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In vitro study of the antifungal action of essential oils from Cymbopogon citratus, C. giganteus, Eucalyptus globulus, and Syzygium aromaticum on strains of Pseudocercospora fijiensis and Lasiodiplodia theobromae in the Kisangani region (DR Congo)

ABSTRACT
Fungal multi-resistance poses major problems for plant protection. Indeed, there are few antifungal products that remain effective against certain multi-resistant agents. This study therefore set out to test the antifungal activity of essential oils from four aromatic plants, Cymbopogon citratus, C. giganteus, Eucalyptus globulus, and Syzygium aromaticum, on strains of Pseudocercospora fijiensis and Lasiodiplodia theobromae. The essential oils were obtained by hydrodistillation. The strains of P. fijiensis were obtained by discharging ascospores onto agar medium (H2O Agar) and then transferring them to Potato Dextrose Agar (PDA) medium, while the strains of L. theobromae were isolated from mesocarp fragments taken from diseased cocoa. The method of inhibiting mycelial growth on PDA solid medium Petri dishes was used to evaluate the sensitivity of the strains to the essential oils of the aromatic plants studied.
The results obtained show that all the essential oils of the aromatic plants tested have remarkable inhibitory effects on the mycelial growth of the P. fijiensis and L. theobromae strains studied. However, no mycelial growth (0 mm in diameter) was observed during almost three days of incubation.
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I. INTRODUCTION
Plants that produce essential oils (EOs) belong to many different botanical species and are found all over the world. Throughout history, these oils have been regarded with great interest, although many of their uses have been lost over time. It is generally accepted that EO extraction has been practiced since the dawn of humanity, and since then, their use has been part of the history of many regions of the world [1]. 
The applications of EO for different purposes are varied and often related to their therapeutic potential (antibacterial, antifungal, antiviral, antioxidant, and anti-inflammatory). Alongside popular aromatherapy, the use of essential oils is also growing in cosmetics, food preservation, livestock health, and agriculture [1].  In each case, essential oils are replacing more toxic chemicals to which bacteria, fungi, or parasites have developed resistance.
For a long time, the fight against crop pests has been based on the continuous application of synthetic insecticides and fumigants [2, 3]. Although effective, their repeated use has drawbacks that limit their use. These include the presence of toxic residues in foodstuffs, the development of insect strains resistant to these insecticides, environmental pollution, and numerous cases of poisoning reported in certain countries [4, 5].  
These environmental concerns highlight the need to develop new control strategies. The use of plants as a source of readily biodegradable pesticides has been the subject of several studies [6, 7]. Due to the composition of essential oils, many plants are currently known to have insecticidal, acaricidal, fungicidal, and repellent properties, as reported in various studies. [8]. To this end, the search for natural substances with antifungal activity in plants is an important scientific challenge.
This study aims to evaluate the inhibitory power of four essential oils, Cymbopogon citratus, C. giganteus, Eucalyptus globulus, and Syzygium aromaticum, on strains of Pseudocercospora fijiensis and Lasiodiplodia theobromae with a view to proposing effective means of controlling these phytopathogenic germs in the Kisangani region.


II. MATERIALS AND METHODS
II.1. Study environment
This study was conducted in the Kisangani region, capital of Tshopo province in the Democratic Republic of Congo. The city of Kisangani is located in the eastern part of the Congolese central basin at 0°, 31 North and 25°, 11 East, at an altitude of 396 m and covers an area of approximately 1,910 km² [9].  
II.2. Materials
II.2.1. Aromatic plants
Four aromatic plants were used, including the leaves of C. citratus, C. giganteus, E. globulus, and the seeds of S. aromaticum.  The first three plant materials were harvested each morning before 7 hours 30 minutes in areas with little traffic. The seeds of S. aromaticum were purchased from vendors at the central market in Kisangani. [10].  
II.2.2. Fungal strains 
The phytopathogenic fungal strains studied in this study are P. fijiensis and L. theobromae. These two strains were isolated at the Microbiology and Phytopathology Laboratory of the Faculty of Natural Sciences and Biotechnology at the University of Kisangani. 
II.3. Methods
II.3.1. Treatment of the plants studied 
The leaves of C. citratus, C. giganteus, and E. globulus were dried at room temperature (between 25 and 30°C) in the laboratory for two weeks before being ground.
II.3.2. Extraction of essential oils
The essential oils were extracted using the hydrodistillation method. Eight hundred grams of powder were mixed with seven liters of water and brought to a boil for four hours. The collected essential oil was placed in a tightly sealed glass bottle and stored in the refrigerator [11].  
II.3.3. Extraction yield 
This was determined using the following formula : 
Yield = M'/M *100
Where :
· Yield : Essential oil yield as a percentage ;
· M' : Mass of essential oil in grams ; 
· M : Mass of plant material used in grams.
II.3.4. Organoleptic and physicochemical characterization of essential oils
The appearance, color, and odor of essential oils were considered for organoleptic characterizations. Density, pH, miscibility in water and 70% ethanol, and refractive index were taken into account for physicochemical qualities.
II.3.5. Obtaining strains
L. theobromae strains were isolated from mesocarp fragments taken from diseased cocoa pods from Yangambi, which were first cut with a scalpel, then disinfected with 10% sodium hypochlorite for two minutes, and finally rinsed with sterile distilled water.  Using anatomical forceps, the pieces were seeded on PDA culture medium that had already solidified in Petri dishes. These dishes were incubated at 25°C in the dark [12].   
With regard to P. fijiensis strains, isolation was carried out using banana leaf samples collected at the Faculty of Natural Sciences and Biotechnology of the University of Kisangani, using the technique of discharging ascospores onto agar medium (H2O Agar) and then transferring them to PDA [13]. For discharge, pieces of necrotic leaves were cut and soaked in sterile distilled water for 20 minutes to moisten them. The pieces of leaves were then placed inside Petri dish lids and placed on dishes containing 3% agar, with the underside of the leaf facing upwards on the culture medium. The dishes were incubated at 25°C in the dark for 24 hours. The next day, the ascospores discharged onto the agar were individually transferred to PDA. The transfer was performed using a Motic AE21 inverted microscope, carefully collecting the discharged ascospores one by one with a needle. The cultures were incubated at 25°C under constant white light [14].  
II.3.6. Evaluation of antifungal activity
The in vitro antifungal activity of the essential oils was evaluated in six replicates. Mycelial growth of the strains is expressed as a percentage inhibition (PI). Specifically, 1200 µl (12 ml) of the mixture consisting of essential oils and a 5% Tween 80 solution (in a 1:1 ratio) was added to 118.800 µl (118.8 ml) of PDA cooled to 45°C after sterilization.  Thus, 20.000 µl (20 ml) of this homogenized mixture was poured into each 90 mm diameter Petri dish. A 5 mm diameter mycelial explant aged 7 days (P. fijiensis) and 3 days (L. theobromae), obtained after perforation using a cookie cutter, was placed on the culture medium in each Petri dish. The P. fijiensis strain was incubated at 25°C under constant white light and the L. theobromae strain was incubated at 25°C in darkness. The mycelial diameter (MD) was measured after 24 hours for the L. theobromae strain and after 48 hours for the P. fijiensis strain during three days of incubation. Controls were carried out under the same conditions, but without EO and 5% Tween 80 [15].  
The following formula was used to calculate the inhibition percentage (IP) :

III. RESULTS AND DISCUSSION
III.1. Essential oil yield
S. aromaticum was found to have a high yield of 0.85%, followed by E. globulus at 0.48%, C. citratus at 0.31%, and finally C. giganteus at 0.19%. This high yield could be explained by its natural richness in volatile compounds.
When comparing the results obtained in this study with those of [16], on E. globulus essential oil, which obtained 0.07%, our results are higher. Thus, [17], found that the essential oil yield of S. aromaticum is 3.67%, which is significantly higher than our results. Our values are lower than those obtained by [18], for C. citratus, which was 0.36%. After comparing our results with those of [19], this author found a yield identical to ours, either 0.19% for C. giganteus essential oil.
Differences in essential oil yield between species have been reported. According to several authors, the origin of the harvest, the harvest period, the plant organ, the drying time, and the extraction method are among the factors that can also have a direct impact on essential oil yields [20, 19].



III.2. Organoleptic qualities
The results for organoleptic qualities are illustrated in Figure 1 below :
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Figure 1: Essential oil of S. aromaticum (A), C. giganteus (B), C. citratus (C), and E. globulus (D)
Essential oils are plant extracts and fragrances also known as liquid aromatic organic substances. They are volatile and sensitive to heat [21]. The term “oil” refers to the property of these compounds to dissolve in fats and their hydrophobicity. The word “essential” refers to the fragrance, in reference to the more or less strong scent emitted by plants [22].
The organoleptic qualities showed a similarity between the four EOs of the plant species studied, with characteristic liquid aspects and scents. However, only the color marks the organoleptic difference between these aromatic plant essences, which are dark yellow for C. citratus, pale yellow for C. giganteus and S. aromaticum, and reddish for E. globulus. This variability is thought to be due to the abundance of pigments in the plants studied [23].


The essential oil of S. aromaticum is light yellow according to [17]. According to [19], the essential oil of C. citratus was yellow in color, while that of C. giganteus obtained from [20], was greenish-yellow. [24], found the essential oil of E. globulus to be yellowish in color. These differences in color could be explained not only by the organs used for extraction but also by the storage time of these essential oils [11].
III.3. Physicochemical characteristics
III.3.1. Density at 25°C
It should be noted that S. aromaticum has the highest density, at 1.00, followed by E. globulus at 0.84, then C. giganteus at 0.83, and finally C. citratus at 0.77. 
The density value for C. citratus differs from that generally reported in the literature, which ranges between 0.85 and 1.10 [15]. This variation is attributed to the specific chemical composition of each essential oil, in particular the proportion of major compounds such as sesquiterpenes and monoterpenes, as well as the possible presence of residues or impurities. 
[19], found a density of 0.64 for C. citratus essential oil. These values are slightly lower than ours. Our results are higher than those found by [25], for C. giganteus EO, which was 0.66. However, [16], obtained a density of 0.96 for E. globulus EO. Our values are close to those of [26], which was 1.06 for S. aromaticum EO.
III.3.2.   pH
The results show that the highest pH value was obtained by S. aromaticum, at 4.69, followed by E. globulus at 3.98, then C. citratus at 3.26, and finally C. giganteus at 3.17.
All the essential oils of the plants studied had acidic pH values.  The relative acidity observed in these extracts could be attributed to the presence of certain volatile acidic compounds, such as short-chain carboxylic acids or certain phenols [27, 28].
Other authors have recorded a significantly higher pH. In fact, in his study [17], obtained a pH of 6.79 for the essential oil of S. aromaticum. The pH of the essential oil of C. citratus is quite similar to that reported in [29], which is 4.11. [30], found a pH of 3.34 for E. globulus essential oil. C. giganteus essential oil has a pH close to that obtained by [27], either 3.20. These differences in pH values are thought to be due to the nature and molecular abundance of the oils studied [31].
III.3.3. Miscibility of essential oils in water and 70% ethanol
The essential oils of C. citratus and C. giganteus are slightly miscible in water, while those of E. globulus and S. aromaticum are immiscible. Furthermore, all the essential oils studied are miscible in 70% ethanol.
These results are consistent with those reported in several previous studies, which describe the insolubility of essential oils in water and their solubility in polar organic solvents such as ethanol and ether [15].  
III.3.4. Refractive index
There is a diversity of refractive index values among the four essential oils of the plant species studied. The highest refractive index value at 25°C was observed in S. aromaticum, at 1.532, followed by E. globulus at 1.504, then C. giganteus at 1.491, and finally C. citratus at 1.483.
The refractive index depends on the chemical composition, which increases with the length of the acid chains, their degree of substitution, and temperature. It varies mainly with the content of monoterpenes and oxygenated derivatives.  A high monoterpene content will result in a high index [32]. 
According to French Standardization Norms (AFSN), the refractive index of essential oils generally ranges between 1.495 and 1.513 at 25°C. A value of 1.495 indicates a high-quality oil, while 1.513 suggests a lower-quality oil.  The refractive index values obtained in this study are close to the range mentioned by AFSN standards.







III.4. Sensitivity of strains to essential oils
III.4.1. Sensitivity of P. fijiensis strains to essential oils
The mycelial growth of P. fijiensis strains on PDA supplemented with essential oils is illustrated in Figures 2 and 3 below. The values in this graph do not take into account the initial diameter of the mycelial explant (5 mm).

Figure 2 : Mycelial growth of P. fijiensis strain on the essential oils tested
Analysis of Figure 2 shows that the essential oils of the aromatic plants tested reacted very positively to the P. fijiensis strain, as we did not observe any increase in the diameter of the mycelial explant, which remained at 0 mm after 96 hours of incubation. Furthermore, after 96 hours of incubation, the mycelial explants of 5% Tween 80 and the negative control varied in diameter from 3 to 3.7 mm, respectively.
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Figure 3 : P. fijiensis strains seeded on PDA medium with added essential oils from : C. citratus (A), C. giganteus (B), E. globulus (C), S. aromaticum (D) and negative control (E)
Comparing the four essential oils with each other, it appears that these oils are very effective in that they could be used as biopesticides to combat black cercosporiosis in bananas, given the degree of results obtained by these essential oils. However, all the essential oils examined showed a maximum inhibition percentage of 100% at 48, 72, and 96 hours of incubation.
Compared to the results obtained by [33], on Zingiber officinale and Tephrosia vogelii, after two weeks he found mycelial growth of the P. fijiensis strain of 1 cm for the first plant and 1.2 cm for the second. [34], studied the essential oil of C. citratus and found an average diameter of 12 mm on a range of bacterial strains. However, [35], investigated the essential oil of E. globulus and found a diameter of 10 mm on Staphylococcus strains. These results prove the effectiveness of these essential oils.
Our results are consistent with those found by [36], in their research on the antifungal activity of Ananas comosus, Nicotiana tabacum, and Phyla nodiflora, which noted the total inhibition of the P. fijiensis strain during all incubation periods. [37], were able to inhibit the growth of Alternaria alternata and Penicillium expansum, two fungi responsible for apple rot, using essential oils from Mentha pulegium and E. globulus. In addition, Botrytis cinerea, another fungus responsible for apple rot, as well as other fungal species such as Aspergillus flavus, Aspergillus niger, and Fusarium oxysporum are all sensitive to the antifungal activity of Mentha pulegium and S. aromaticum essential oils [38].
The antifungal activity of essential oils can be explained by the synergistic effect between the different compounds in essential oils. Indeed, the major compounds are often responsible for the antifungal activity of these essential oils [39]. They assumed that the lipophilic nature of essential oils makes them more observable by fungal mycelia than by the hydrophilic nature of agar [40]. The mechanism of action of phenolic compounds in essential oils on fungi is based mainly on the inhibition of fungal enzymes containing the SH group in their active site [41].     
III. 4.2.2. Sensitivity of L. theobromae strains to essential oils
The mycelial growth of L. theobromae strains on PDA supplemented with essential oils is illustrated in figures 4 and 5. The values in this graph do not take into account the initial diameter of the mycelial explant (5 mm).

Figure 4 : Mycelial growth of L. theobromae strain on the essential oils tested 
This figure shows that with 5 mm of the seeded mycelial explant, after 72 hours of incubation, the mycelial growth of the L. theobromae strain on the tested essential oils did not increase, either 0 mm in diameter. After 72 hours of incubation, we measured mycelial growth of 62.3 mm in diameter for 5% Tween 80 and 85 mm in diameter for the negative control.
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Figure 5 : L. theobromae strains seeded on PDA medium with added essential oils of : C. citratus (A), C. giganteus (B), E. globulus (C), S. aromaticum (D) and negative control (E)
It should be noted that the negative control reached its maximum growth at 72 hours of incubation. These results suggest that the essential oils of the aromatic plants studied have a fungicidal effect on the L. theobromae strain and could be used to combat black pod disease in cocoa pods. After 24, 48, and 72 hours of incubation, 100% inhibition was observed for all the aromatic essences tested. 
These results confirm those obtained by [19], who showed that 1% C. citratus essential oil completely prevented the development of B. oryza. [42], also found that C. giganteus and C. citratus essential oils could inhibit 100% of the mycelial growth of the phytopathogenic fungi studied. The activity of the essential oils of the plants studied is similar to that found by [24], who evaluated the antibacterial activity of E. globulus essential oil and obtained a diameter of 10 mm on S. aureus, while [43], on the antimicrobial activity of S. aromaticum, found a 7 mm diameter of inhibition against the Salmonella sp. strain after incubation. These results could be explained by the effectiveness of the essential oils tested.
However, [44], tested the antifungal activity of the pulp of A. vera and E. globulus leaves on Botrytis cinerea, Curvularia lunata, and Penicillium expansum, and compared it to several commercial fungicides. They concluded that A. vera pulp and E. globulus leaves used in concentrated form are highly effective against the pathogenic species studied. These results are confirmed by those of this study on all the essential oils of the plants tested.
IV. CONCLUSION AND RECOMMENDATIONS
The text highlighted in yellow should not be included in the conclusion.
This research focused on the in vitro study of the antifungal action of four essential oils extracted from aromatic plants, namely Cymbopogon citratus, C. giganteus, Eucalyptus globulus, and Syzygium aromaticum, on strains of Pseudocercospora fijiensis and Lasiodiplodia theobromae in the Kisangani region (DRC).
The essential oils were obtained by hydrodistillation. The method of mycelial growth inhibition on PDA solid medium Petri dishes was used to evaluate the sensitivity of the strains to the essential oils of the plants studied.
The results show that all the essential oils from the aromatic plants tested have remarkable inhibitory effects on the growth of the strains studied. However, no mycelial growth (0 mm in diameter) was observed during almost three days of incubation.
We recommend that future researchers continue studies on the antifungal activity of essential oils from other plants on strains of P. fijiensis and L. theobromae, verify the synergistic effects of the essential oils from the plants used, and finally test the effectiveness of these essential oils in situ.
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Mycelial growth in mm





C. citratus	C. giganteus	E. globulus	S. aromaticum	Tween 80 to 5%	Negative witness	C. citratus	C. giganteus	E. globulus	S. aromaticum	Tween 80 to 5%	Negative witness	C. citratus	C. giganteus	E. globulus	S. aromaticum	Tween 80 to 5%	Negative witness	48 hours	72 hours	96 hours	0	0	0	0	2.2000000000000002	2.2999999999999998	0	0	0	0	2.7	3.3	0	0	0	0	3	3.7	Incubation period (Day)


Mycelial growth in mm
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