Efficacy of Plant essential oils as Post-harvest botanical fungicides in the management of bunch rot of grapes caused by Alternaria alternata
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Novelty statement
To control the Alternaria alternata causing bunch rot of grapes s through Plant Essential oils. Ultimately it minimizes the risk of Food Security, reduced the hazardous effect of chemicals on Environment and have a positively effect on the economy of the country













Abstract
Alternaria alternata (Fries) Keissler the causal agent of bunch rot is one of the important post-harvest fungal pathogen of grapes responsible to fruit malformation, influence the grapes quality and market losses respectively. Several fungicides are being used to control this pathogen but these fungicides have some residual effects on fruits, human health as well as on environment. Therefore, current study was performed to investigate some Plant essential oils (EOs) effectiveness as an alternative to synthetic fungicides against Alternaria alternata causing bunch rot (BR) of grapes. For this purpose, five Plant essential oils viz. Thyme (Thymus vulgare), Fennel (Foeniculum vulgare), Garlic (Allium sativum), Ginger (Zingiber officinale) and Carum (Carum capticum) essential oils at 0.04, 0.06, 0.08 and 0.1% concentrations were evaluated under in vitro condition and after screening most effective EO was further performed on grapes against A. alternata. During in vitro experiments, results illustrated that Thyme EO at all applied concentrations showed significant to inhibit the mycelial growth (79.3, 82.3, 86.17 and 92.8 percent) in contact assay (CA) method, 83.2, 86.45, 90.24 and 94.2 % growth inhibition measured regarding fungal culture transfer (FCT) experiment. Moreover, in well diffusion method 35%, 46%, 49% and 52% growth inhibition was recorded at 3rd day of incubation followed by Fennel, Carum, Ginger and Garlic essential oils (EOs) as compared to control 0 % growth inhibition was calculated. Similar result was also depicted in case of spore germination assay experiment revealed that Thyme essential oil showed significantly inhibited the germ tube length of A. alternata (161.8 µm, 58.5 µm and 22.1 µm) as compared to control in which length of germ tube recorded 240 µm respectively. Thyme essential (EO) was further evaluated for the presence of anti-fungal compounds viz. terpene, alkaloids, phenolic and saponins using standard protocols and found positive due to presence of all compounds. Furthermore, the experiments related to reducing the decay development percentage and average weight loss of grapes cv. Perlette gave similar results. Keeping in all consideration, it is concluded that Thyme EO found more effective against A. alternata and might be used for prolonging the shelf life of grapes.
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Introduction
Grapes (Vitis vinifera L.) are widely cultivated, economically important and highly nutritious fruit throughout the world (Ali et al. 2010). This fruit is also known as a “Queen of fruits” due to good source of multi-vitamins (A & C) as well as it contains a lot of bioactive compounds viz. anthocyanin, carotenoids and some important antioxidants which has an important role to enhance the immune system. (Rathi and Rajput 2014). In Pakistan, grapes are mostly cultivated for fresh consumptions covered over an area about 14 thousand hacters with annual production of 57 thousand tons (GOP 2016). Besides of its nutritional as well as medicinal values Grapes are one of  the perishable fruit has a short life of about 2-3 days at room temperature due to susceptible of many post-harvest fungal pathogens such as Botrytis cinerea (Viret et al. 2004), Aspergillus spp. (Ribes et al. 2017), Penicillium spp. (Palou et al. 2003) and Alternaria spp are responsible for weight loss, colour changes, softening of grape berries, increased the market losses up to 50 % and eventually have badly impact on economy (Woudenberg et al. 2015). In addition, Alternaria Fruit rot (AFR) complex is common in perennial fruits worldwide, causing infection by different Alternaria spp. (Mehmood et al. 2018).  The Alternaria genus has saprophytic plant-pathogenic species, which can cause post-harvest decay of plant products as well as produced some mycotoxins such as tenuazonic acid (TA) which has adverse effect on plant health (Logrieco et al. 2009). In worldwide, for the management of post-harvest decaying pathogens several synthetic fungicides were used but, these synthetic fungicides like SO2 causing badly effect on the physical structure of grapes and has a great risk to human health (Reimann and Deising 2000). Use of synthetic fungicides on grapes berries has faced two major problems; contamination on fruits and vegetables with fungicidal residues, and second is resistance in the pathogen populations (Tripathi and Dubey 2004). Food safety is one of the major issue related to fresh fruit and vegetables. According to The World Health Organization (WHO) and United Nations Environment Programmed it is estimated that millions of persons associated with agriculture in developing countries suffered from severe poisoning from pesticides and about 18,000 die every year (Miller 2004). Researchers are successfully found some alternatives for the control of postharvest spoilage fungi in the form of botanical such as essential oils (Diaz et al. 2002). The word essential oils are natural, volatile, aromatic, liquid compounds known as a secondary metabolites extracted from various plant parts (Mar et al. 2011). These natural compounds are not harmful to humans, very useful for managing post-harvest diseases and can be considered in the replacement of artificial pesticides (Tas and Karaca 2015).  Keeping in view the above-mentioned this study aimed to develop an alternative control strategy against Post-harvest fungal pathogens of grapes with Plant essential oils which is eco-friendly, safe for human beings, economical and easy to excess. 
Materials and methods
Cultural and morphological Characterization
A survey was conducted in the month of July, 2016 from five different main fruit markets of Rawalpindi (33°38′19.2″N, 73°01′45.0″E) city. Furthermore, infected samples of grapes cv. Perlette were collected on the basis of symptoms as, dark brown to black mycelium observed on infected portion of berries shown in Fig.1 (A) and brought to Mycology Lab at Plant Pathology Department, PMAS-Arid Agriculture University Rawalpindi for further processing. For isolation, small Portion about 3-5 mm2 of symptomatic fruit sample were excised at the lesion margin. The segments were surface disinfected with 2 % sodium hypochlorite for 2 minutes, rinsed two times in distilled water, dried out on sterilized filter paper for 2 minutes to remove excess moisture and placed on Petri dishes (4-5 segments per dish) containing autoclaved (PDA) medium at 121 ˚C at 15 PSI for 20 minutes. Finally, these Petri dishes were incubated at 28 ± 2˚C for about 3 days and checked regularly for fungal colonization. After 3 days, the diameter of each colony was measured and identified on the basis of cultural and morphological characteristics by using fungal taxonomic key (Simmons 2007). 
Pathogenicity Test
Pathogenicity test was conducted for the confirmation of highly pathogenic isolates. For this purpose, asymptomatic grape bunches were surface sterilized with running tap water. Injuries were made with the help of sterile needle to fruits up to 5 mm diameter and placed a disc of fungal isolates whereas control bunches were inoculated with distilled water. Bunches were placed in a sterile thermo-pole box (one bunch per box) and stored at 25°C for three days. Three replicates were used for each treatment (Javed et al. 2017) and compared with Percentage Disease Index (PDI) (0= Berries without rot,1= 0-10%, 2= 10-25%, 3= 25-50%, 4=50-75% and 5= More than 75%) followed by (Senthil et al. 2011).
Molecular Characterization 
DNA was extracted and purified by using Prepman DNA extraction kit (Thermofisher) and GenJet purification kit respectively. Each source culture was derived from single conidium on PDA media. Mycelium of each isolate was used for DNA extraction. Amplification of the extracted DNA was performed by using Polymerase chain reaction (PCR). For molecular identification ITS1, 5.8S; ITS2 gene was amplified with primer ITS1/ITS4 (White et al. 1990) respectively. Polymerase reaction was carried out by using the programmable thermo cycler Bio Rad T100 as follows: Initial denaturation at 95ºC for 3 minutes, 30 cycles of denaturing at 95°C for 1 min. annealing at 72ºC for 1 min and final extension at 72ºC for 5 min. PCR product was analyzed on 1% agarose gel electrophoresis by staining with ethidium bromide as staining agent. After positive band detection on gel, all isolates were subjected to purification amplified DNA by using Gene Jet purification kit (KT-00701) by following the standard protocol of the manufacturer. After purification, PCR product of both genes was sent to Macrogen Korea Inc. for sequencing in both directions through Sanger Sequencer. The sequences generated in this study were aligned and submitted to GenBank and accession numbers were obtained. Datasets of ITS/5.8S rDNA gene was used for phylogenetic analysis. After confirmation of isolates, Sequences were aligned in the CLUSTAL-X v. 1.81 (Thompson et al. 1997) and Maximum Likelihood analysis was performed in MEGA v. 7 (Kumar et al. 2016) for phylogenetic analysis. 
In vitro screening of Plant essential oils (EOs) against Alternaria alternata
Matured leaves of Thyme (Thymus vulgare), seeds of Fennel (Foeniculum vulgare) and Carum (Carum capticum), Clove of Garlic (Allium sativum) while Rhizome of Ginger (Zingiber officinale) were taken from Rawalpindi herbal store. These botanical materials were first dried under shadow, grinded well in grinder machine and subjected for extraction process through Soxhlet's apparatus followed by (Şahin et al. 2003). Finally, extracted Plant essential oils (EOs) put in a clean glass vials and stored in refrigerator at 4°C until further tests. 
In Vitro Contact Assay: To find out the efficacy of different Plant essential oils (EOs) on mycelial growth of Alternaria alternata poisoned food technique was used (Prakash et al. 2015).  For this purpose, 50 ml of prepared Potato Dextrose Agar (PDA) media were kept in 100 mL conical flasks, sterilized for 20 min and kept under sterilized hood to cool up to 60°C then plant (EOs) were added to each flasks and shacked gently to prepare PDA media containing 0.04, 0.06, 0.08 and 0.1 % concentrations. 9 cm Petri plates were poured with PDA containing known concentrations of Plant (EOs). 5 mm plug of 7 days old culture of A. alternata were kept in the center of each Petri plate whereas, in control sets PDA free of any essential oils were used. After that Petri dishes were incubated at ± 25 °C for 3 days and finally, mycelial inhibition concentration percentage (MIC) was recorded by using the following formula (D'auria et al. 2005)

[bookmark: _Toc22192584]where c means (diameter of control), t (diameter of treatment). Analysis was conducted 3 times.
Fungal culture transfer Experiment: Transfer experiment was done to check the viability of the fungal culture which utilized in contact assay. For this purpose, from seven days old contact assay fungal plates 6 mm plugs of fungal culture were shifted in a newly plates. No essential oils (EOs) were used at this stage later, plates were incubated at ±25 °C for 3 days. Mycelial growth of the pathogen was measured by using formula described earlier. The data was recorded after 3th day of incubation with three replications (Feng and Zheng 2007).
[bookmark: _Toc22192585]Well diffusion technique: Agar well diffusion is reliable technique used to screen out the anti-fungal activity of different plants essential oils. According to this method, two wells were made aseptically with a sterile cork borer at equidistant from each other and one well was filled by Alternaria alternata inoculum (107 spores/mL) while second with plant essential oils at defined concentrations of 0.04, 0.06., 0.08 and 0.1 % respectively. Furthermore, Agar plates were incubated at ±25 °C. The plant (EOs) were diffused in the agar medium which inhibited the growth of the A. alternata. Linear growth inhibition was measured after 3 days and mycelial growth of pathogen was calculated by using the formula as same as previously described in vitro contact assay experiment. 
Spore Germination Assay: The experiment was conducted in Potato Dextrose Broth (PDB) to find out the impact of most effective essential oil on germ tube length of Alternaria alternata. For this experiment, glass tubes were used having 10 ml space and poured with 5 ml PDB in each glass tube. After that aliquots (100 ul) having spore suspensions with concentration of (107 spores/ml) of A. alternata was added to each tube. Glass tubes were incubated at ±28 °C for 20 h on a rotatory shaker 200 round per minutes (rpm). The germ tube length was observed after 20 hours with the help of microscope. Three Readings were taken for this experiment followed by (Feng and Zheng 2007).
Statistical analysis
Statistical analysis of all experiments were conducted in triplicate and data were expressed as mean ± standard deviation after analyzed via CRD two factorial design (statistix 10.0 v). The statistical significance was set at a confidence level of p < 0.05.
Qualitative Phytochemical analysis of Plant Essential oils 
To find out the anti- fungal compounds such as phenolic, alkaloid, Terpenoid (Evans 1997) and Saponins (Kokate 1999) in Plant Essential oils various phytochemical tests were performed.
Application of plant essential oil on grapes against Alternaria alternata
After in vitro screening and phytochemical analysis the selected Plant EO is used to find out efficacy against major Alternaria alternate causing bunch rot of grapes. for this purpose, bunches of grapes cv. Perlette are used, surface sterilized with distilled water, dipped the bunches for 2 minutes in prepared Plant Essential oil, placed it on the perforated thermo-pole box (one bunch/ box) and finally sprayed the inoculum with 40 µl of spore suspension to find out.
Decaying Percentage (DP) determination: Decaying % was calculated by using the following formula at three days of interval    

Three replicates were kept for treatment along with the control sets and compared with the Decay Rating Scale (0= No symptoms,1= up to 10%, 2= 11-25%, 3= 26-40%, 4=40-60% and 5= Above 60 %).
Measurement of Average Weight Loss (AWL): The Average weight loss measured after three (72 hours) and six days (144 hours) of storage and calculated by using the following formula followed by (Asghari et al. 2013) . The layout of experiment included three replications of each treatment along with the control set 

Results and Discussion
Cultural and morphological Identification 
A Total 12 isolates of Alternaria sp. causing bunch rot of grapes cv. Perlette were obtained from five different locations of main fruit market located in Rawalpindi city of Punjab province. During cultural identification, 3 distinct colony colors (CC) were observed among 12 isolates, 5 isolates with olivaceous green in color, 04 having olivaceous to dark green colony on PDA media while 03 isolates were found to greenish with grayish surface colony. The colony type (CT) of purified Alternaria sp. showed variation of growth patterns among isolates. The colony growth patterns observed (05) isolates similar to velvety, cottony at center (04) velvety, appressed at center where as (03) identified as Cottony, slightly furrow with appressed center. Meanwhile colony margins (CM) appeared (05 isolates) from slightly irregular olivaceous green to irregular light green with white rim (04 isolates) observed appressed with white rim to brownish margins while margins of remaining isolates noted, dark olivaceous, regular, appressed, brownish with white and green rim shown in (Fig. 1 B & C). Conidia of Alternaria sp. has significant variation in terms of size. The maximum conidial size (L x W) of 38.45±1.69 x 15.48±0.2 µm was recorded in isolate RA7PL3 and minimum size of 20.65±0.06 x 11.43±0 µm was found in isolate RA4PL4. The Alternaria sp. produced septation within conidia in both longitudinal and transverse directions. The variations in number of septations are found in each isolates. The longitudinal sepatation (LS) ranged from 2 to 4 septa, where majority of isolates (05) were found to have 4 septation, (4) isolates with 3 septation, and (3) isolates with 2 septations. The transverse septation (TS) ranged from 3 to 6, where (5) isolates showed 5 septations followed by 4 septations in 4 isolates and 3 isolates was found to have 3 septations respectively (Table. 1 & Fig 1 D, E & F). Similar study was also conducted by (Latinovic et al. 2014) regarding conidial microscopic observations showed ellipsoid to ovoid in shape, 30 μm long and 3 μm wide, with 2 to 5 transverse and 1 to 3 longitudinal septations. Similarly, (Hubballi et al. 2010) described the conidial shape of Alternaria alternata as muriform furthermore, the septation were 0-5 and 1-9 in both longitudinal and transverse manner respectively. (Ravichandran 2012) reported that conidia of Alternaria sp. ranged from 58.8×21μm length and 10.26×4.56 μm width respectively. During Pathogenicity test, 2 Isolates RA4PL4, and RA7PL3 showed highly pathogenic after 3 days of inoculation and further used for molecular identification.
Molecular Studies
A total of two highly pathogenic isolates (RA4PL4 and RA7PL3) were sequenced both in ITS1/ITS4 directions. The final sequences were submitted in the public database of NCBI under the accession numbers ITS gene (Accession numbers: MG763130-MF785102) exhibiting 99-100% genetic similarity with previously reported isolates of Alternaria alternata available at NCBI. Sequences were aligned in the CLUSTAL-X v. 1.81 and phylogenetic analysis was performed on ITS sequences shown in Fig 2. According to  (Kakalikova et al. 2009) revealed that Inter transcribed spacer regions sequence analysis provides sufficient information to confirm A. alternata specie causing bunch rot of grapes in Salovakia. As per morpho-molecular identification and sequence analysis of the ITS regions concluded that to our knowledge, this is the first report of A. alternata causing bunch rot of grapes in Pakistan (Ghuffar et al. 2018)
In Vitro evaluation of Plant essential oils (EOs) against Alternaria alternata (Isolate: RA4PL4) causing bunch rot of grapes
[bookmark: _Toc22192593]In Vitro Contact Assay (CA): Data recorded after 3 day revealed that Thyme essential oil (EO) showed more effectiveness for controlling the highly pathogenic isolate (RA4PL4) of A. alternata (79.3, 82.3, 86.17 and 92.8 percent) at all applied concentrations 0.04, 0.06, 0.08 and 0.1 % followed by Fennel EO with reduced growth inhibition % (66.2, 72.1, 78.3, 82.65), Carum EO showed effectiveness (56.12, 63.24, 67.2, 72.07%), in case of Ginger EO recorded 43.2, 48.12, 52.2, 58. 7% mycelial growth inhibition while Garlic EO showed least effective 36.4%, 44.3%, 48.6% and 52.2% respectively. Whereas, in control set none of mycelial inhibition % was measured shown in Fig 3. Similarly, (Pina et al. 2004) found Thymol is the major active component in Thyme EO have a fungicidal activity, resulting mainly in cell lysis, extensive damage to cell wall and cell membrane of post-harvest fungal pathogens. Some other researchers (Teixeira et al. 2013) studied various chemical compounds present in Arial part of Thymus vulgaris such as Thymol 46.6%, linalool 3.8%, Cymene 38.9 %, camphene 1%, 𝛼-pinene 3.3% and 𝛽-pinene 1.2% which showed fungal toxicity against post-harvest fungal pathogens.
[bookmark: _Toc22192594]Fungal Culture Transfer (FCT) Experiment: Similar result was found regarding in transfer experiment on 3rd day of incubation demonstrated that Thyme essential oil at concentrations of 0.04, 0.06, 0.08 and 0.1% showed significant result 83.2, 86.45, 90.24 and 94.2 percent followed by Fennel, Carum and Ginger Essential oils (EOs), while Garlic essential oil showed minimum effectiveness (42.5%, 46.1%, 49.3% and 53.4 %) as compared to control where 0 % growth inhibition was recorded Fig 4. Numerous plant essential oils (EO) like Paullinia pinnata, Thymus vulgare and Moringa oleifera have been found to be effective fungitoxic agents during fungal culture transfer experiment against several plant fungal pathogens reported by (Siripornvisal and Ngamchawee 2010). The mechanism of plant essential oils involved, inhibit the hyphal growth, interruption in nutrient uptake, disruption of mitochondrial structure and eventually disorganization of fungal pathogens discussed by (Patel and Jasrai 2011).  
Well diffusion method: From five selected plant essential oils Thyme EO was applied at pre-defined four doses of 0.04%, 0.06%, 0.08% and 0.1 % per well through well diffusion technique produce 35%, 46%, 49% and 52% growth inhibition zone percent respectively at 3rd day of incubation after adding extract and fungal spore suspension in their respective wells while, Fennel EO showed the inhibition zone of pathogen at 0.1%, 0.08% and 0.06% doses after Thyme EO by expressing 43%, 39% and 36 % growth inhibition respectively while 0.04% dose showed 29% zone of  inhibition at 3rd day of incubation followed by both Carum and Ginger essential oils (EOs). While, in case of Garlic EO expressed minimum zone of growth inhibition of 28% at dose of 0.1% furthermore, 25%, 21% as well as 15% at doses of 0.08%, 0.06% and 0.04% per well in PDA media as compared to control which showed 0% growth inhibition Fig 5.                                                                                                                 
[bookmark: _Toc22192595]Spore Germination Assay: After conducting in vitro contact assay and well diffusion experiments to determine the effectiveness of plant essential oils against Alternaria alternata (RA4PL4). Thyme EO showed maximum growth inhibition % and used for further in spore germination assay experiment.
Measurement of Germ Tube Length (µm): According to this experiment, Thyme EO inhibited the germ tube length of Alternaria alternata on 3rd day at concentrations (0.06, 0.08 and 0.1%) but has some variations in terms of length measurement. At 0.06 % concentration germ tube length was recorded 161.8 µm under microscope observations followed by 58.5 µm length measured at 0.08% while minimum length of 22.1 µm at 0.1% concentration as compared to control germ tube length was recorded maximum 240 µm respectively Fig 6 & 7. Our result is in agreement with the findings of (Feng and Zheng 2007) who used cassia oil at 500ppm concentration for controlling the germ tube length of Alternaria alternata, the findings of this study confirmed that cassia essential oil can be used as natural fungicides as well as replacement of the synthetic fungicides.
Qualitative Phytochemical analysis of Plant Essential oils
Results of qualitative phytochemical analysis showed that on the basis of color indication, Thyme essential oil have all tested metabolites such as terpene (dark blue), Alkaloid (dark brownish to black), phenols (yellowish to green) and saponins (foam like appearance) as shown in Fig 8. Fennel and Carum essential oils have 3 anti-microbial compounds viz. Alkaloid, terpene and phenolic, Ginger essential oil (EO) has 2 (phenols and saponins) while Garlic EO has one (phenolic) anti- microbial compound Table 2. Similar results conducted by (Naz et al. 2013) of Tamarix indica by testing twelve metabolites through phytochemical analysis and found all metabolites in T.indica having anti-fungal properties. According to (Cakir et al. 2005) reported that phenols, terpene and alkaloids are biologically active compounds having anti-fungal properties to control the post-harvest decay of fruits.
Application of plant essential oil on grapes against Alternaria alternata (Isolate: RA4PL4)
Decay percentage (DP) determination: Thyme essential oil (EO) coating was effective against Alternaria alternata at 0.1% concentration.  Result revealed that decaying percentage (DP) with 0.1 % application of Thyme EO on Perlette cv.  was calculated 9.64 % after 3rd day (72 hours) in comparison with control showed 28.63% respectively. While 18.24% decay recorded on Perlette bunches against A.alternata  after 6th day (144 hours) of storage which covered the 2nd disease score as compared to control was noted 92.35 % falls on 5th disease score Table 3. The similar methodology was reported for the Chitosan treatment against Botrytis cinerea and Rhizopous stolonifer on strawberry by (Ghouth et al. 1991). According to (Antunes and Cavaco 2010) explained some mechanism actions of plant essential oils on fruits against microbes such as responsible to alter microbial cell permeability, strengthen the berries’ skin surface, disrupt the mycelial growth and prevent to decay of fruits respectively. Some other researchers (Lopez et al. 2010) also checked the efficacy of thyme (Thymus vulgaris) oil on four cultivar of apples against Penicillium digitatum for the determination of decaying incidence percentage (DIP) and found thyme oil at 0.1% concentration showed maximum efficacy as compared to fennel and lavender essential oils
Average weight (AWL) measurement: Average weight (AW) of 554 g Perlette bunches were calculated on electrical balance before application of Thyme essential oil at 0.1 % concentration against Alternaria alternata (RA4PL4) After 3rd day application of treatment sets (Thyme EO 0.1 % conc. + A. alternata inoculum) on grapes bunches, the weight recorded as 456 against A. alternata respectively as compared to control (320 g). Whereas after 6 days of storage average weight of 380 g recorded in thyme oil treatment with inoculum A, alternata respectively while in control sets average weight decreased to 286 g respectively Fig 9. Our result is agreement with the results of (Shamloo et al. 2013) They stated that application of Thyme EO on sweet cherries during storage period act a physical barrier against moisture loss from fruits skin, prevent weight loss, fruits shrinkage, decrease respiration rate of fruits and delay senescence.
Conclusions
Plant essential oils (EOs) has an important role in the management of post-harvest fungal diseases. The results obtained in the current work illustrated that Thyme essential oil (EO) has some anti-fungal properties to control the Alternaria alternata causing bunch rot of grapes. So, it is interested to state that we can used Thyme EO as botanical fungicide and un-expensive product in the replacement of chemicals for controlling the A. alternata commercially.
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Fig 1: A-F showing symptomology, Cultural and microscopic identification of Alternaria sp. Isolates

	
	
	Colony
	Conidia
	

	Sr.
	Isolation ID
	CC
	CT
	CM
	L (um)
	B (um)
	TS
	LS
	Pathogenicity test

	1
	RA1PL1
	Olivaceous green
	velvety, cottony at center
	Slightly irregular olivaceous green to irregular light green with white rim
	26.7±0.16
	14.57±0.2
	5
	4
	4

	2
	RA2PL1
	Olivaceous to dark green
	velvety, appressed at center
	Appressed with white rim to brownish margins
	28.6±1.31
	15.65±0.22
	4
	3
	3

	3
	RA3PL3
	Olivaceous green
	velvety, cottony at center
	Slightly irregular olivaceous green to irregular light green with white rim
	29.2±0.48
	14.57±0.2
	5
	4
	1

	4
	RA4PL4
	Olivaceous to dark green
	velvety, appressed at center
	Appressed with white rim to brownish margins
	20.65±0.06
	11.43±0
	4
	3
	5

	5
	RA5PL5
	Greenish with grayish surface
	Cottony, slightly furrow with appressed center
	Dark olivaceous, regular, appressed, brownish with white and green rim
	23.36±0.5
	16.17±0.6
	3
	2
	4

	6
	RA6PL2
	Olivaceous to dark green
	velvety, appressed at center
	Appressed with white rim to brownish margins
	25.06±0.7
	15.4±0.65
	4
	3
	2

	7
	RA7PL3
	Greenish with grayish surface
	Cottony, slightly furrow with appressed center
	Dark olivaceous, regular, appressed, brownish with white and green rim
	38.45±1.69
	15.48±0.2
	3
	2
	5

	8
	RA8PL2
	Olivaceous green
	velvety, cottony at center
	Slightly irregular olivaceous green to irregular light green with white rim
	20.9±0.78
	15.52±0.25
	5
	4
	2

	9
	RA9PL4
	Olivaceous green
	velvety, cottony at center
	Slightly irregular olivaceous green to irregular light green with white rim
	30.23±0.7
	12.97±0.5
	5
	4
	3

	10
	RA10PL5
	Olivaceous to dark green
	velvety, appressed at center
	Appressed with white rim to brownish margins
	25.5±0.04
	15.1±0.8
	4
	3
	4

	11
	RA11PL2
	Olivaceous green
	velvety, cottony at center
	Slightly irregular olivaceous green to irregular light green with white rim
	24.27±1.59
	18±0.7
	5
	4
	2

	12
	RA12PL3
	Greenish with grayish surface
	Cottony, slightly furrow with appressed center
	Dark olivaceous, regular, appressed, brownish with white and green rim
	27.6±0.5
	14.43±0.8
	3
	2
	1


Table 1. Alternaria sp. isolates ID with cultural and microscopic identification (Under Colony Heading: CC = Colony Color, CT = Colony Type, CM =Colony Margins) and Conidia Heading: L= lenght, B= Breadth, TS = Transverse septation, LS = Longitudinal Septation. ± standard deviation calculated by n=50	
[image: ]
Fig 2. Molecular phylogenetic tree constructed by using Maximum Likelihood analysis from ITS gene sequences of 2 highly pathogenic Alternaria alternata isolates. The analysis consisted of 51 nucleotide sequences in tree. Evolutionary analyses were conducted in MEGA 7.0.

Fig 3: Efficacy of plant essential oils at four concentrations (0.04 %, 0.06 %, 0.08% and 0.10 %) on growth inhibition of Alternaria alternate (RA4PL4) through in vitro contact assay method. Letters in figure represent significant differences in growth inhibition at applied concentration (P<0.05).












Fig 4: Effectiveness of five plant essential oils (EOs) on growth inhibition of A. alternata (RA4PL4) under in vitro Fungal culture transfer (FCT) Experiment. 


Fig 5: Evaluation of Plant essential oils (EOs) on growth inhibition of A. alternata (RA4PL4) under in vitro Well diffusion method. 













Figure 6 Germ tube length (µm) of Alternaria alternata on 3rd day at different concentrations (0.06, 0.08, 0.1%) of Thyme EO 
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Figure 7: (A) Germ tube length A. alternata at 0.1% concentration, (B) Germ tube length at 0.08% concentration, (C) Germ tube length at 0.06% concentration, (D) Germ tube length in control.






	
	
Phytochemical Test

	
	Alkaloids
	Terpenoids
	Phenolic
	Saponins

	
Sr.no
	
Plant (EOs)
	
Wagner reagent
	
Salkowski test
	
Ferric chloride
	
Foam Test

	
1
	
Thyme EO
	
+
	
+
	
+
	
+

	
2
	
Carum
	
+
	
+
	
+

	
-

	
3
	
Ginger
	
-
	
-
	
+
	
+

	
4
	
Garlic

	
-
	
-
	
+
	
-

	
5
	
Fennel
	
+
	
+
	
+
	
-






Table 2: Detailed phytochemical analysis of Plant essential oils, + (Present) – (Absent) 
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Fig 8: Qualitative phytochemical analysis of plant essential oil containing anti-fungal compounds
	
	
Storage days/hours
	
Decaying % 

	
Decay rating Scale

	Control
	3 (72 hours)
	28.63 b ±3.8 
	3

	
	6 (144 hours)
	92.35 d ±4.1 
	5

	Thyme oil 0.1%
	3 (72 hours)
	9.46   a ±1.6 
	1

	
	6 (144 hours)
	18.24 c ±2.3
	2







Table 3: Effect of Thyme oil on decaying percentage of Alternaria alternata after three (72 hours) and six days (144 hours) of storage, ± indication of standard deviation (n= number of three readings)










Fig 9: Average weight loss (AWL) assessment of Thyme oil against Alternaria alternata 


0.04%	FG
HI
JK
L
M

3	4	3	2	1	3	4	3	2	1	Thyme	Fennel	Carum	Ginger	Garlic	Control	79.52	66.97	56.92	43.11	36.11	0	0.06%	EF
FG
GH
K
L

2	3	5	4	2	2	3	5	4	2	Thyme	Fennel	Carum	Ginger	Garlic	Control	82.81	72.48	63.01	48.75	44.14	0	0.08%	B

CD
DE
IJ
LJ

3	4	3	1	2	3	4	3	1	2	Thyme	Fennel	Carum	Ginger	Garlic	Control	86.27	78.459999999999994	67.180000000000007	52.89	48	0	0.10%	A
B
BC
DE
K

2	3	3	5	2	2	3	3	5	2	Thyme	Fennel	Carum	Ginger	Garlic	Control	92.03	82.93	72.400000000000006	58.61	52.71	0	P lant (EOs)


MIC %




0.04%	FG
L
JK
I
M

4	5	4	1	2	4	5	4	1	2	Thyme	Ginger	Carum	Fennel	Garlic	Control	83.52	47.11	60.92	72.97	40.11	0	0.06%	D
J
I
F
L

2	3	4	3	3	2	3	4	3	3	Thyme	Ginger	Carum	Fennel	Garlic	Control	86.81	50.75	63.01	74.48	43.14	0	0.08%	B
HI
E
D
K

2	5	1	2	3	2	5	1	2	3	Thyme	Ginger	Carum	Fennel	Garlic	Control	90.27	56.89	68.180000000000007	78.459999999999994	47	0	0.10%	A
D
C
B
GH

4	2	1	3	2	4	2	1	3	2	Thyme	Ginger	Carum	Fennel	Garlic	Control	94.03	62.61	74.400000000000006	84.93	54.71	0	P lant (EOs)


MIC %




0.04%	FG
H
I
J
I

4	5	2	2	2	4	5	2	2	2	Thyme	Ginger	Carum	Garlic	Fennel	Control	35.520000000000003	18.97	21.92	15.11	29.11	0	0.06%	DE
F
J
H
J

3	2	4	4	4	3	2	4	4	4	Thyme	Ginger	Carum	Garlic	Fennel	Control	46.81	23.48	24.01	21.75	36.14	0	0.08%	B
D
E
FJ
I

2	3	2	3	3	2	3	2	3	3	Thyme	Ginger	Carum	Garlic	Fennel	Control	49.27	26.46	28.18	25.89	39	0	0.10%	A
B
C
D
FG

4	2	3	4	3	4	2	3	4	3	Thyme	Ginger	Carum	Garlic	Fennel	Control	52.03	27.93	32.4	28.61	43.71	0	Plant (EOs)


MIC %




Thyme (EO)	B
C
D

10.199999999999999	8.6	11	10.199999999999999	8.6	11	5.9999999999999995E-4	8.0000000000000004E-4	1E-3	161.80000000000001	58.5	22.1	Control	A
A
A

12.5	10.6	8.5	12.5	10.6	8.5	5.9999999999999995E-4	8.0000000000000004E-4	1E-3	240	240	240	Treatment


Germ tube lenght µm




Alternaria alternata

control 	C
B

56	48	56	48	72 hrs 	144 hrs	320	286	Thyme oil + inoculum 	A
D

60	42	60	42	72 hrs 	144 hrs	456	387	Thyme EO  0.1 %


Average weight Loss (AWL)
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