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Effect of Citrus essential oil addition upon growth and cellular
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The chemical composition of the essential oil from fruits of the Greek citrus hybrid Citrus sinensis cv New
Hall — Citrus aurantium was investigated by GC and GC-MS. Forty-four compounds were identified,
representing 92.83% of the total oil. Limonene, myrcene, f-pinene, a-pinene and a-terpineol constituted
the major components of the oil. The effect of the addition of this oil upon the behavior of Yarrowia lipo-
lytica yeast was also investigated. The microorganism was aerobically grown on glucose and oil was added
to the culture medium in various initial quantities (from 0.0 to 1.5 mL/L)). The strain underwent signifi-
cant inhibition exerted by the added essential oil; a decrease of the highest achieved biomass concentration,
even if the oil was added to the culture medium at small concentrations (e.g. 0.3 mL/L), was observed. The
more oil was added, the more the lag phase of the growth increased, while the biomass yield on glucose
consumed decreased with the addition of the oil. When the essential oil was added to the medium, even at
small concentrations, a significant increase of cellular medium-chain saturated fatty acids (12:0 and 14:0)

resulting in an increase of saturated fatty acid content in the cellular lipids, was observed.
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1 Introduction

Aromatherapy is the therapeutic use of volatile, aromatic
essential oils extracted from plants. Aromatic forms of medi-
cine have been used throughout history for spiritual, medic-
inal, social and beauty purposes. Aromatic substances were
used in the ancient Egypt in the preservation of the body after-
life, in the medicine and the spiritual rituals. In more recent
history, herbal and aromatic substances have been used in the
Middle Ages against airborne infections, such as the plague
[1]. The antiviral and antimicrobial activities of several essen-
tial oils have been described in the literature [2, 3]. Besides
their antimicrobial activity, several essential oils more recently
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have been qualified as natural antioxidants and proposed as
potential substitutes in specific sectors of food preservation
where their use is not in contrast with their aroma. Natural
antioxidants are extensively studied also for their capacity to
protect organisms and cells from damage induced by oxidative
stress, the latter being considered a cause of ageing, degen-
erative diseases and cancer. Essential oils are known to possess
potential as natural agents for food preservation; in fact, their
effectiveness against a wide range of bacteria including anti-
biotic-resistant species and fungal species has been repeatedly
demonstrated [2, 3].

In recent investigations, the potential of strains belonging
to the species Yarrowia lipolytica for the production of various
microbial metabolites of high added value (e.g. microbial lipid,
aromatic compounds, microbial biomass, lipases, organic
acids, erc.) has been extensively studied, with investigations
being focused on the levels of biochemistry, fermentation
technology, process modeling and genetic engineering [4—17].
Specifically, the strain Yarrowia lipolytica ACA-DC 50109 has
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been efficiently cultivated on various agro-industrial residues
and produced significant quantities of high-added-value
metabolites (microbial lipids presenting composition simila-
rities with cocoa butter, citric acid, lipases, microbial biomass)
[18-22].

Essential oils of plants and spices in general are considered
as agents that display significant antimicrobial, antiparasitical
and antioxidant activities, thus presenting important and use-
ful properties for food technology and cosmetology. The
antimicrobial effect of such compounds has been studied by
various authors [23-25]. However, so far a scarce number of
reports have appeared in the literature that correlate the addi-
tion of various natural compounds (e.g. aqueous extracts,
essential oils, etc.) with the fatty acid composition of lipid
reserves of various microorganisms [22, 26-30]. The present
investigation aims at studying the chemical composition of the
essential oil deriving from the Citrus sinensis cv New Hall —
Citrus aurantium plant. Furthermore, the effect of the addition
of this oil, at various concentrations, on the biochemical be-
havior (biomass production, substrate uptake, potential
metabolites production, inhibition exerted by the essential oil,
composition in fatty acids of cellular lipids) of the strain Yar-
rowia hpolytica ACA-DC 50109 in submerged cultures was
investigated. Biochemical interpretations concerning the yeast
behavior were considered.

2 Materials and methods
2.1 Plant material

About 370 g of fresh plant material (pericarps) was collected
during morning hours from citrus trees of the Citrus sinensis
cv New Hall — Citrus aurantium hybrid (grown in the Poros
Horticulture Institute, Poros Island, Greece) in October 2003.
The identification of species was carried out according to the
protocol of the Institute.

2.2 Extraction of essential oil

The plant material was air-dried in the shade prior to distilla-
tion of essential oils. The pericarps were cut into small pieces
and subjected to hydrodistillation for 3 hin 1 L water, using a
Clevenger-type apparatus, with a water-cooled oil receiver to
reduce formation of artifacts due to overheating during
hydrodistillation. The essential oils were collected in high-pu-
rity n-penten and dried with anhydrous sodium sulfate (Pan-
reac Quimica SA, Barcelona, Spain) and stored at 4—6 °C until
use.

2.3 GC and GC-MS component analysis of the
essential oil

GC analysis was carried out on a Perkin-Elmer Clarus 500 gas
chromatograph, with a RTX-5 (30 m x 0.25 mm x 0.25 pm)
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fused capillary column and equipped with a flame ionization
detector. The GC-MS analysis of the essential oil and the
isolated fractions was carried out using a Hewlett-IPackard
5973-6890 GC-MS operating in EI mode (equipped with a
HP 5SMS 30 m x 0.25 mm x 0.25 pm film thickness capillary
column). Helium (2 ml./min) was used as carrier gas. The
injection temperature was set at 290 °C and the detector tem-
perature at 300 °C. Temperature program for GC and GC-
MS: the initial temperature of the column was 60 °C (for
5 min), then raised to 280 °C at 3 °C/min, and held there for
30 min. The components of the oils were identified by com-
parison of their mass spectra with those obtained from
authentic samples and/or the NIST/NBS and Wiley mass
spectral database. They have also been confirmed by com-
parison of their retention indices (RI) [31] and retention times
(RT), either with those of authentic compounds or with pub-
lished data [32].

2.4 Microorganism and culture conditions

The Yarrowia lipolytica strain ACA-DC 50109 [first registra-
tion as LGAM S(7)1] was used. Maintenance of the strain has
been presented previously [20, 21]. The composition of salts
in the growth medium was (in g/L.): KH,PO, 7.0, Na,HPO,
2.5, MgS0O, x 7TH,0 1.5, CaCl, x 6H,0 0.15, FeCl; x 6H,0
0.15, ZnSO, x 7H,0 0.02, MnSO, x H,O 0.06; (NH,),SO,
5.0; yeast extract 1.0. The initial pH after autoclaving in all
trials was 6.0 = 0.1. The carbon source used was commercial-
industrial glucose (provided by the “Hellenic Industry of
Sugar”), a low-added-value material utilized in various con-
fectionary industries [purity 95%, impurities composed of
maltose (2 wt-%), maltodextrines (0.5 wt-%), water (1.5 wt-
%) and salts (0.5 wt-%)]. The initial concentration of glucose
(Glcy) used was 25.0 g/L. and all cultures were carried out in
carbon-limited conditions (initial molar C/N ratio around 10).
Trials, carried out in batch mode, were performed in 250-mL.
conical flasks containing 50 = 1 mL. growth medium. All
components (including glucose and yeast extract) were added
to the flasks, and thermal sterilization (115 °C/20 min) was
performed. No glucose concentration decrease was observed
due to the thermal treatment. The pH of the medium after
sterilization was 6.0 £ 0.2 in all trials. Flasks were then
inoculated with 1 mL of a 24-h exponential pre-culture
(around 1x108-3x10% cells, initial cell concentration
0.12 £0.02 g/L). The pre-culture was carried out in the
above-mentioned synthetic medium, the same as for the
principal culture. All experiments were performed in an orbi-
tal incubator (Gallenkamp, Leicestershire, UK) at tempera-
ture 7= 28 °C and agitation rate 185 rpm. The pH in the
culture medium throughout culture was maintained within the
range of 5.0-6.0 by adding (periodically and aseptically) small
quantities (e.g. 500-600 pL.) of 5 M KOH to the flasks (for
more details see Papanikolaou et al. [22]).
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2.5 Determinations and analyses

Cells were harvested by centrifugation (Heraeus Sepatech
Suprafuge-22 apparatus) at 7000 x g/20 min, washed once
with distilled water and re-centrifuged under the same condi-
tions. Cell concentration (X, g/L.) was determined from dry
weight (90 = 5°C/24 h). The dissolved oxygen (DO) con-
centration in the growth medium was determined with the aid
of a selective electrode (0xi200 Sensodirect, Lovibond).
Before harvesting, the shaker was stopped and the probe was
placed in the flask. Then, the shaker was switched on and the
measurement was taken after DO equilibration (usually within
10 min). All trials were conducted under full aerobic condi-
tions [DO >40% (vol/vol)]. pH measurements were con-
ducted in a Jenway 3020 pH-meter. Furthermore, besides dry
weight, cell viability assays of the cultures were performed at
the end of the fermentations carried out. This process was
performed with the aid of total plate counting in PDA-based
petri plates. This viability was expressed as CFU per mL of
culture medium. Determination of the glucose concentration
(Glc) in the medium was conducted according to the DNS
method [33]. The concentration of organic acids in the culture
medium was determined with the aid of HPLC as previously
indicated [22]. Total microbial oil was extracted from the dry
biomass with a mixture of chloroform/methanol 2 : 1 (vol/vol)
and was determined gravimetrically. Lipids were converted to
methyl esters in a two-step reaction with methanolic sodium
and hydrochloric methanol and were analyzed by GLC as
previously described [20-22].

In order to ascertain the repeatability of the experimental
results related with yeast growth, all of the fermentations were
carried out in (at least) triplicate experiments, in which dif-
ferent inocula were employed. Moreover, each experimental
point of the kinetics presented in the tables and figures related
with the cultures of Y. Lipolytica is the mean value of three
determinations. In all cases, standard error was calculated and
it was found to be less than 15%.

3 Results
3.1 Chemical composition of essential oil

The hydrodistillation of the pericarps of Citrus sinensis cv
New Hall — Citrus aurantium gave a white-yellow oil in good
yield (0.54%, vol/wt), with distinct citrus odor. Forty-eight
different compounds were identified in the essential oil. The
composition, as obtained by GC-MS analysis, is illustrated in
Table 1. Limonene proved to be the major component
(67.96%) followed by myrcene, B-pinene, a-pinene, and o-
terpineol, sabinene, valencene, linalool, terpinen-4-ol, and
decanal were also present in high amounts (4.79, 4.01, 2.88,
2.13, 1.19, 0.91, 0.90, 0.79, and 0.60%, respectively). The
essential oil did not contain any small-, medium- or long-
chain fatty acids.
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Table 1. GC-MS analysis of essential oil from Citrus sinensis cv
New Hall - Citrus aurantium.

No. Compound [%]
1 a-Pinene 2.88
2 Sabinene 1.19
3 Myrcene 4.79
4 B-Pinene 4.01
5 Limonene 67.96
6 v-Terpinene 0.35
7 Octanol (n-) 0.47
8 Terpinolene 0.50
9 Linalool 0.90
11 Menthadien-1-ol (2,8-trans-para-) 0.34
12 Limonene oxide (cis-) 0.13
13 Limonene oxide (zrans-) 0.16
14 Citronellal 0.10
15 Terpinen-4-ol 0.79
16 a-Terpineol 2.13
17 Decanal 0.60
18 Carveol (trans-) 0.41
19 Citronellol 0.54
20 Neral 0.21
21 Carvone 0.19
22 Geraniol 0.26
23 Geranial 0.19
24 Perillaldehyde 0.26
25 Limonen-10-ol 0.15
29 Neryl acetate 0.12
30 a-Copaene 0.29
31 Geranyl acetate 0.10
32 B-Cubebene 0.28
33 Elemene (beta-) 0.15
34 Caryophyllene (zrans-beta-) 0.26
35 B-Copaene 0.19
36 a-Humulene 0.11
37 Germacrene D 0.28
38 Valencene 0.91
39 a-Farnesene 0.10
41 6-Cadinene 0.43
44 Caryophyllene oxide 0.10
Total 92.83

3.2 Effect of essential oil addition on growth of
Yarrowia lipolytica yeast

Y. lipolytica was cultivated in carbon-limited medium with
industrial glucose used as the sole substrate at an initial con-
centration (Glc,) of 25 g/L. and three initial concentrations of
essential oil (namely 0.3, 0.5 and 1.5 mL/L.) added to the cul-
ture medium, in order to investigate the effect of the addition
of the essential oil on the physiological behavior of the strain.
The culture without essential oil addition was used as the
control experiment. All trials were carried out under full
aerobic conditions (DO >40%, vol/vol, for all culture steps).
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In the kinetics carried out, the point at which maximum con-
centration of biomass (X, g/l.) and maximum yield of bio-
mass produced per glucose consumed (Yxg» g/g) was
achieved is illustrated in Table 2. It can be understood that,
given that kinetic studies were done, the X, value for the
four cultures carried out was not achieved at the same fer-
mentation time (see Table 2). Additionally, the kinetics of
biomass (X, g/I.) production and substrate (glucose — Glc)
consumption in all trials is shown in Fig. 1. From Table 2 and
Fig. 1, it can be deduced that, although biomass production
and sugar consumption were observed in all cultures carried
out, the addition of the essential oil, even at small concentra-
tions, negatively affected the growth of the employed strain;
the maximum biomass concentration achieved (X, was
significantly reduced. It is surprising that, although the addi-
tion of the essential oil even at small concentrations drastically
reduced the X, value, the carbon substrate (glucose) was
completely consumed by the microorganism. Therefore,
besides the X, value, the addition of essential oil to the cul-
ture medium substantially affected (reduced) the biomass
yield on glucose consumed (Yx ) (see Table 2).

Addition of the oil even in minimal quantities (e.g. 0.3 mL/
L) resulted in a considerable decrease (of around 35-40%) of
both X, and Yy values compared with the trial in which
no essential oil was added to the medium (see Table 2). Fur-
thermore, the addition of the oil in higher quantities (e.g. 0.5
and 1.5 mL/L) induced a slight further decrease of the X,
and Yyg. values, compared with the trial in which oil was
added in the quantity of 0.3 mL/L.. Likewise, the addition of

Table 2. Quantitative data of Yarrowia lipolytica originating from
kinetics in glucose-based carbon-limited media with various initial
Citrus sinensis cv New Hall — Citrus aurantium essential oil addi-
tions to the medium. Representation of maximum biomass con-
centration (Xax 9/L), remaining glucose quantity (Glc, g/L), and
maximum conversion yield of biomass produced per glucose con-
sumed (Yy/qie, 9/9)- The fermentation time is different between the
cultures, since maxiumum biomass concentration (X,,,) was not
achieved simultaneously for the trials carried out. Glc, values and
fermentation time are presented when the maximum concentration
of biomass were achieved. Culture conditions: growth in flasks at
185 rpm, initial pH = 6.0 = 0.1, pH ranging between 5.0 and 6.0,
DO >40% (vol/vol), incubation temperature T =28 °C. Three (at
least) lots of independent cultures were conducted by using differ-
ent inocula. In all of the determinations, the calculated standard
error was less that 15%.

Essential oil Fermentation Glc, Xinax Yx/Gie
[mIL/L] time [h] [g/L] [g/L] [g/g]
0.0° 72 0.0 14.5 0.58
0.3 120 0.0 7.3 0.29
0.5 65 0.1 6.2 0.25
1.5 114 0.0 6.0 0.24

§ Control experiment, no addition of essential oil.
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Figure 1. Changes of biomass (X, g/L) (a) and glucose (Glc, g/L) (b)
during growth of Yarrowia lipolytica in carbon-limited flask experi-
ments, with glucose used as the sole substrate and essential oil of
the Citrus sinensis cv New Hall — Citrus aurantium plant added at
various concentrations. Culture conditions: Glc, = 25 g/L; pH rang-
ing from 5.0 to 6.0; incubation temperature T =28 °C; DO >40%
(vol/vol) for all growth phases. Three lots (at least) of independent
cultures were conducted by using different inocula. In all of the
determinations, the calculated standard error was less than 15%.

the highest quantity of essential oil tested (1.5 mL/L) resulted
in a prolonged lag phase (of around 20 h) compared with all
other trials (see Fig. 1a). Despite the fact that the addition of
the essential oil in various quantities decreased the X ., con-
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centration, the maximum specific growth rate (U, esti-
mated in the early exponential growth phase, was almost
unaffected by the presence of the oil in the culture medium
(see slopes of biomass curves in Fig. 1a; p, = 0.22 *= 0.02 h!
for all trials). It is also noted that biomass production reached
its plateau values at the same time, regardless of the addition of
essential oil to the medium (around 70 % 10 h after inocula-
tion). Furthermore, the addition of essential oil influenced the
viability of the cells. Cell viability was measured in the late sta-
tionary phase (114 h after inoculation) for all trials; in the
control experiment, around 7.9 x 1028 CFU/mL of culture me-
dium were observed. Addition of essential oil at 0.3 mL/L
resulted in a drastic decrease of the above value (around
4.1 x 108 CFU). When essential oil was added at 0.5 mL/L,
around 3.8 x 108 CFU/mL of culture medium was measured;
almost equal cell concentration (3.7 x 108 CFU/mL) was
observed when 1.5 mL/L of essential oil was added.

As previously stated, in all fermentations, sugar was com-
pletely exhausted from the fermentation medium at the end of
fermentation (see Fig. 1b), while surprisingly the substrate
consumption rate rg,, expressed as rge = —AGlc/At and
estimated during the exponential growth phase, was somehow
lower in the control fermentation compared with the cultures
in which essential oil was added at 0.3 and 0.5 mL/L (around
0.35 g/L..h in the trials with the oil added against 0.30 g/L..h in
the control experiment). It is noted that in the trial in which
essential oil was added at the highest concentration (1.5 mL/
L), rg. presented a value almost equivalent to the one
obtained in the control experiment (0.29 against 0.30 g/L..h).
Therefore, it can be assumed that the addition of the essential
oil did not negatively affect the sugar uptake rate by the
microorganism tested. Finally, in all experiments and regard-
less of the quantity of the essential oil added to the medium,
the pH presented a drop, specifically in the early and late-
exponential growth phase (up to 70 = 10 h after inoculation).
Acetic acid was the principal organic acid produced in all trials
(in concentrations of 3.0 £ 0.5 g/LL). No quantities at all of
citric acids (citric + iso-citric acid) were detected. In the sta-
tionary growth phase, the acetic acid concentration slightly
declined. The fact that addition of the essential oil (even in
small quantities) significantly reduced the X ,, value while, in
contrast, glucose consumption and metabolite accumulation
in the medium were not influenced, as compared with the
control experiment, indicates that carbon recovery in the cul-
tures with added essential oil was drastically decreased in
comparison with the culture with no oil added. This fact sug-
gests that addition of oil induced increased energy of main-
tenance requirements in comparison with the control culture.

3.3 Cellular lipid analysis
The total cellular lipids of Y. lipolytica were extracted (in a
mixture of chloroform/methanol 2 : 1, vol/vol), converted to

their methyl esters and analyzed by GLC, in order to investi-
gate whether the addition of the essential oil influenced both
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the quantity and the composition of the cellular lipids of the
strain. As it was expected, the culture conditions (low initial C/
N ratio) did not favor accumulation of significant quantities of
lipid inside the cell structures [28], while, as it has been pre-
viously reported, the current microbial strain even under
conditions favoring the accumulation of storage lipid from
sugar-based substrates (flask experiments in high initial C/N
ratio media) does not accumulate remarkable fat quantities
[20, 22]. In the present investigation, the total microbial lipid
produced corresponded to a quantity of 3.8-7.9 wt-% in dry
cell mass for all culture phases and all trials carried out.
Addition of the essential oil induced significant differences
concerning the composition of total cellular lipid (Table 3).
The obtained results concerning the fatty acid composition of
Y. lipolytica lipid showed that in the control experiment small
differences in the fatty acid profile were observed throughout
culture; the principal cellular fatty acids observed were mainly
oleic (A9-18:1), linoleic (A9,12-18:2) and palmitic acid
(16:0). Stearic acid (18:0) and medium-chain fatty acids (e.g.
laurate 12:0 and myristate 14:0) were observed in minimal
quantities. In the control experiment, a slight decrease of
A9-18:1, A9,12-18:2 and 18:0 and a small increase of 12:0
and 14:0 concentrations as function of the fermentation time
were observed. Regardless of the concentration of the essential
oil added to the culture medium, the principal cellular fatty
acids, as in the case of the control experiment, remained the
A9-18:1, A9,12-18:2 and 16:0 fatty acids. However, com-
pared with the control experiment at the early growth step
(exponential phase), the concentration of 18:0 was somehow
higher, but it considerably decreased afterwards. Additionally,
relatively high concentrations of medium-chain fatty acids
(12:0 and 14:0) were detected in the cellular lipids of the strain
that was cultivated in the presence of the essential oil, while the
more the concentration of the added essential oil increased,
the more the concentration (wt-%) of cellular 12:0 and 14:0
fatty acids was elevated (see Table 3). Likewise, the con-
centration of the cellular A9-18:1 fatty acid was inversely
correlated with the addition of essential oil to the culture me-
dium, while a noteworthy result of the trials carried out was
that the content of saturated cellular fatty acids presented the
tendency to increase with the addition of essential oil to the
growth medium. This observation was obvious principally for
the trial with added essential oil at 1.5 mIL/L; in the latter case
the concentration of cellular saturated fatty acids was 41—
43 wt-% of total microbial lipid, while in the control experi-
ment the respective value was 24-25 wt-% (see Table 3).

4 Discussion

Essential oils are vegetable products that are constituted basi-
cally by complex mixtures of terpenic hydrocarbons and oxy-
genated derivatives such as aldehydes, alcohols and esters
[34]. Citrus oil generally contains over 90% of monoterpenes,
about 5% of oxygenated compounds and less than 1% of non-
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Table 3. Fatty acid composition (wt-%) of cellular lipids produced by Yarrowia lipolytica when this microorganism was grown on glucose-
based media with essential oil of the Citrus sinensis cv New Hall — Citrus aurantium plant, added at various concentrations. Culture con-
ditions: Glcy = 25 g/L; pH ranging from 5.0 to 6.0; incubation temperature T = 28 °C; DO >40% (vol/vol) for all growth phases. Three (at
least) lots of independent cultures were conducted by using different inocula. In all of the determinations, the calculated standard error

was less that 15%.

Lipid [wt-%]  12:0 14:0 16:0 18:0 A9-18:1  A9,12-18:2 SFA!
Control experiment (no essential oil added)
Exponential phase (20-30 h) 7.9 0.3 0.2 19.0 4.2 51.5 19.9 23.7
Mid stationary phase (60-70 h) 5.6 0.5 1.5 18.0 3.2 49.7 19.5 23.2
Late stationary phase (100-120 h) 4.9 1.5 2.0 17.8 3.5 47.0 19.2 24.8
Essential oil added at 0.3 mL/LL
Exponential phase (20-30 h) 5.6 1.5 2.7 15.8 10.5 49.2 15.5 30.5
Mid stationary phase (60-70 h) 4.5 7.0 7.3 16.8 4.0 41.0 14.9 35.1
Late stationary phase (100-120 h) 3.2 6.0 7.5 17.3 3.2 42.1 14.5 34.0
Essential oil added at 0.5 mL/LL
Exponential phase (20-30 h) 4.5 4.3 2.5 12.0 8.3 47.0 21.5 27.1
Mid stationary phase (60-70 h) 4.6 4.0 4.0 19.5 7.0 45.1 18.0 34.5
Late stationary phase (100-120 h) 4.0 5.7 7.5 16.2 29 45.2 16.8 32.3
Essential oil added at 1.5 mL/LL
Exponential phase (20-30 h) 4.6 12.5 2.9 18.9 7.2 39.9 14.9 41.5
Mid stationary phase (60—70 h) 4.2 9.0 10.3 20.1 2.0 39.4 16.0 41.4
Late stationary phase (100-120 h) 3.8 12.2 9.9 19.0 2.0 36.1 15.0 43.1

SSFA, Saturated fatty acids.

volatiles such as waxes and pigments. LLimonene is a principal
compound (about 70%) of monoterpenes. This compound
does not contribute much to the flavor or fragrance of the oil
but acts as a good solvent for polystyrol in the chemical recy-
cling process [35, 36]. Limonene can also be used in ther-
apeutic trans-dermal delivery systems as a penetration
enhancer and is found in chemicals used for histologic and
cytologic specimen preparation [2, 3, 34].

The characteristic flavor of citrus oil is provided by the
oxygenated terpenes that mainly consist of alcohols, aldehydes
and esters such as linalool, citral (neral and geranial) and
linalyl acetate. The results are difficult to be compared with
those of other researchers because, as indicated by Ojeda de
Rodriguez et al. [34], the differences in composition of the
diverse citrus essential oils are rather of quantitative than
qualitative order. However, some of them have certain dis-
tinctive compounds. In fact, the multiple components of the
oils from each species depend on its own genetic program,
though the composition can be influenced by several environ-
mental and physiological factors (maturity, climatic season,
soil type, storage conditions and extraction method) [34].

Y. lipolytica presented efficient cell growth when cultures
were carried out in carbon-limited glucose-based medium
(Xmax = 14.5g/L, Ppee = 0.22h7', biomass yield Yygie =
0.58 g/g). The relatively rapid uptake of the sugar substrate
and the increased conversion yield of biomass produced per
sugar consumed (Yx,g. = 0.58 g/g) suggest the potential of
utilization of the present Y. lipolytica strain for single-cell pro-
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tein production during growth in various glucose-based resi-
dues. Furthermore, in all trials, in spite of the fact that cultures
were carried out in carbon-limited conditions (low initial C/N
ratio), a drop in the medium pH value was observed, indicat-
ing accumulation of some quantities of organic acids in the
medium The principal organic acid produced was acetate (in
quantities of 3.0 = 0.5 g/L.), while surprisingly citric acid was
not at all detected in the culture medium. Acetic acid in small
concentrations was produced by Y. hpolytica strains when
cultures were carried out in ethanol utilized as substrate [10],
while in general Y. lipolytica strains are considered as promis-
ing producers of citric acid [4, 5, 10-12, 15-17] and to a lesser
extent pyruvic acid [13] and iso-citric acid [12], when growth
is effectuated in nitrogen-limited conditions and various fer-
mentation configurations. The microorganism used in the
current investigation (strain ACA-DC 50109) has been
extensively and successfully used in previous investigations for
the valorization of various hydrophobic or hydrophilic resi-
dues used as substrates in submerged fermentations (e.g. tal-
low derivatives, raw glycerol, olive mill wastewaters, etc.) and
various metabolites of industrial significance have been pro-
duced in noticeable quantities (e.g. microbial lipid resembling
cocoa butter, lipases, citric acid, ezc.) [18-22].

Addition of the essential oil deriving from Citrus sinensis cv
New Hall — Citrus aurantium fruits to the flask cultures of
Y. lipolytica yeast induced a non-negligible decrease of the
Xiax and Yy values (reduction of around 45-50% com-
pared with the medium in which no addition of essential oil
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was carried out), even if the quantity of oil added to the me-
dium was small (e.g. 0.3 mL/L). When the concentration of
essential oil added increased, a slight further decrease of the
Xiax and Yyxg. values was observed. Surprisingly, the pax
and 7. values were not affected by the addition of the oil. It
may hence be assumed that the essential oil added presented a
non-negligible inhibitory effect upon the production of bio-
mass by the present Y. lipolytica strain. Given that the addition
of the essential oil did not affect the uptake rate of the carbon
substrate, the concentration of which at the end of fermenta-
tion presented negligible values, it may be suggested that this
addition shifted the microbial metabolism, since significant
carbon quantities were presumably absorbed for energy of
maintenance requirements rather than anabolic activities (e.g.
production of biomass). The reduced values of X and Yy,g. in
the cultures with the added essential oil provide strong evi-
dence for the above assumption.

The antimicrobial effect of essential oils, spices and similar
types of compounds has been studied by several authors in the
previous years [23-25]. Specifically, this effect upon growth of
(principally) food spoilage yeasts has been quantified in solid
or liquid media or even in various foodstuffs [37-41]. For
instance, essential oils of allspice, cinnamon, clove, garlic,
onion, oregano, savory and thyme were revealed to be ex-
tremely inhibitory against yeasts of the genera Candida, Han-
senula and Lodderomyces [37]. Specifically, garlic oil was a
potent inhibitor of yeast growth at concentrations found in the
magnitude of 25 ppm (concentrations significantly higher than
the ones of the present investigation). Furthermore, addition of
oils of onion, oregano and thyme at the above levels (around
25 ppm) were equally strongly inhibitory [37]. Essential oil
addition also induced morphological changes in the tested
yeasts, since their addition delayed pseudomycelium formation
by Hansenula anomala, whereas some of the oils tested stimu-
lated pseudomycelium production by Lodderomyces elongis-
porus. Cinnamon and clove oils were clearly stimulatory for
pseudomycelium production by Saccharomyces cerevisiae. In
contrast, the essential oils had no effect on pseudomycelium
production by Candida (Yarrowia) Lpolytica [37]. Likewise,
addition of the essential oil of Origanum vulgare L. at con-
centrations of 5-20 mL/L. (concentrations somewhat higher
than in the current investigation) inhibited growth of the yeasts
Candida krusei, Candida tropicalis, Candida albicans, Rhodo-
torula rubra and Saccharomyces cerevisiae, with growth inhibi-
tion critically influenced by the amount of the essential oil
added [40]. Moreover, the combined effects of a mild heat
treatment and the presence of aroma compounds [e.g. citron
essential oil, citral, and (E)-2-hexenal] on the spoilage of non-
carbonated beverages inoculated with different amounts of a
Saccharomyces cerevisiae strain was evaluated [41]. It was found
that essential oil concentrations within 100-500 ppm of the
above-mentioned compounds accompanied by a small thermal
treatment were revealed capable of preventing yeast growth,
even if the bottles were inoculated with high yeast populations
(around 10° CFU per bottle) [41]. Additionally, the combined
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preservative effect of oregano essential oil and modified atmo-
spheres was studied in minced meat, and when essential oil was
added in somewhat higher quantities compared to the present
investigation (e.g. from 0.05 to 1% vol/wt), the microbial pop-
ulation (including yeasts) was drastically decreased [39]. From
all the above stated, it can be easily assumed that there is a
remarkable inhibitory effect of Citrus sinensis cv New Hall —
Citrus aurantium essential oil against Y. lipolytica yeast (a spe-
cies that is frequently met in various foodstuffs), even if this oil
is added in small amounts to the growth medium. Therefore,
this essential oil can be considered as a promising agent for the
preservation of various edible products, and its addition in
minimal quantities can potentially satisfactorily prevent
microbial alteration.

The effect of the addition of different types of plant prod-
ucts (e.g. aqueous extracts, essential oils, etc.) on growth of
various microorganisms of biotechnological significance has
attracted and attracts much interest, since addition of these
types of products can enhance, alter or modify the production
of various metabolites [28-30, 42]. For instance, addition to
the growth medium of aqueous extracts of plants belonging to
the Lamiaceae family (Sideritis montana, Origanum dictamus,
Mentha piperita, Rosmarinus officinalis and Origanum marjor-
ana) considerably increased the lag time of the strain used in
the present investigation (ACA-DC 50109) in flask glucose-
based media [30]. Addition of all aqueous extracts signifi-
cantly increased the yield Yx;g. (from 25 to 75%) when
growth was carried out in nitrogen-limited conditions, while a
slight decrease (from 10 to 19%) was observed in carbon-
limited media [30]. Furthermore, it was found that addition of
an aqueous extract of the Zeucrium polium L. plant slightly in-
hibited microbial growth of Y. lipolytica and Saccharomyces
cerevisiae strains cultivated in flask glucose-based carbon-lim-
ited experiments, while a Monod-type model quantitatively
describing the inhibitory effect of the aqueous extract upon
microbial growth (in terms of ., and K;) was developed
[28]. Also addition of the same aqueous extract in nitrogen-
limited glucose-based chemostats significantly enhanced
accumulation of storage lipid and assimilation of sugar in the
currently studied Y. lipolytica strain [29].

The addition of the essential oil of C. sinensis cv New Hall
— C. aurantium to the culture medium of Y. lipolytica induced a
change in the composition of total cellular fatty acids; an
increment of the essential oil concentration significantly
increased the cellular concentration of the fatty acids 12:0 and
14:0, decreasing simultaneously the concentration of
A9-18:1. The total cellular saturated fatty acid concentration
(12:0, 14:0, 16:0, 18:0) noticeably increased with the essential
oil amount increase in the culture medium. The literature
suggests that significant modification of the fatty acid com-
position in the cellular lipids of various microorganisms
(principally, studies have been elaborated with the current
Y. lipolytica strain) can be achieved during growth of the
studied strains on media containing fatty acids, since fatty
acids can be incorporated inside the cell structures with dif-

www.ejlst.com



8 S. Papanikolaou et al.

ferent assimilation rates [18-21]. Therefore, the fatty acid
composition of microbial lipid can be remarkably modified,
with this modification being related to the composition of fatty
acids found in the culture medium [18, 19]. However, the
current investigation, in which addition of the essential oil
induced significant modifications in the cellular fatty acids of
Y. lipolytica, was not due to the above phenomenon; as it was
previously stated (see Section 3.1), the essential oil was com-
pletely devoid of fatty acids. On the contrary, it seems that the
presence of the essential oil induced noticeable biochemical
changes in the levels of the intracellular biosynthesis of
microbial fatty acids. Precisely, it appears that the addition of
Citrus essential oil to the medium provokes an inhibition of the
level of (principally) cellular acyl-SCoA elongases and (to a
lesser extent) cellular desaturases (mainly A9 desaturase). It is
known that the synthesis of cellular lipids (in both oleaginous
and non-oleaginous microbial strains) is carried out by con-
densation reactions of acetyl-SCoA molecules, by virtue of
inversion of the B-oxydation process, reactions catalyzed by
acyl-SCoA elongases [42]. In the current investigation, it
appears that the addition of the essential oil, even at small
concentrations, induced an inhibition of the level of acyl-
SCoA clongases catalyzing the elongation reactions of 12:0 —
14:0 and 14:0 — 16:0 fatty acids, thus resulting in increased
concentrations of the fatty acids 12:0 and 14:0 in the cellular
lipids. Slight inhibition of the A9 desaturase activity (catalyz-
ing the reaction 18:0 — A9-18:1) also seemed to occur, since
at the early fermentation steps somewhat increased cellular
18:0 fatty acid concentrations were observed (see Table 3).
The above facts (principally inhibition of fatty acyl elongation
reactions) could also explain the global inhibition exerted by
the essential oil on biomass production by Y. lipolytica. The
appearance of medium-chain fatty acids (12:0 and 14:0) in
the microbial lipids of Y. lipolytica at appreciable concentra-
tions when growth was carried out in the presence of essential
oil in the medium was also a noteworthy result, since the above
fatty acids can potentially present a slight toxic effect on var-
ious microbial strains. It is known that growth of various yeast
strains (including Y. lipolytica) in the presence of small- or
medium-chain fatty acids (e.g. acetic acid, butyric acid, oleic
acid, etc.) in the growth environment can be somehow
restricted, since the aforementioned compounds present some
inhibiting effect towards yeasts [43]. In general, the more the
length of the fatty acid chain increases, the more the toxic
effect decreases [43], but in some cases inhibitory effects can
be observed even by C;g fatty acids (e.g. discrimination of
Apiotrichin curvatum strains against stearic acid (18:0); see
Lee et al. [44]).

As a general remark, it must be stressed that yeast lipid
(e.g. genera Candida, Rhodosporidium, Yarrowia, etc.), when
growth is carried out on sugars or similarly metabolized com-
pounds, is principally composed of oligo- and poly-
unsaturated fatty acids [20, 26—-29, 45—-48] while, in accord-
ance with the results of the present investigation, addition of
various natural oils (e.g. cyclopropenic fatty acids) to the cul-
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ture medium induced an increase of the cellular saturated fatty
acid concentration in various (principally oleaginous) yeasts
[26, 42]. This is of significant interest given that, with the
above strategy, oleaginous yeasts were revealed capable of
producing microbial equivalents of cocoa butter [26, 42]. It is
known that cocoa butter is mainly composed of 16:0, 18:0 and
A9-18:1 fatty acids, with saturated fatty acids being on the
level of 60—70 wt-% of total lipids [19, 42]. Sterculic and mal-
vanic acid, which are cyclopropenic fatty acids found in the
seed oil of different plants of the families Malvaceae and
Sterculicaceae (e.g. sterculia oil), have been added to the
growth medium of oleaginous yeasts, since it is known that
these plant compounds reduce the activity of cellular A9
desaturases [26, 42]. Numerous yeast strains had been tested
(e.g. Candida sp. 107, Trichosporon cutaneum, Rhodosporidium
toruloides, etc.) under conditions that favor lipid biosynthesis
(growth on glucose-based nitrogen-limited media), and al-
though relatively significant quantities of inhibitor were added
to the medium (up to 2 mL/L of sterculia oil), cell growth was
not altered (compared with trials in the absence of inhibitors)
while significant modification of the reserve lipids was
observed; decreased amounts of cellular A9-18:1 fatty acid
were detected (around 10-20 wt-% of total lipids), whilst a
significant rise of the 18:0 fatty acid amount was observed
(around 33-45 wt-% of cellular lipid) [26]. From all the above
analyses, it may hence be assumed that it may be of interest to
investigate the effect of the addition of the essential oil deriving
from C. sinensis cv New Hall — C. aurantium on the growth of
yeasts that can accumulate huge quantities of fat during
growth on glucose-based substrates (e.g. in the case of Rho-
dosporidium toruloides or Lipomyces starkeyt strains [45-48]) in
order to potentially alter their metabolism and produce cocoa
butter substitutes. For instance, a newly isolated R. toruloides
strain has been efficiently cultivated in batch [45] and fed-
batch [46] fermentation systems and has produced signifi-
cantly high amounts of microbial lipids (concentrations of
around 73 g/L; see Li et al. [46]), and various L. starkey:
strains can efficiently convert wastes or renewable resources
(e.g. sewage sludge, xylose, efc.) into microbial oil [47, 48],
while in contrast with the utilization of various cyclopropenic
fatty acids, essential oils present therapeutic and anti-cancer
effects [1-3]; therefore they can be used in the fermentation
medium with no caution or danger.

In contrast to the results obtained in the current study,
addition of Teucrium polium L.. aqueous extract to the culture
medium in carbon-limited cultures led by S. cerevisiae and
Y. lipolytica significantly increased the unsaturation index of
lipid produced by both microorganisms [28]. Likewise, in
carbon-limited cultures of Y. lipolytica, the addition of aque-
ous extracts of plants belonging to the Lamiaceae family
increased both the oleic and linoleic acid concentration in the
cellular microbial lipid, while in nitrogen-limited media the
above plant extracts had an adverse effect upon these fatty
acids [30]. Furthermore, cultivation of the present Y. lipolytica
strain (ACA-DC 50109) in olive mill wastewater-based media
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containing significant quantities of phenol compounds
(around 2.1 g/L) resulted in almost negligible inhibition exer-
ted by the inhibitor (phenol compounds) added to the growth
medium, while a significant rise in the concentration of cel-
lular unsaturated fatty acids (principally the A9-18:1 and
A9-16:1 fatty acids) compared with the blank experiment (no
addition of olive mill wastewater in the medium) was observed
[22].

As a conclusion, limonene was proved to be the main
constituent of the essential oil derived from the fruits of
C. sinensis cv New Hall — C. aurantium. The effect of the
addition of this essential oil on the biochemical behavior of
Y. lipolytica ACA-DC 50109 was investigated. The micro-
organism underwent inhibition exerted by the essential oil
added to the medium. Finally it was found that, when the
essential oil was added to the medium, an increase of the cel-
lular saturated fatty acids in both microorganisms was
observed.
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