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Abstract

:

In this study, the essential oil (EO) from the peel of the Greek citrus hybrid Citrus sinensis cv New Hall - Citrus aurantium was studied in terms of its antimicrobial properties as well as its effect on Saccharomyces cerevisiae. According to the analysis of the EO, 48 compounds are contained in it, with the main compounds being limonene, β-pinene, myrcene, α-pinene, valencene, and α-terpineol. As regards its antimicrobial properties, the EO was evaluated against nine human pathogenic microorganisms, six bacteria, and three fungi. Taking the results into account, it was apparent that Gram-negative bacteria were the most susceptible to the addition of the EO, followed by the Gram-positive bacteria, and finally the examined yeasts. The minimum inhibitory concentrations were found to be lower compared to other studies. Finally, the effect of the EO on the biochemical behavior of the yeast Saccharomyces cerevisiae LMBF Y-16 was investigated. As the concentration of the EO increased, the more the exponential phase of the microbial growth decreased; furthermore, the biomass yield on the glucose consumed significantly decreased with the addition of the oil on the medium. The addition of the EO in small concentrations (e.g., 0.3 mL/L) did not present a remarkable negative effect on both the final biomass concentration and maximum ethanol quantity produced. In contrast, utilization of the extract in higher concentrations (e.g., 1.2 mL/L) noticeably inhibited microbial growth as the highest biomass concentration achieved, maximum ethanol production, and yield of ethanol produced per glucose consumed drastically declined. Concerning the composition of cellular lipids, the addition of the EO induced an increment in the concentration of cellular palmitic, stearic, and linoleic acids, with a concomitant decrease in the cellular palmitoleic acid and oleic acids.
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1. Introduction


Rutaceae is a well-known family of flowering plants that consists of more than 400 genera with 3500 species. The various species typically have four or five distinct flower sections that emit a potent aroma. They come in a variety of shapes and sizes, from little trees to shrubs and herbs. Rutoideae, Dictyolomatoideae, Flindersioideae, Seathelioideae, Toddalioideae, Aurantioideae, and Rhabdondreoideae are the seven subfamilies that make up the Rutaceae family [1]. The most important genus, from an economical point of view, in the subfamily of Aurantioideae is Citrus, which includes the sweet orange (C. sinensis), sour orange (C. aurantium), lemon (C. limon), grapefruit (C. paradisi), and lime (C. aurantifolia). Since many of the described species are hybrids, the taxonomy and systematics of the genus are complicated, and the exact number of natural species is unknown [2,3]. Brazil, China, and the USA are among the countries with the largest citrus production, worldwide, while considerable amounts are also produced in the Mediterranean region [4]. In Greece, Newhall navel oranges are broadly cultivated and used in the food industry.



One product with wide usage from the citrus species is its essential oil (EO). EOs are generally recognized as safe (GRAS) and, as such, they have been used extensively as natural food preservatives, both for traditionally and industrially produced food products. Moreover, the use of EOs is highly accepted by consumers, due to the pleasant odor and taste that they bestow on the food products [5]. The Citrus species are a rich source of EO of high value that can be obtained using proper procedures [6]. As indicated by Verzera et al., the species of the genus Citrus produce three different kinds of essential oils depending on the part of the plant in which they are produced (fruit pericarp, leaves, flowers) [7,8,9]. The composition of Citrus EO varies due to many factors, such as the harvest year [10], harvest date [11], cultivar [12], extraction system [13], geographic origin, ripeness of the fruit, and the extraction method. For instance, increasing temperatures and decreasing rainfalls over the years can impact the composition of the EO [10]; while the advancements in the extraction methods over the years have resulted in EO with various compositions [13]. According to the literature, EOs are complex mixtures of volatile constituents with limonene as the most abundant compound, ranging from 32% to 98% in the oil, including monoterpenes, sesquiterpenes, and their oxygenated derivatives [9,14,15]. Moreover, EOs contain bioactive metabolites such as limonene, linalool, and citral; therefore, EOs often exhibit antimicrobial properties [4,16].



Microbes are double-edged swords for the food industry. Various types of foods are produced with the use of microorganisms, such as cheese, yogurt, bread, cocoa, wine, beverages, etc. [17]. However, microorganisms are also responsible for food spoilage and foodborne diseases. As such, not only is much emphasis placed on the study of microorganisms to produce valuable products, but also on the study of ways to eliminate or decrease the viability of microorganisms. A good example is the species Saccharomyces cerevisiae. It is the yeast responsible for alcoholic fermentation in wine. Moreover, it has also been studied in relation to its potential to produce ethanol in various fermentation configurations [18,19,20]. These reports currently attract noticeable industrial interest due to the constant increase in conventional fuel prices, with ethanol having the potential to replace these conventional fuels, at least partially, in various engines and heating systems. Production of bioethanol on industrial-scale operations is mainly based on trials performed by wild-type or genetically modified S. cerevisiae strains. Amongst other issues that are imposed during various fermentative processes in industrial biotechnology, one major point is related to the maintenance of aseptic conditions during the performed processes. During the alcohol fermentation process, a variety of bacteria can potentially contaminate the facilities, affecting the overall efficiency of performed processes. Therefore, it would be of interest to identify potential compounds, the addition of which into the fermentation medium could reduce the problem related to the contamination by microorganisms not performing the alcoholic fermentation. As such, acid treatment and antibiotics are employed in an effort to decontaminate the facilities or control the growth of the yeast; however, both methods exhibit certain limitations [21]. Therefore, EOs that exhibit antimicrobial activity could potentially be used for such reasons.



The present investigation aims to examine the effect of EO from Citrus sinensis cv New Hall - Citrus aurantium upon the biochemical behavior (e.g., biomass production, substrate uptake, metabolites production, composition in the fatty acids of cellular lipids) of S. cerevisiae yeast. EO was also examined for its chemical composition, as well as for its antimicrobial activity, against nine human pathogenic microorganisms, six bacteria, and three fungi.




2. Materials and Methods


2.1. Plant Material


Fresh fruits were collected at the stage of maturity from healthy trees that were cultivated under the same pedoclimatic and cultural conditions as grown in Poros Horticulture Institute, Poros Island, Greece. The orange trees were cultivated according to the protocol of the Institute. This tree plant station consists of 800 acres, of which 300 acres are used for Citrus species cultivation. It is a horticultural station where varieties of national tree catalogs are maintained.



The physical and chemical criteria were considered to make sure the oranges were at their maturity stage. Fruit limbs and branches were green in color, their epicarps were orange, and they weighed between 150 and 200 g. Additionally, the total soluble solids (TSSs) (°Brix) were between 10 and 12, the titratable acidity (TA) (reported as % citric acid) was >0.8, and the TSS/TA ratio was above 12.



Randomly, 5 trees and 16 fruits from each tree were chosen. The fruits, after their collection, were transferred to the lab. They were washed with tap water and carefully dried with a paper towel.




2.2. Extraction of Essential Oil


The fruits were cut, and the pericarp (albedo and flavedo) was peeled off carefully and collected. Orange peels weighing 1 Kg were cold-pressed, and enough water was added. The EO was isolated from the aqueous peel oil emulsion by centrifugation (10 min at 15,000 rpm) [22]. After recording the yield of oil, it was dried with anhydrous sodium sulfate and stored at 4 °C until further analysis. Analyses were carried out within a week from the EO extraction.




2.3. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis


The EO was analyzed using a Hewlett Packard Gas Chromatograph 7820A Series II Plus linked to Hewlett Packard 5977Β mass spectrometer system. The stationary phase consisted of a 30 m length, 0.25 mm id, and 0.5 µm film thickness HP5-MS capillary column. The GC oven temperature was regulated between 60 °C and 280 °C at a rate of 3 °C/min. Helium was used as a carrier gas, at a flow rate of 2.2 mL/min, split ratio 1:10, injector temperature 220 °C, and ionization voltage 70 eV. The identification of the compounds was conducted using NIST98 and Wiley mass spectral databases as well as comparison with existing literature [23,24].




2.4. Antimicrobial Activity of the EO


The in vitro antibacterial study of the studied EO was carried out by the agar dilution technique. Experiments were carried out against the Gram-positive Staphylococcus aureus (ATCC 25923) and Staphylococcus epidermidis (ATCC 12228), and the Gram-negative Escherichia coli (ATCC 25922), Enterobacter cloacae (ATCC 13047), Klebsiella pneumoniae (ATCC 13883) and Pseudomonas aeruginosa (ATCC 227853), as well as the human pathogen fungi Candida albicans (ATCC 10231), C. tropicalis (ATCC 13801), and C. glabrata (ATCC 28838). Before the assay, stock solutions were prepared (at concentrations of 10 and 1 mg/mL). Then, the stock solutions were serially diluted in broth medium (100 μL of Müller–Hinton broth or Sabouraud broth), in 96 well plates, and 1 μL of the microbial suspension (prepared in sterile distilled water) was inoculated in each well and the plates were incubated at 37 °C. The Minimum Inhibitory Concentrations (MIC) were calculated as the lowest concentrations preventing visible growth. Besides the EO, the standard antibiotics netilmicin and amoxicillin (for bacteria) and 5-fluocytosine and amphotericin B (for fungi) were tested. The experiments were repeated three times and the results were expressed as average values [25].




2.5. Saccharomyces cerevisiae Culture Conditions


Saccharomyces cerevisiae, isolated from naturally fermented grapes, was used. The strain was isolated from the Laboratory of Food Microbiology and Biotechnology (Department of Food Science and Human Nutrition, Agricultural University of Athens) and obtained the reference number LMBF Y-16. The strain was maintained in Yeast Extract Peptone Dextrose (YPD) slants, with sub-cultures every 3 months for the viability to be maintained. All cultures were performed in submerged-flask experiments. Culture conditions were employed from a previous study [26].




2.6. Determinations and Analyses


Cells were harvested by centrifugation (Heraeus Sepatech Suprafuge-22 apparatus) at 7000× g for 20 min. Distilled water was added to the cell pellet and, after vortexing for 1 min, the sample was centrifuged at 7000× g for 20 min. Cell concentration (X, g/L) was determined from the dry weight (T = 95 ± 5 °C/24 h). The concentration of the Dissolved Oxygen (DO) in the growth medium was determined with a selective electrode (oxi200 Sensodirect, Lovinbod). After stopping the shaking, the electrode was inserted into the flask and, under shaking, measurements were taken after 10 min. All trials were conducted under fully aerobic conditions [DO > 20% (v/v)]. pH measurement was conducted in a Jenway 3020 pH meter. The concentration of glucose (Glc) was carried out with the dinitrosalicylic acid (DNS) method [27]. Ethanol (Eth) concentration in the culture medium was determined with the aid of HPLC [26]. For the extraction of the oil, a mixture of chloroform/methanol 2:1 (v/v) was used on the dry biomass. The amount of oil was determined gravimetrically. Lipids were converted to methyl-esters and analyzed, as previously described [26].



In all the kinetic experiments performed, each experimental point presented in the figures and tables is the mean value of two measurements deriving from two independent experiments (SE in most of the experimental points was ≤18%).




2.7. Statistical Analysis


For conducting all analyses, three batches of EO were prepared, and each batch was analyzed three times, resulting in a total of 9 measurements. The Shapiro–Wilk test was used to examine the normal distribution of the results. The Mann–Whitney U test and the Kruskal–Wallis test were used to assess statistically significant differences between the samples. All statistical analyses were carried out using the SPSS (version 26) (SPSS Inc., Chicago, IL, USA) software.





3. Results and Discussion


3.1. Composition of the EO


The cold-pressed EO from the fresh peels (pericarps) of Citrus sinensis cv New Hall - Citrus aurantium gave a white-yellow oil with a distinct citrus odor. The yield was calculated to be 0.39% w/v. The obtained EO was analyzed with the use of GC-MS in order to examine the compounds that comprise the EO. Results are given in Table 1. As can be seen, 48 compounds were identified in the EO. Limonene proved to be the major component (76.25%), which is in accordance with previous reports [28,29]. Moreover, β-pinene, myrcene, α-pinene, valencene, and α-terpineol were also present in high amounts (4.14%, 1.12%, 1.07%, 1.15%, and 1.29%, respectively). The results are similar to that of previous studies [9,30].




3.2. Antibacterial Activity of the EO


The next step was to study the antimicrobial activity of the EO against nine human pathogenic microbes, two Gram-positive and four Gram-negative bacteria, as well as three fungi strains. According to the results presented in Table 2, the EO showed stronger activity against the Gram-positive bacteria S. aureus and S. epidermidis (MIC values 520 and 460 μg/mL, respectively) and moderate activity against the rest of the Gram-negative bacteria (MIC values 740–900 μg/mL). The EO exerted weaker activity against all Candida strains (MIC values 940–1100 μg/mL). Therefore, it can be concluded that the Gram-positive bacteria examined were found to be less resistant to the presence of the EO than the Gram-negative bacteria, while the tested fungi appeared more resistant than the bacteria. This is an asset for the examined EO, since, in many cases, EO from citrus species exhibit higher antibacterial activity towards Gram-negative species in comparison to Gram-positive species, since the latter have a thick cell membrane that bestows them with an enhanced resistance [31]. Moreover, the Gram-negative species are surrounded by an outer membrane that restricts the diffusion of hydrophobic compounds (such as limonene), thus, rendering them more resistant [32]. Additionally, the lower efficiency of the EO compared to the antibacterial and antifungal compounds can be attributed to the high percentage of limonene in the EO, since limonene is highly volatile and has low solubility in water, thus, resulting in lower antimicrobial activity of the EO [31]. In regard to the aforementioned MIC values, they are lower compared to previous reports. For instance, Pedrosa et al. reported MIC values > 2000 µg/mL for Candida tropicalis when EO and mild heating were applied [33]. Likewise, the MIC values of orange EO for S. aureus, B. subtilis, K. pneumoniae, P. aeruginosa, and E. coli were reported to be >12,800 μg/mL [34].




3.3. Effect of the EO on Saccharomyces cerevisiae Growth


The next step was to determine the effect of EO addition on the growth of S. cerevisiae. To this end, two concentrations of EO were studied (i.e., 0.3 and 1.5 mL/L). The yeasts grown in the absence of EO were considered as the control. Naturally, despite aerobiosis, the microorganism proceeded with glucose fermentation that resulted in the accumulation of ethanol quantities into the culture medium [Crabtree positive yeast—see, i.e., [35,36,37,38]]. As such, the biomass and ethanol produced, as well as the consumption of glucose, were examined. Results of the study are provided in Figure 1A–C and Table 3. From the results, it was apparent that the addition of the lowest examined concentration of EO did not affect the production of ethanol to a high extent. In the control experiment, ethanol production was found to be 11.9 g/L, while at the lowest examined concentration the value was found to be 11.8 g/L (p > 0.05). Likewise, the ethanol conversion yields on glucose consumed (YEth/Glc) were found to be 0.47 and 0.46 g/g, respectively (p > 0.05). After glucose depletion from the culture medium, ethanol was typically consumed and further biomass was generated [37,38]. It is the so-called “ethanol makes, accumulate consume” phenomenon, in which, despite the presence of oxygen in the culture medium, the microorganism rapidly assimilated glucose by performing alcoholic fermentation in the early growth steps; after the glucose depletion from the growth medium, the ethanol was subjected to oxidation in order for the further production of biomass to be performed (“diauxic” growth conditions).



Both the maximum and lowest biomass concentrations achieved for the control were 9.7 and 8.1 g/L, respectively, suggesting that a small inhibitory effect of the added oil towards biomass synthesis was exerted when the EO was added into the medium. When higher quantities of EO were added into the medium (e.g., 1.2 mL/L), remarkably, lower quantities (p < 0.05) of ethanol (in terms of both absolute values in g/L and values of product synthesized per g of sugar consumed) and biomass were observed (see Table 3 and Figure 1), indicating the significant negative effect of C. sinensis cv C. aurantium EO upon microbial growth when added in high amounts into the culture medium. In contrast, despite the addition of the EO, sugar was consumed by the microorganisms at comparable rates (Figure 1C); the glucose consumption rate for all cases was nearly 1.2 g/L/h, with glucose being almost completely assimilated within 24 h after inoculation.



S. cerevisiae rapidly consumed glucose and produced non-negligible quantities of ethanol in the culture medium. Although the maximum quantity of ethanol produced in the present work (11.9 g/L) was not very high—the highest final concentrations of ethanol reported in the literature are between 60 and 110 g/L [39,40,41,42]—it was noted that even if the fermentations were not optimized, the conversion yield of ethanol produced per glucose consumed YEth/Glc (0.46–0.47 g/g in control and test culture, respectively, for p > 0.05) was very close to the theoretical maximum of about 94% of the maximum theoretically achievable value. Therefore, the present S. cerevisiae strain can be considered as a promising bio-ethanol producer [43].



In the technology of modern bioethanol production (also in wine-making or beer-making facilities), there is increasing concern in relation to the preservation of biodiversity and the employment of “new”, “novel”, wild-type Saccharomyces (or potentially non-Saccharomyces) strains (and not genetically engineered strains) as microbial candidates amenable to produce ethanol in high concentrations and conversion yields [36,41,44,45,46]. Despite the fact that in several instances, and for various strains, the application of alcoholic fermentation under aerobic conditions (due to the “Crabtree” effect) can result in lower alcoholic production compared to the anaerobic trials [46], this seems not to be the case for the wild-type LMBF Y-16 strain that presented exceptionally high conversion yields of ethanol produced per unit of glucose consumed in the current investigation. In general, the production of ethanol (in terms of both absolute values in g/L and relative values in g per g of sugar consumed) can be influenced by the aeration imposed and the addition of natural compounds (such as the EO of Citrus sinensis cv Citrus aurantium plant) into the growth medium. Furthermore, it can be influenced by parameters such as the initial concentration of sugar and the resultant oxidative stress, osmotic stress, and substrate inhibition when high concentrations are imposed; the initial C/N ratio, with a decrease in ethanol production at imposed high nitrogen-limited conditions; the recalcitrance of compounds found due to the hydrolysis of lignocellulosic materials, etc. [36,41,44,45,46].




3.4. Effect of the EO on the Lipids of Saccharomyces cerevisiae


The total cellular lipids of S. cerevisiae were extracted in order to investigate whether the addition of the essential oil influenced both the quantity and the composition of cellular lipids of the strain. The addition of the EO induced significant (p < 0.05) differentiations concerning the composition of cellular lipids for S. cerevisiae yeast (Table 4). The composition in fatty acids did not present significant modifications as a function of the fermentation time. However, the addition of the EO resulted in noticeable modifications in the cellular fatty acid composition of the investigated microorganism; the addition of EO into the medium, even in small concentrations, clearly increased the quantity of cellular C16:0, concentration, decreasing simultaneously alongside palmitoleic acid (Δ9C16:1). Furthermore, cellular Δ9C18:1 concentration slightly decreased while Δ9,12C18:2 simultaneously increased when the amount of essential oil increased into the medium. Finally, the concentration of cellular C18:0 was small, but it presented the tendency to increase with the EO addition increment. From the above data, it may be assumed that the addition of the EO of C. sinensis cv New Hall - C. aurantium had a negative effect on the Δ9 desaturase of cellular C16:0 and a positive effect on the Δ12 desaturase of cellular Δ9C18:1. Similar physiological behavior has been observed by various S. cerevisiae strains; the cellular fatty acid contents of C12:0 and C14:0 notably increased at conditions that did not favor remarkable microbial growth (high initial ethanol concentrations into the medium) [47]. In contrast to these results, in genetically engineered ethanol-tolerant S. cerevisiae strains, an increment of added ethanol into the culture medium (from 0 to 5%) noticeably increased (p < 0.05) the concentration of cellular Δ9C18:1 (from 25 to 50%, w/w, of total lipids), while, inversely, the concentrations of saturated fatty acids (C18:0 and, principally, C16:0) noticeably decreased (p < 0.05) [48]. On the other hand, the addition of various natural compounds (such as phenol-containing compounds of olive-mill wastewaters, hydroglycerolic extracts of onion peels, Origanum vulgare L. essential oil, cyclopropenic fatty acids, etc.) into the growth medium of several types of yeast strains (i.e., Cryptococcus, curvatus, Rhodosporidium toruloides, Yarrowia lipolytica, etc.) resulted in a non-systematic effect upon the fatty acid composition of the cellular lipids produced by the yeast strains. In several cases, the addition of natural compounds may result in the increase in the saturation content of the cellular fatty acids [49,50,51]. In other cases, this addition may not have serious effects on the fatty acid composition of the cellular lipids produced; it may even increase the unsaturation content of the yeast cellular lipids [51,52].





4. Conclusions


The interest in using plant-derived antimicrobial compounds is growing unabated. EOs are a highly promising source of such compounds. In this study, it was demonstrated that EO from Citrus sinensis cv New Hall - Citrus aurantium is a highly promising EO that can be used for antimicrobial purposes. It exhibits lower MIC values for common pathogenic microbes in comparison to other EOs from other species of oranges. Moreover, it was demonstrated that a concentration of 0.3 mL/L of the EO scarcely exhibits any effect on the normal growth of S. cerevisiae and its ethanol production. However, increased concentrations significantly reduced its growth. Nonetheless, the use of EOs is a promising strategy to replace existing methods for the decontamination of bio-ethanol production facilities.
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Figure 1. Changes in biomass (X, g/L) (A), ethanol (Eth, g/L) (B), and glucose (Glc, g/L) (C) during growth of Saccharomyces cerevisiae in the absence (control) and presence of EO from the Citrus sinensis cv Citrus aurantium plant. 
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Table 1. Chemical constituents of EO from the pericarp of Citrus cinensis cv New Hall - Citrus aurantium.
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No

	
Compound

	
%

	
No

	
Compound

	
%






	
1

	
α-Pinene

	
1.07 ± 0.02 *

	
25

	
Geraniol

	
0.14 ± 0.01




	
2

	
Sabinene

	
0.49 ± 0.01

	
26

	
Geranial

	
0.97 ± 0.03




	
3

	
Myrcene

	
1.12 ± 0.03

	
27

	
Limonen-10-ol

	
0.13 ± 0.01




	
4

	
β-Pinene

	
4.14 ± 0.18

	
28

	
Carvacrol

	
0.16 ± 0.01




	
5

	
Limonene

	
76.25 ± 2.06

	
29

	
Decadienal <trans-2,4->

	
0.12 ± 0.01




	
6

	
γ-Terpinene

	
0.19 ± 0.01

	
30

	
Citronellyl acetate

	
0.19 ± 0.01




	
7

	
Octanol <n->

	
0.55 ± 0.02

	
31

	
Eugenol

	
0.15 ± 0.01




	
8

	
Terpinolene

	
0.18 ± 0.01

	
32

	
α-Copaene

	
0.23 ± 0.01




	
9

	
Linaool

	
1.77 ± 0.04

	
33

	
β-Cubebene

	
0.45 ± 0.02




	
10

	
Menthatriene <1,3,8-para->

	
0.16 ± 0.01

	
34

	
Dodecanal

	
0.22 ± 0.01




	
11

	
Mentha-2,8-dien-1-ol <trans-para->

	
0.17 ± 0.01

	
35

	
Caryophyllene <trans->

	
0.16 ± 0.01




	
12

	
Limonene oxide <cis->

	
0.12 ± 0.01

	
36

	
α-Bergamotene

	
0.13 ± 0.01




	
13

	
Limonene oxide <trans->

	
0.23 ± 0.01

	
37

	
Aromadendrene

	
0.10 ± 0.01




	
14

	
Camphor

	
0.11 ± 0.01

	
38

	
α-Humulene

	
0.18 ± 0.01




	
15

	
β-Terpineol

	
0.15 ± 0.01

	
39

	
Germacrene-d

	
0.30 ± 0.01




	
16

	
Citronellal

	
0.10 ± 0.01

	
40

	
Valencene

	
1.15 ± 0.03




	
17

	
Terpinene-4-ol

	
0.44 ± 0.02

	
41

	
α-Farnesene

	
0.17 ± 0.01




	
18

	
α-Terpineol

	
1.29 ± 0.03

	
42

	
δ-Cadinene

	
0.40 ± 0.01




	
19

	
Decanal

	
0.60 ± 0.01

	
43

	
Elemol

	
0.11 ± 0.01




	
20

	
Octanol acetate

	
0.11 ± 0.01

	
44

	
Nerolidol

	
0.14 ± 0.01




	
21

	
Carveol <trans->

	
0.26 ± 0.01

	
45

	
γ-Eudesmol

	
0.18 ± 0.01




	
22

	
Citronellol

	
0.27 ± 0.01

	
46

	
Muurolol <T->

	
0.10 ± 0.01




	
23

	
Neral

	
0.35 ± 0.02

	
47

	
Farnesol

	
0.67 ± 0.03




	
24

	
Carvone

	
0.13 ± 0.01

	
48

	
α-Sinensal

	
0.10 ± 0.01




	
Total

	
96.68








* Results are expressed as mean values ± standard deviation.
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Table 2. Antimicrobial activity of the EO (MIC μg/mL).
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	S. aureus
	S. epidermidis
	P. aeruginosa
	K. pneumoniae
	E. cloacae
	E. coli
	C. albicans
	C. tropicalis
	C. glabrata





	Citrus studied EO
	520 ± 16
	460 ± 18
	880 ± 21
	860 ± 23
	900 ± 28
	740 ± 23
	1100 ± 24
	1050 ± 29
	940 ± 21



	Netilmicin
	3.5 ± 0.1
	3.4 ± 0.1
	7.2 ± 0.2
	7.7 ± 0.2
	6.8 ± 0.2
	3.6 ± 0.1
	-
	-
	-



	Amoxicillin
	2 ± 0.1
	1.8 ± 0.1
	2 ± 0.1
	2 ± 0.1
	2.5 ± 0.1
	2 ± 0.1
	-
	-
	-



	5-Flucytosine
	-
	-
	-
	-
	-
	-
	1.2 ± 0.1
	9.4 ± 0.3
	9.5 ± 0.2



	Amphotericin B
	-
	-
	-
	-
	-
	-
	1 ± 0.1
	4.2 ± 0.2
	3.8 ± 0.1
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Table 3. Βiomass concentration (X, g/L), ethanol concentration (Eth, g/L), and remaining glucose quantity (Glcr, g/L) at two fermentation points; the point when the maximum concentration of biomass (24) and maximum concentration of ethanol (72) was achieved. The conversion yield of ethanol produced per glucose consumed (YEth/Glc, g/g) is also presented at the point in which maximum ethanol concentration was achieved.
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Essential Oil (mL/L)

	
Fermentation

Time (h)

	
Glcr (g/L)

	
X (g/L)

	
Eth (g/L)

	
YEth/Glc (g/g)






	
0

	
24

	
0.9 ± 0.02 a,*

	
4.2 ± 0.08 a

	
11.9 ± 0.35 a

	
0.47




	
72

	
0.3 ± 0.01 A

	
9.5 ± 0.30 A

	
3.1 ± 0.06 A

	




	
0.3

	
24

	
0.2 ± 0.01 b

	
3.6 ± 0.12 b

	
11.8 ± 0.33 a

	
0.46




	
72

	
0.0 ± 0.00 B

	
8.0 ± 0.27 B

	
2.6 ± 0.05 B

	




	
1.2

	
24

	
3.9 ± 0.15 c

	
1.7 ± 0.05 c

	
7.3 ± 0.19 b

	
0.33




	
72

	
0.1 ± 0.01 C

	
5.1 ± 0.13 C

	
1.0 ± 0.02 C

	








* Statistically significant differences (p < 0.05) are presented with different superscript letters (the small letters a–c denote differences for samples after 24 h, and the capital letters A–C for samples after 72 h).
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Table 4. Fatty acid composition (%, w/w) of cellular lipids produced by Saccharomyces cerevisiae in the absence and presence of EO.
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C16:0

	
Δ9C16:1

	
C18:0

	
Δ9C18:1

	
Δ9,Δ12C18:2






	
Control experiment (no EO added)




	
Exponential phase (8 h)

	
10.4 a,*

	
33.0 a

	
3.5 a

	
47.0 a

	
6.0 a




	
Mid-stationary (24 h)

	
13.2 b

	
30.5 b

	
4.4 b

	
45.0 b

	
6.4 a




	
Late stationary (72 h)

	
14.5 c

	
29.0 c

	
5.6 c

	
42.0 c

	
8.5 b




	
EO added (0.3 mL/L)




	
Exponential phase (8 h)

	
26.7 d

	
15.6 d

	
7.2 d

	
42.0 c

	
8.5 b




	
Mid-stationary (24 h)

	
25.4 e

	
18.0 e

	
7.0 d

	
40.7 d

	
8.0 b




	
Late stationary (72 h)

	
24.2 f

	
19.4 f

	
6.0 c

	
42.8 c

	
7.2 c




	
EO added (1.2 mL/L)




	
Exponential phase (8 h)

	
25.0 e

	
6.0 g

	
7.7 d

	
42.0 c

	
11.8 d




	
Mid-stationary (24 h)

	
25.5 e

	
6.5 g

	
7.5 d

	
41.5 c

	
12.4 d




	
Late stationary (72 h)

	
27.2 g

	
8.3 h

	
6.0 c

	
39.4 e

	
13.2 e








* Statistically significant differences (p < 0.05) are presented with different superscript letters.
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