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Abstract: The ability of two organophosphorous analogues of natural amino acids, 1-(aminoethyl)phosphinic acid (AEPA) 
and (aminomethyl)thiophosphonic acid (AMTPA), able to inhibit the biosynthesis of fungal polyketide mycotoxins, to 
enhance the antifungal action of the Folicur commercial fungicide (a.i. tebuconasole) on some plant pathogenic fungi 
(Phoma glomerata, Fusarium culmorum, and Alternaria alternata) has been evaluated. The tested compounds and Folicur 
were added to PDA or minimal medium in sub-fungicidal concentrations providing no or slight suppression of a fungal 
growth. The fungal growth suppression level was determined by a colony diameter measurement. A possible synergism 
between Folicur and AEPA or AMTPA resulting in a sensitization of fungi to the fungicide was determined using a Limpel’s 
criterion: the observed growth-inhibitory effect (Er) of a fungicide co-applied with a putative sensitizer should exceeded the 
expected additive effect of the treatment with these two substances (Ee) calculated by the Limpel’s formula. In the case of 
co-application of AEPA (0.01%) with Folicur (0.25 ppm) on PDA medium, Er exceeded Ee for all three fungi (55% vs. 
38.94% for P. glomerata, 44% vs. 28% for A. alternata, and 63% vs. 57% for F. culmorum) that confirmed the existing 
synergistic effect between these compounds. To exclude possible competition between amino acids containing in the 
medium and their phosphoanalogues, a new experiment was arranged for F. culmorum using minimal medium. The 
synergistic character of the AEPA co-application with Folicur (0.01 ppm) was confirmed for two concentrations of this 
compound, 0.0001 and 0.0002%; in the first case, Er (15.9%) > Ee (10.22%), and in the second case, Er (22.4%) > Ee 
(10.07%). Another putative sensitizer, AMTPA, combined with Folicur (0.01 ppm), also confirmed its synergetic action (Er 
(29.0%) > Ee (20.83%)). The obtained results showed some prospects in the search for inexpensive commercially available 
compounds possessing a sensitizing effect toward plant pathogenic fungi, which may be used as a low-cost solution for 
reduction of effective dosages of commercial fungicides to prevent pesticide contamination of the environment. 
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I. INTRODUCTION 
 
A typical consequence of using commercial 
fungicides is the selection of resistant strains of plant 
pathogenic fungi, which undermines the reliability of 
fungicidal effectiveness. A promising strategy to for 
overcoming or minimizing this problem is an 
enhancement of the pathogen sensitivity to 
fungicides, or “sensitization.” Sensitization can be 
accomplished by combining a commercial fungicide 
with a certain non- or marginally fungicidal 
compounds at levels where, alone, neither compound 
would be effective; at the same time, the efficiency of 
such combination is quite sufficient to suppress the 
growth and development of fungal pathogens. 
 
In recent decades, this approach is widely used in 
medicine. Co-application of some conventional 
medical fungicides with some compounds targeting 
cellular oxidative stress-response systems, enhanced 
their antifungal activity against pathogenic yeasts and 
fungi causing invasive mycoses in humans [1], 
[2]. There were also some studies on the sensitization  
of fungi causing postharvest contamination and decay 
in agricultural products [3]. At the same time, no 
studies were carried out to evaluate the prospects of  
 

such approach in plant protection against pathogenic 
fungi.  In this case, sensitization would decrease the 
probability of the pathogen developing resistance, 
reduce the pesticide press on the environment by 
lowering effective dosage levels of fungicides, and 
improve efficacy of antifungal agents. 
 
Earlier we have revealed some natural and synthetic 
compounds possessing such chemosensitizing effect 
in relation to some plant pathogenic fungi [4]. This 
paper reports results of our further studies in this 
direction.  Since the biosynthesis of polyketide 
mycotoxins in a range of plant pathogenic fungi is 
considered as a response to oxidative stress and is 
associated with their pathogenicity, it is not 
inconceivable that compounds, able to block this 
metabolic pathway, may sensitize pathogenic fungi to 
commercial fungicides. Earlier we found that two 
organophosphorous analogues of natural amino acids, 
1-(aminoethyl)phosphinic acid (AEPA) and 
(aminomethyl)thiophosphonic acid (AMTPA), are 
able to inhibit aflatoxin B1 production by Aspergillus 
flavus, but do not suppress in vitro growth of this 
fungus [5]. In this study, the ability of AEPA and 
AMTPA to enhance the antifungal action of the 
Folicur commercial fungicide towards some plant 
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pathogenic fungi (Phoma glomerata, Fusarium 
culmorum, and Alternaria alternata) was evaluated.  

 
II. DETAILS EXPERIMENTAL  
 
2.1. Microorganisms and compounds 
Phytopathogenic fungi tested included Phoma 
glomerata, Alternaria alternata, and Fusarium 
culmorum strains maintained in the State Collection 
of Phytopathogenic Organisms of the All-Russian 
research Institute of Phytopathology. The commercial 
fungicide tested was Folicur, EC 25% (a.i. 
tebuconazole), which is commonly applied on cereals 
and grains. Putative sensitizers included 1-
(aminoethyl)phosphinic acid (AEPA, CAS 71937-28-
5, Santa Cruz Biotechnology, USA) and 
(aminomethyl)thiophosphonic acid (AMTPA), which 
was synthesized at the Engelhardt Institute of 
Molecular Biology (Moscow, Russia). For each 
compound we determined concentrations providing 
non-fungicidal (no any suppression of fungal growth) 
or sub-fungicidal (slight suppression) action as 
compared to the control, which were then used for 
experiments in combination with the earlier 
determined sub-fungicidal dosages of Folicur (0.25 
and 0.01 ppm). 

 
2.2. Antifungal bioassay 
To study the effect of the tested compounds on the 
plant pathogens and on their sensitivity to Folicur, the 
fungi were grown on potato glucose agar (PGA) 
medium supplemented with different concentrations 
of the sensitizers or various doses of the fungicide. 
Since the used putative chemosensitizing agents 
represent analogues of natural amino acids, the use of 
full nutrient medium (PGA) may theoretically result 
in a competition between amino acids containing in 
the medium, and their phosphoanalogues. To exclude 
this possibility and to confirm the robustness of 
experimental conditions, we repeated the experiment 
with F. culmorum using a minimal Czapek medium. 
The procedures of nutrient media preparation, 
sterilization, and addition of the tested compounds 
and the Folicur fungicide to the media were carried 
out as described earlier [6].  
Culture media, supplemented with putative 
chemosensitizers and/or the fungicide, were then 
inoculated by placing small fragments of fungal 
mycelia in the center of Petri plates. Effects of the 
presence of the studied compounds in the medium on 
the fungal growth were determined by culturing fungi 
in the dark at 25°C for 7 (F. culmorum) or 10 (A. 
alternata and P. glomerata) days, followed by 
measurement of a colony diameter.  
First, we determined concentrations of AEPA and 
AMTPA that slightly suppressed growth of fungi, as 
compared to controls, and considered these as sub-
fungicidal concentrations. These concentrations were 
selected for determining interactions between Folicur 
and these compounds in co-application experiments 

to define putative chemosensitization to the 
fungicides. 
Petri plate bioassays of combinations of 
chemosensitizers and fungicides were used against 
plant pathogens. The fungi were cultivated on the 
PGA medium supplemented by Folicur and AEPA or 
AMTPA in the dark at 25°C 7 or 10 days (see above). 
Control cultures were grown under the same 
conditions, but without addition of sensitizers and/or 
Folicur. By the end of the culture period, fungal 
colony diameters were measured and the colony size 
was calculated as the area of a circle (cm2). Growth 
inhibition was determined as a percentage of 
diminished growth of treated fungi based on average 
diameter or area of colonies, as compared to the 
controls. Enhanced antifungal activity was defined as 
where inhibition of fungal growth in co-application of 
putative chemosensitizers and a test fungicide 
significantly (p < 0.05) exceeded growth inhibition 
calculated as an arithmetical sum of either individual 
component. Synergism, which suggests pathogen 
sensitization to a fungicide, was considered if the 
observed growth-inhibitory effect (Er) of the 
fungicide co-applied with a putative sensitizer 
exceeded the expected growth inhibition determined 
as an arithmetical sum of either individual component 
(Ee) calculated by the Limpel’s formula (Richer, 
1987):  

Ee = X + Y – (XY/100),  
where X and Y are the percentages of a growth 
suppression obtained when each agent was used 
alone. 
2.3. Statistical treatment 
Each experiment was performed in triplicate. The 
obtained data were statistically analyzed using a 
STATISTICA 6.0 program (StatSoft Inc., USA). 
Results were presented in the form of M ± SE, where 
M is a mean value for three replications, and SE is a 
standard error.  
 
III. RESULTS AND DISCUSSION 
 
Results of the antifungal bioassay performed for 
AEPA and its combinations with Folicur in relation to 
P. glomerata, A. alternata, and F. culmorum grown on 
PDA agar are shown (for the most efficient 
concentrations) in Tables 1-3. 
Table 1: Effect of Folicur, АEFA and Folicur+АEFA on the in 

vitro growth of P. glomerata on PDA  after a 10-day incubation 

No. Variant 

Average 
colony 
diameter, 
mm 

Growth 
inhibitio
n, 
% 

1 Control 85 ± 0.00 - 

2 Folicur, 0.25 
ppm 73 ± 1.45 14 

3 АEFA, 0.01 %     60 ± 0.00 29 

4 
Folicur, 0.25 
ppm + АEFA 
0.01 %  

38 ± 0.33 55 
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The Er value obtained for P. glomerata grown on a 
PDA medium supplemented with a mixture of Folicur 
(0.25 ppm) and AEPA (0.01%) amounted to 55%, 
whereas the growth suppression level obtained for 
each compound alone was 14 and 29%, respectively 
(43% in total; Table 1). According to Limpel’s 
formula, Ee = 14 + 29 – 14×29 /100 = 43 – 4.06 = 
38.94   Er  (55%) > Ee (38.94%); therefore, a 
statistically significant chemosensitizing effect of 
AEPA towards P. glomerata was registered.  
The Er value obtained for A. alternata grown on PGA 
supplemented with the mixture of Folicur (0.25 ppm) 
and AEPA (0.001%) amounted to 44%, whereas the 
growth suppression level obtained for each compound 
alone was 27 and 1%, respectively (28% in total; 
Table 2). According to Limpel’s criterion, Er (44%) > 
Ee (28%) that confirms a statistically significant 
chemosensitizing effect of AEPA towards A. 
alternata.  

 
Table 2: Effect of Folicur, АEFA and Folicur+АEFA on the in 
vitro growth of A. alternata on PDA after a 7-day incubation 

No. Variant 

Average 
colony 
diameter, 
mm 

Growth 
inhibitio
n, 
% 

1 Control 87 ± 0.01 - 

2 Folicur, 0.25 
ppm 64 ± 0.2 27 

3 АEFA, 0.001 %   86 ± 0.4 1 

4 
Folicur, 0.25 
ppm + АEFA 
0.001 % 

49 ± 0.2 44 

 
Table 3: Effect of Folicur, АEFA and Folicur+АEFA on the in 
vitro growth of F. culmorum on PDA after a 7-day incubation 

No. Variant 

Average 
colony 
diameter, 
mm 

Growt
h 
inhibiti
on, 
% 

1 Control 90 ± 0.10 - 

2 Folicur, 0.25 
ppm 39 ± 1.20  57 

3 АEFA, 0.01 %     89 ± 0.58 1 

4 
Folicur, 0.25 
ppm + АEFA 
0.01 %  

33 ± 1.67 63 

In the case of F. culmorum grown on potato-glucose 
agar supplemented with the mixture of Folicur (0.25 
ppm) and AEPA (0.01%), Er (63%) exceeded Ee 
(57%), i.e., a synergistic effect of both compounds 
and the sensitizing effect of AEPA were also 
demonstrated (Table 3). To exclude a possible 
competition between the tested compounds and 
natural amino acids containing in complex nutrient 
media, we repeated the experiment for AEPA (in the 
part with F. culmorum) using a minimal Czapek 
medium. Results of the experiment are shown in  
 

Table 4. 
 

Table 4: Effect of Folicur, АEFA and Folicur+АEFA on the in 
vitro growth of F. culmorum on the minimal Czapek medium 

after a 10-day incubation 

No. Variant 

Average 
colony 
diameter, 
mm 

Growth 
inhibitio
n, 
% 

1 Control 90 ± 0.10 - 
2 Folicur, 0.01 ppm 80.7± 0.4 10.3 
3 АEFA, 0.0001 %    89.3 ± 0.9 0.8 
4 АEFA, 0.0002 % 88.0 ± 2.0 2.2 

5 
Folicur, 0.01 ppm 
+ АEFA, 0.0001 
% 

75.7 ± 0.9 15.9 

6 
Folicur, 0.01 ppm 
+ АEFA, 0.0002 
% 

68.0 ± 2.7 24.4 

 
A synergistic character of the AEPA co-application 
with Folicur (0.01 ppm) was confirmed for two 
concentrations of this compound, 0.0001 and 
0.0002%. In the first case, Er (15.9%) > Ee (10.22%), 
and in the second case, Er (22.4%) > Ee (10.07%).  
Results of assessment of another putative sensitizer, 
AMTPA in combination with Folicur (0.01 ppm), are 
shown in Table 5. The application of the Limpel’s 
criterion also showed the synergetic character of their 
effect: Er (29.0%) > Ee (20.83%).  
 

Table 5: Effect of Folicur, АMTPA and Folicur+АMTPA on 
the in vitro growth of F. culmorum on the minimal Czapek 

medium after a 10-day incubation 

No. Variant 

Average 
colony 
diameter, 
mm 

Growth 
inhibitio
n, 
% 

1 Control 75 ± 0.61 - 

2 Folicur, 0.01 
ppm 65 ± 1.58 13 

3 АETPA, 0.01 %   68 ± 0.76 9 

4 
Folicur, 0.01 
ppm + АETPA 
0.01 % 

53 ± 1.03 
29 

 
Crop protection using commercial fungicides allows a 
user to effectively control fungal diseases of plants. 
However, one of the undesirable, but frequent 
consequences of fungicidal treatments of crops is the 
appearance of resistant fungal strains able to cause 
epiphytotic outbreaks with significant yield losses. 
Such resistant strains may make any protective 
effects to be rather relatively short-lived and 
eventually uneconomical. As a result, plant growers 
often increase the frequency and dosages of 
fungicidal treatments. Extensive use of fungicides, in 
turn, is now considered to be associated with a range 
of environmental risks, such as environmental 
contamination causing potential risk for the human 
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and animal health and also some xenobiotic 
perturbations to the environment. [7]. To minimize 
these risks, some restrictive regulations have been 
applied to the use of fungicides in many countries, 
especially in Europe.  
 
Thus, the search for a possible solution of the above-
described problem is of great practical interest. From 
this point of view, sensitization by co-application of 
fungicides with other chemical substances represents 
a very promising approach. The basic task of this 
approach is the search of compounds able to sensitize 
plant pathogenic fungi to the existing fungicides. One 
of the concepts underlying the selection of putative 
chemosensitizers consists of increasing fungitoxic 
activity by disrupting fungal oxidative stress-response 
systems that protect the fungus from reactive oxygen 
species [8], [9]. Various natural phenolic compounds 
and their derivatives that possess anti- or oxidative 
activity have been shown to be effective 
chemosensitizing agents in above referred reports. 
 
In this study, we examined another approach based 
on the search of potential sensitizers among 
compounds known for their inhibiting effect on the 
polyketide biosynthetic pathway. The obtained results 
allow us to conclude that certain organophosphorous 
derivatives of natural amino acids, able to suppress 
the biosynthesis of polyketide mycotoxins may 
increase sensitivity of plant pathogenic fungi to the 
Folicur commercial fungicide.  
 
The further study of the sensitizing activity of other 
amino acid derivatives is planned, as well as the 
investigation of the mechanism of a sensitizing action 
of these commercially available, though relatively 
expensive compounds. In the case of revealing of any 
inexpensive compound providing the similar effect, it 
will make possible to offer a low-cost solution for 
reduction of dosages of commercial fungicides to 
decrease pesticide contamination of the environment, 

while providing sufficient protection even against 
fungicide-resistant strains of plant pathogens. 
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