al. Nevertheless these conclusions 
would require correlation with the field situation also before 
anything can be concluded with certainty; (iii) Amending 
soil with Ca drastically reduces F diffusion in the soil. 
Therefore adding a calculated minimum quantity of some 
F-free calcium salt (dissolved in  irrigation water) in the 
soil might help in restricting the F entry from soil solution 
to inside the plant body, considerably. This might help to 
provide a solution for controlling the dietary intake of F, 
particularly in areas severely affected with endemic 
fluorosis. This conclusion seems to be unjustified because 
most of the areas affected by fluorosis are in dry regions 
with already high calcium content in soils. However, since 
there is a clear distinction between the naturally occurring 
total content of Ca in the soil and a small part of it which 
is freely available to interact with added F, even in areas 
where soils are rich in Ca, it is quite likely that most of 
the Ca might be present in the soil in an insolubilized/ 
precipitated form, which is strongly binded with soil  
matrix and is, therefore, not freely accessible to the added 
F. This justifies the conclusions of this study. Further 
studies on the role of externally added Ca and Al in regu-
lating F mobility in soil particularly under field conditions 
are being pursued. 
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The selective inhibition of fungal polyamine biosynthe-
sis using difluoromethylornithine (DFMO) has been a 
promising approach for plant chemotherapy. How-
ever, some plant pathogenic fungi have been found to 
be resistant to high concentrations of DFMO. There-
fore, an attempt was made to increase the efficacy of 
DFMO to inhibit the growth of three phytopathogenic 
fungi (Pythium aphanidermatum, Helminthosporium 
oryzae and Rhizoctonia solani) by using CaCl2 and 
polyethylene glycol (PEG). The growth inhibition was 
increased by 12–30% for all the fungi tested with  
adjuvant concentrations in a selected range (5 mM 
CaCl2 and 5% PEG), which were otherwise not inhi-
bitory for normal growth of fungi. These results sug-
gest that the effective control of plant pathogenic fungi 
may be achieved by the use of DFMO in conjunction 
with CaCl2 or PEG. 

POLYAMINES (PAs) are essential for normal growth and 
development and also in the regulation of several cellular 
and molecular functions1–3. Putrescine (Put), which is  
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the precursor for higher polyamines, spermidine (Spd) 
and spermine (Spm) is synthesized from arginine and  
ornithine by the rate-limiting enzymes arginine decar-
boxylase (ADC) and ornithine decarboxylase (ODC) res-
pectively. Both these pathways for Put synthesis are 
present in higher plants but most of the fungi possess  
only the ODC pathway for Put synthesis. The absolute 
requirement of PAs for growth and development and the 
presence of a single biosynthetic pathway in many fungi 
presents an effective chemotherapeutic method for the 
control of fungal infections in plants4–6. A potent sub-
strate-based irreversible inhibitor of ODC enzyme,  
difluoromethylornithine (DFMO) has been used to selec-
tively inhibit the mycelial growth of several fungi  
in vitro7–10 and in the control of several important  
plant diseases, including rust of bean, wheat and Vicia  
faba4–6,10,11, Verticillium wilt of tomatoes12 and powdery 
mildew of wheat5 by targeting Put synthesis enzyme ODC. 
Interestingly, the use of DFMO did not cause any effect 
on plant development and PA metabolism as plants pos-
sess an alternate biosynthetic pathway, i.e. ADC which is 
more predominant than ODC13,14. However, some fungi 
have been found to be highly resistant to DFMO and 
therefore, not amenable to growth inhibition with lower 
concentrations of DFMO3,6,15–18. This apparent resistance 
of some fungi could be due to various reasons like prob-
lems in the uptake of DFMO, degradation of DFMO in 
the cell, higher endogenous PA levels and ODC activity in 
the fungal cells19, resistance of the target enzyme ODC to 
DFMO or the presence of an alternate pathway for PA 
biosynthesis20,21. To gather some clues underlying this 
differential response as well as to overcome the resistance 
of fungi to DFMO, various membrane-modifying com-
pounds were used as adjuvants along with DFMO. This 
was based on the presumption that uptake of DFMO by 
the fungi is the critical factor. Previously too, some amino 
acid-based inhibitors of ODC have been reported to cause 
increased inhibition than that caused by DFMO due to 
their greater permeability22. The fungi included in the 
present study were categorized as highly susceptible 
(Rhizoctonia solani), moderately susceptible (Helmintho-
sporium oryzae) and highly resistant (Pythium aphani-
dermatum) to DFMO10,20. 
 The cultures of R. solani (accession no. 2775) and 
H. oryzae (accession no. 2785) were obtained from the 
Division of Mycology, Indian Agricultural Research Insti-
tute, New Delhi. P. aphanidermatum cultures were  
already available with the Department of Microbiology, 
University of Delhi, South Campus, New Delhi. 
 The fungi were grown on Czapek-dox-agar medium 
along with different concentrations of the adjuvants [CaCl2, 
polyethylene glycol (PEG 6000–7500 obtained from SRL, 
India), Tween-20, ascorbic acid, dimethylsulphoxide 
(DMSO) and α-tocopheryl acetate] in dark at 26 ± 1°C to 
select for the range of concentrations of adjuvant, which 
did not affect the normal fungal growth. A sterile cork 

borer was used to cut a mycelial plug of 7 mm diameter 
from the growing periphery of the fungal mat and it was 
placed upside down in the centre of a 90 mm petri dish 
containing Czapek-dox-agar medium with and without the 
various supplements to allow for a uniform radial growth 
of the fungi. The colony diameter was recorded after 1, 2 
and 3 days of culture for R. solani, after 2, 4 and 6 days 
for P. aphanidermatum and for H. oryzae after 3, 6 and 9 
days of culture. The 7 mm plug which was inoculated was 
not included in the measurement of the colony diameter20. 
 The adjuvant concentrations selected were 1, 3 and 
5 mM for CaCl2, 3 and 5% for PEG, 1, 5 and 10 mg/l for 
ascorbic acid, 0.001% for Tween-20, 0.1% for DMSO 
and 0.1% for α-tocopheryl acetate. These adjuvant con-
centrations which did not affect the fungal growth were 
then considered along with DFMO concentration which 
caused 20–40% growth inhibition in a control culture. 
The DFMO concentrations used were 0.1 and 0.5 mM for 
R. solani, 1 mM for H. oryzae and 10 mM for P. apha-
nidermatum10,20. Fungal growth inhibition was compared 
on a medium containing DFMO alone or DFMO in  
conjunction with the adjuvant with the growth on the  
medium having no inhibitor (but with or without the  
adjuvant). 
 Of the various adjuvants studied, only CaCl2 and PEG 
were found to augment the antifungal activity of DFMO 
against three plant pathogenic fungi, R. solani, H. oryza, 
P. aphanidermatum and some of the results are shown in 
Figures 1–3. The growth of R. solani was inhibited by 
40% in the presence of 0.5 mM DFMO. Its growth was 
further inhibited in the presence of either CaCl2 (3 and 
5 mM) or PEG (3 and 5%) along with DFMO to 43%. 
Lower concentrations of CaCl2 (1 mM) and PEG (1%) 
were not found to be effective in increasing the inhibition, 

Figure 1. Colony diameter of R. solani in the presence of DFMO 
(0.1 mM) alone and in combination with CaCl2 (5 mM) and PEG (5%). 
The vertical bars represent the mean ± SEM. The bars with different 
letters have significantly different means (P ≤ 0.05) using Fischer’s 
LSD procedure. The numbers on the bars are the per cent inhibition 
values compared to the mycelial growth in control cultures. 
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and concentrations of adjuvants higher than those selected 
affected the normal fungal growth. DMSO, α-tocopheryl 
acetate and Tween-20, all affected the normal growth of 
R. solani. In case of CaCl2 and PEG, 5 mM CaCl2 and 5% 
PEG were found to be the most effective and the cultures 
with inhibited growth had sparse hyphae as the growth of 
these cultures was drastically reduced by DFMO. 
 A significant increase in the efficacy of DFMO was 
caused by CaCl2 and PEG along with 0.1 mM DFMO 
which otherwise caused 30% inhibition in the growth of 
R. solani. In the presence of 5 mM CaCl2 and 5% PEG, 
0.1 mM DFMO caused 45% and 46% inhibition respec-
tively (Figure 1). 
 The growth of P. aphanidermatum was inhibited by 
20% in presence of 10 mM DFMO but in the presence of 
5 mM CaCl2 inhibition was increased to 39% and to 51% 
in presence of 5% PEG (Figure 2). Growth inhibition in 
the presence of 1 mM CaCl2 and 3% PEG was not found 
to be as effective as the above-mentioned concentrations. 
Tween-20 at 0.001% was also able to increase the inhibi-
tion to 32%. DMSO (0.1%) and α-tocopheryl acetate 
(0.1%) were not able to increase the inhibition caused by 
DFMO. 
 Ascorbic acid (1, 3 and 5 mg/l) did not enhance the 
inhibition caused by DFMO in R.  solani at a DFMO con-
centration of 0.1 mM, but it caused an increase in the 
growth inhibition of P. aphanidermatum to 26%. A sig-
nificant increase in the growth rate of the fungi was  
observed in the presence of ascorbic acid and the fungi 
sporulated earlier than the control cultures on the medium 
without any ascorbic acid, this may be attributed to the 
fact that vitamins are essential for growth and are readily 
taken up by the cells, leading to increased growth rate, 
hence ascorbic acid was not used for further experiments. 

 For H. oryzae 1 mM DFMO was considered and it 
caused 20% inhibition of growth in control cultures but in 
presence of 5 mM CaCl2 and 5% PEG the inhibition was 
increased to 25% and 29% respectively (Figure 3). 
 The adjuvants that have been chosen for the present 
study are basically membrane-modifying agents (CaCl2, 
PEG, Tween-20, DMSO), other than ascorbic acid and α-
tocopheryl acetate, both of which are antioxidants. Since 
the differential uptake of DFMO by different fungi has 
been previously observed and is correlated to the degree 
of inhibition17,18, a membrane-modifying agent might  
increase the uptake of DFMO by causing some perturba-
tions in the membrane and increase the inhibition, also 
these compounds are chemically stable and reasonably 
non-toxic at the concentrations selected for augmenting 
the DFMO effect. DMSO and Tween-20 were not found 
to be helpful for R. solani, however, Tween-20 was effec-
tive in case of P. aphanidermatum and therefore very low 
concentrations of Tween-20 were used for the other fungi 
but it did not augment the inhibition. The ineffectiveness 
of Tween-20 and DMSO may be due to their poor effect 
on the modification of the membrane at the concentrations 
selected and hence there being no effective increase in the 
uptake of DFMO, at higher concentrations these adjuvants 
proved detrimental for the fungal growth. PEG and CaCl2 
were found to be most effective probably due to their 
miscibility in the medium, leading to even distribution 
and also as these chemicals do not interfere with any  
other cellular function other than perturbing the mem-
brane to an extent at the concentrations selected, therefore 
these could be used at concentrations which were  
reasonably high to be able to increase the uptake of 
DFMO. Therefore a balance has to be maintained between 
the adjuvant concentration which does not affect the  

Figure 2. Colony diameter of P. aphanidermatum in the presence of 
DFMO (10 mM) alone and in combination with CaCl2 (5 mM) and 
PEG (5%). The vertical bars represent the mean ± SEM. The bars with 
different letters have significantly different means (P ≤ 0.05) using 
Fischer’s LSD procedure. The numbers on the bars are the per cent 
inhibition values compared to the mycelial growth in control cultures. 
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Figure 3. Colony diameter of H. oryzae in the presence of DFMO 
(1 mM) alone and in combination with CaCl2 (5 mM) and PEG (5%). 
The vertical bars represent the mean ± SEM. The bars with different 
letters have significantly different means (P ≤ 0.05) using Fischer’s 
LSD procedure. The numbers on the bars are the per cent inhibition 
values compared to the mycelial growth in control cultures. 
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normal fungal growth and yet enhances the effect of 
DFMO. 
 The differential effect of the adjuvants on increasing 
the efficacy of DFMO could also be due to the diversity 
of fungal cell wall chemistry, thus varying the actual  
concentration of adjuvant in the vicinity of the mem-
brane23 and the susceptibility of the fungal ODC to DFMO 
inhibition. 
 All the three fungi showed some recovery of the fungal 
growth over a period of time, though the recovery was 
slow in case of fungi growing on adjuvant-supplemented 
medium, except H. oryzae which showed faster recovery 
on the adjuvant plus DFMO medium than the DFMO  
medium. This may be because of the inherent properties 
of the fungal cell membrane, such that it could overcome 
the perturbations caused by the adjuvants faster than the 
other fungi. The mycelial plug taken from a culture of R. 
solani which showed partial recovery on the DFMO 
(0.1 mM) supplemented medium, when inoculated on 
control medium, showed complete recovery of growth. On 
the other hand, on a medium containing DFMO (0.1 mM), 
the recovering fungi was inhibited to 48% instead of 20% 
and in presence of 5% PEG along with DFMO (0.1 mM) 
no growth was observed for 2 days of culture and only 
few hyphae appeared on the 3rd day. 
 The partial recovery of the fungi might be due to the 
gradual acclimatization of the fungi to the medium or  
the DFMO concentrations in the medium might become 
limiting20. Since no fungal growth was observed for the 
first two days of the repeat culture on the DFMO-
supplemented medium, the complete inhibition of the  
fungal growth might be achieved by the repeated use of 
DFMO along with a suitable adjuvant, this holds a lot  
of significance in the chemotherapeutic application of 
DFMO. Moreover, DFMO does not affect the normal 
plant growth and development, PA metabolism and chro-
mosome behaviour even at very high concentrations, i.e. 
5 mM (refs 13, 14, 24). Further, DFMO also triggers the 
defence mechanisms of the host plants25,26. 
 The variation in pH of the medium in the range of 5.5 
to 7.0 in an attempt to enhance the inhibition caused by 
DFMO demonstrated that a pH lower than 5.5 and higher 
than 7.0 was not conducive for normal fungal growth, 
though greater inhibition of growth of R. solani was  
observed with 0.1 mM DFMO when the pH of the medium 
was 5.5. Hence we conclude that the efficacy of DFMO 
can be much enhanced in the presence of certain adju-
vants which increase the uptake of DFMO. Therefore the 
use of these adjuvants along with DFMO, which is a non-

phytotoxic compound14 can be effectively applied for the 
control of fungal plant infections. 
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