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Abstract

Aims: To investigate antifungal effect of thyme oil on Geotrichum citri-aurantii
arthroconidia germination and germ tube elongation, to reveal effects of thyme
oil on morphological structures on fungal hyphae and arthroconidia and to
assess potential bio-control capacities of thyme oil against disease suppression
in vivo conditions.

Methods and Results: Thyme oil controlled the growth of G. citri-aurantii
effectively. Arthroconidia germination and germ tube elongation in potato
dextrose broth was greatly inhibited by thyme oil. At 600 ul 17", it inhibited
the germination of about 94% of the arthroconidia and the germ tube length
was only 432 + 0-28 um. Observations using light microscope, scanning elec-
tron microscope and transmission electron microscope revealed ultrastructural
modifications caused by thyme oil that included markedly shrivelled and
crinkled hyphae and arthroconidia, plasma membrane disruption and mito-
chondrial disorganization. Thyme oil applied to ‘Satsuma’ mandarin oranges
that had been artificially wounded and inoculated with G. citri-aurantii reduced
sour rot from 78:1% among untreated control fruit to 14-1% after 5 days at
26°C. Thyme oil applied to intact fruits reduced the decay from 76% among
untreated control fruit to 35% after 30 days at 20°C. Thyme oil treatment did
not harm ‘Satsuma’ mandarin oranges when they were examined after
treatment and storage at 20°C for 30 days.
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Conclusions: Thyme oil may provide an alternative means of controlling
postharvest sour rot on citrus fruit.

Significance and Impact of the Study: The use of such essential oil may consti-
tute an important alternative to synthetic fungicides. They can be exploited in
commercial production and applied under storage and greenhouse conditions.

Introduction

Worldwide citrus sour rot caused by Geotrichum citri-
aurantii has been reported as an important postharvest
disease of citrus fruit (Butler et al. 1965; Hershenhorn
et al. 1992; Dewa et al. 1997). Although less common
than blue mould and green mould, it can cause signifi-
cant losses during periods of high rainfall. Sour rot is not
controlled with the currently registered fungicides imazalil
and thiabendazole, and was partially controlled with

sodium o-phenylphenate. However, use of sodium

o-phenylphenate was limited due to risk of fruit injury
(Droby et al. 1998). Sour rot could be partially prevented
by sanitation control and low-temperature storage. But,
chilling injury and temperature fluctuation during trans-
port and marketing were still major bottlenecks.

Essential oils are natural products of vegetal origin,
which can be used as natural additives in many foods due
to their antibacterial, antifungal, antioxidant and anti-
carcinogenic properties (Conner and Beuchat 1984;
Teissedre and Waterhouse 2000; Smith-Palmer et al.
2001; Ultee et al. 2002; Fisher et al. 2007; Omidbeygi
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et al. 2007). Essential oils played an important role in
plant defence mechanism against phytopathogenic micro-
organisms (Palhano et al. 2004; Tzortzakis 2007). Nychas
(1995) reported antimicrobial activity of essential oils
from oregano, thyme, sage, rosemary, clove, coriander,
garlic and onion against bacteria and moulds.

Numerous studies have been carried out on antimicro-
bial efficacy of plant essential oils against pathogens in
fruits, i.e. treatment of oranges with essential oils of
Mentha arvensis, Ocimum and Zingiber officinale had been
found to control blue mould, thereby enhancing shelf life
(Tripathi and Dubey 2004). The objectives of this study
were (i) to investigate antifungal effect of thyme oil on
arthroconidia germination and germ tube elongation, (ii)
to reveal effects of thyme oil on morphological structures
on fungal hyphae and arthroconidia and (iii) to assess
potential bio-control capacities of thyme oil against
disease suppression in vivo conditions.

Materials and methods

Essential oil

Pure-grade thyme oil was purchased from International
Flavors and Fragrances Inc., Shanghai, China, and stored
at 4°C.

Fungi and culture

Geotrichum  citri-aurantii was isolated from decayed
Satsuma mandarin citrus fruit. The fungus was main-
tained on potato dextrose agar plates (PDA: extract of
boiled potatoes, 200 ml; dextrose, 20 g and distilled
water, 800 ml) at 4°C. Arthroconidium suspension was
obtained by flooding 7- to 14-day-old PDA cultures of
pathogen with sterile distilled water. An arthroconidium
suspension was determined by a haemocytometer and
adjusted to 1 x 10° arthroconidia per millilitre.

Antifungal activity of thyme oil in vitro

Arthroconidium germination assay

The effect of thyme oil on arthroconidium germination
and germ tube elongation was tested in potato dextrose
broth (PDB). Thyme oil was added to a 10 ml glass tube
containing 5 ml PDB to final concentration 0, 200, 400
and 600 ul 17!, At the same time, aliquot (100 ul) of
arthroconidium suspension (1 x 10 arthroconidia per
millilitre) of G. citri-aurantii was added to each tube.
After 8 h of incubation at 26°C on a rotary shaker
(200 rev min™"), the samples were examined with a BH-2
light microscope (Olympus, Japan). Then, 2 h later, at
least 200 arthroconidia per replicate were observed
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microscopically to determine germination rate and germ
tube length.

Scanning electron microscopy

A mycelia disk (2 mm diameter) was taken from the
periphery of the colony grown on the cellophane disk
placed on the PDA media with thyme oil of 0, 200, 400,
or 600 ul 17" after 5 days” incubation. Samples were fixed
in 2:5% glutaraldehyde for 24 h at room temperature.
They were washed for 15 min by 0-1 mol 1! phosphate
buffer for three times, followed another 1 h of fixation in
1% OsOy solution. The specimens were then dehydrated
in a graded ethanol series (30%, 50%, 70%, 10 min for
each alcohol dilution and 30 min in 100% ethanol). Then
the samples were coated with gold platinum using an ion
coater (Eiko IB-5, Hitachi, Japan). The samples were
observed using a Phillips XL 30 microscope at 20 KV
(Phillips, Holland).

Transmission electron microscopy

Small pieces of mycelium (2 mm diameter) grown for
5 days on the cellophane disk placed on the PDA media
with thyme oil of 0, 200, 400 and 600 ul 17" were fixed
with 2:5% glutaraldehyde for 30 min at room tempera-
ture. They were washed for 15 min by 0-1 mol I"! phos-
phate buffer for three times, followed another 1 h of
fixation in 1% OsO, solution, The specimens were then
dehydrated in a graded ethanol series (50%, 70%, 90%,
95% 15 min for each alcohol dilution and 20 min in
100% ethanol). They were passed through three changes
of acetone ethanol (1:1 and 1:3) for 1 h each and
embedded in epoxy media. Blocks were sectioned with
diamond knife into ultrathin sections of about 70 nm.
The ultrathin sections were contrasted with uranyl acetate
followed by lead citrate each for 30 min and examined on
a Jeol 1230 Ex TEM.

Effects of thyme oil on sour rot development in
artificially inoculated and wounded fruit

Citrus fruit cultivar ‘Satsuma mandarin’ was harvested at
commercial maturity from Chun’an of Zhejiang province.
Fruits were selected for freedom of infections and placed
in 1-51 plastic boxes. Fruits were dipped in 1% sodium
hypochlorite for 2 min, rinsed with tap water and
air-dried before wounding.

Citrus fruits were wounded with a sterile puncher to
make one uniform 2 mm deep by 5 mm wide wound on
their peels at the equatorial region. Aliquot of 30 ul of
400, 800, 1600 and 3200 ul 1" thyme oil and sterile dis-
tilled water (control) was pipetted into each wound.
Then, 20 ul of arthroconidium suspension of G. citri-
aurantii (1 x 10° arthroconidia per millilitre) was pipetted
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into it. Fruits were sealed in polyethylene-lined plastic
boxes to maintain high humidity (approx. 95%) and
incubated at 26°C (Wang et al. 2008). The number of the
infected fruit lesion and diameter of lesion were recorded
after 5 days’ incubation. Fruit with no infection was not
counted for lesion size measurements. Each treatment was
recorded three times with 20 fruits per replicate.

Effects of thyme oil on natural infection development in
intact citrus fruit

The concentration of thyme oil was prepared by dissolving
the requisite amounts (1600 ul) in 25 ml of 0-05% Tween-
20 and then mixed with 475 ml of sterilized water.
Similarly, control was prepared using only sterilized water.
Intact citrus fruits were treated by dipping them in the
suspension of thyme oil for 15 or 30 s, respectively at
room temperature and air dried. Similarly, intact citrus
fruits as controls were dipped in sterile distilled water for
15 or 30 s, respectively. Treated citrus fruits were stored at
20°C for 30 days. The percentage of infected fruits was
recorded regular interval till the end of storage. Each treat-
ment was replicated thrice with 20 fruits per replicate.

Statistical analyses

All data were analysed using sas software ver. 8.0. Mean
separations were performed by Duncan’s multiple range
tests. Differences at P < 0-05 were considered as signifi-
cant. The percentage of G. citri-aurantii hyphal growth
inhibition was assessed using two-factor anova and
means were separated using the LSD test, at P < 0-05.

Results

Inhibition of thyme oil to fungus growth in vitro

Inhibition of arthroconidium germination

Table 1 and Fig. 1a showed the effect of thyme oil on
arthroconidium germination and germ tube length. The
concentration of thyme oil strongly influenced the arthro-
conidium germination of G. citri-aurantii. The correla-
tions between arthroconidium germination and inhibition
concentration was 0-90, showing that the inhibition ratio
was proportional to concentration. The germ tubes were
too long to be determined in control after 10 h. Thyme
oil at 400 ul I"" inhibited the germination of about 70%
arthroconidia and the germ tube length was only
678 = 0-09 um.

Observations by scanning electron microscopy
The effect of thyme oil on the morphology of G. citri-
aurantii hypha and arthroconidia examined by SEM were
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Table 1 Effects of thyme oil on arthroconidia germination and germ
tube elongation of G. citri-aurantii

Thyme essential Germ tube

oil (ul )} Spore germination (%)* length (um)*
Control 100 at ND

200 100 at 866 £ 037 a
400 31:0+035b 6:8 + 0:09 b
600 64 + 053 ¢ 43 +028¢c

*Germination rate and germ tube length were measured after 10 h
incubation at 26 °C in PDB.

fValue was the mean of three replicates + SD. All the values were
means of three replicates + SD. Different letters meant significant
differences between different concentrations for each time point
(P < 0-05).

ND, not done.

shown in Fig. 1b. The growing noncontacted healthy
mycelium grown on PDA medium presented a normal
morphology with linear, regular, homogeneous cell wall
hypha. The growing apexes of the hypha were tapered
with a smooth surface. The arthroconidium was
columned and smooth. These normal morphological
structures varied in the presence of the essential oil in the
culture medium. The hypha was modified and evident
craters appeared on the cell wall. Arthroconidia were dis-
torted and had conspicuous depressions on their surface.
Greater damages were observed with concentration of
600 ul I™". It caused cell wall disruption  and,
consequently, cell death.

Transmission electron microscopy

The main change concerned the alteration of the hypha and
arthroconidium wall thickness. On control transversal
sections, the wall of hypha had a thickness of 1250 A, and on
control longitudinal section, the wall of arthroconidium
had a thickness of 2000 A. Moreover, the wall of them was
composed of a single, uniform layer, which was weakly
electron dense after the Thiery reaction (Fig. 2a,f).

The wall thickness in filaments and arthroconidia trea-
ted with thyme oil became bigger with increased concen-
tration of oil: filaments cell wall was 2500 A at 200 ul 17!
(Fig. 2b) and increased to 3750 A at 600 ul 17! (Fig. 2¢).
Whilst arthroconidia cell wall increased to 3200 A at
600 17! (Fig. 2g) from 2000 A in control (Fig. 2f). The
cell wall became very thick and strong electron density.
The general cells shape was also modified and lost its
regularity compared to the control.

At 200 ul 17" of thyme oil, the plasmalemma became
irregular
(membranous structure, often containing internal mem-

and festooned with numerous lomasomes

branes, located between the plasma membrane and cell
wall). At 600 ul 17", discrete cytoplasmic alterations were
also observed (Fig. 2¢,g). The cytoplasm appeared very
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Figure 1 Light and scanning electron micrographs of G. cirti-aurantii mycelium and arthroconidia with or without thyme oil. (a) Displayed light
micrographs of arthroconidia germination and germ tube length, cultured in PDB and measured after 8 h incubation in controlled environment
chambers maintained at 26°C. (b) Showed scanning electron micrographs hypha and arthroconidia of G. citriaurantii grown on PDA during 5 days

of incubation at 26°C.

dense, showing wide vacuoles, without uniform glycogen
granules and containing irregular and unknown bodies.

Efficacy of thyme oil for reducing sour rot development
in artificially inoculated citrus fruit

The results in Fig. 3 showed that when wounded citrus
were treated with thyme oil, the higher the concentration
of thyme oil, the lower the disease incidence exhibited.
Incidence of sour rot and lesion diameter on control
citrus was 78:1% and 168 mm, whereas the treatment
with 3200 ul 17! thyme oil suppressed sour rot incidence
and lesion diameter to 14:1% and 1-8 mm, respectively.

Efficacy of thyme oil for reducing natural decay
development in intact citrus fruit

Our experiments evaluated the effect of thyme oil on
reducing the development of natural decay. The result
presented in Fig. 4 indicated that the application of thyme
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oil resulted in low-average decay incidence in fruit 35%,
compared with 76% in the water-treated control fruit.

Discussion

The results of the present study indicated that thyme oil
inhibited the growth of G. citri-aurantii. Arras and Usai
(2001) reported that Thymus capitatus essential oil inhi-
bited the growth of the four fungi (Penicillium digita-
tum, Penicillium italicum, Botrytis cinerea and Alternaria
citri) at a concentration of 250 ppm (v/v). Yahyazadeh
et al. (2008) also showed thyme oil completely inhibited
P. digitatum growth when added into the medium
600 pl 17",

Fungal growth inhibition was associated with the
degeneration of fungal hypha after treatment with T. ca-
pitatus, Thymus vulgaris L., Lavandula R.C., and Mentha
piperita essential oils using SEM (Arras et al. 1995;
Zambonelli et al. 1996). Major thickening and disruption
of the cell wall, together with increased roughness and
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Figure 2 Transmission electron micrographs for the hypha (a—e) and arthroconidia (f-g) with or without thyme oil on agar plates. (a) Without
thyme oil (x20 K); (b) Treatment at 200 ul of oil/I (x20 K); (c) Treatment at 600 ul I™" oil (x20 K); (d)Tangential section through the control hypha
of G. citri-aurantii (x12 K); (e) Tangential section through the hypha treated with 600 ul of oil/I (x12 K). (f)lLongitudinal section through the

arthroconidia treated without thyme oil (x12 K); (g) Longitudinal section through the arthroconidia treated with 600 ul I=" oil (x12 K).

lack of cytoplasm have recently been reported in Listeria
monocytogenes on treatment with thyme essential oil.
Except that, cells of L. monocytogenes exposed to the
essential oil from Thymus x-porlock also exhibited
decreased size, closer together and budding scars in cell
wall (Rasooli et al. 2006). This was probably different
from fungi treated by essential oils. Large alterations in
hyphal morphology, abnormal branching of hypha in the
apical region and loss of linearity with the appearance of
barrel-like formations were observed in B. cinerea via
electron microscopy under the effect of 1-85 ug ml™" of
Tagetes patula L. essential oil (Romagnoli et al. 2005). In
our study, G. citri-aurantii treated with thyme oil showed
alteration in the morphology, which appeared collapsed
in mycelium and arthroconidia structure.

A marked alteration of hypha wall thickness was
observed in our study in the presence of thyme oil. The
wall became much thicker than control. This result
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differed entirely from others. For examples, De Billerbeck
et al. (2001) reported that the wall of Aspergillus niger
hypha was disappeared in some regions after treated with
Cymbopogon nardus essential oil. Similar results were also
found on A. flavus when treated with Cymbopogon citratus
(Helal et al. 2007). However, Maisnier-Patin and Richard
(1996) reported that exposure of Listeria innocua to nisin
concentrations of 500 and 4000 TU ml™" induced cell wall
thickening as well as irregularities. Krzestowska and
Wozny (1996) founded that 48 h-treatment 4 pumol ™!
PbCl, resulted in cell wall thickening at the tip of the
apical cell.

In recent years, more and more essential oils have been
studied and most of them have been reported to inhibit
postharvest fungi in vitro and in vivo conditions (Amezi-
ane et al. 2007; Helal et al. 2007; Nikos and Costas 2007;
Nurhayat ef al. 2007; Szczerbanik et al. 2007; Thierry
et al. 2008). Our results indicated thyme oil could reduce
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Figure 3 Inhibition of Geotrichum citri-aurantii on artificially inocu-
lated and wounded citrus fruits by thyme oil. Significant differences
(P < 0-05) between means were indicated by different letters above
histogram bars.

postharvest diseases on citrus fruit caused by G. citri-
aurantii. The disease incidence of artificially inoculated
citrus fruit reduced about 82% at 3200 pl 17" as com-
pared to control. However, the inhibition by thyme oil in
citrus was not as dramatic as that in plates. In general,
levels of essential oils and their compounds necessary to
inhibit microbial growth were higher in foods than in
culture media. This was due to interactions between
phenolic compounds and the food matrix (Nychas and
Tassou 2000). Because essential oils are made up of many
different volatile compounds, the residual levels would be
low after storage.

Thyme oil possessed antifungal activity inhibiting the
growth of G. citri-aurantii and leading to deleterious
cellular morphological modifications. Moreover, it did
not affect the flavour or the appearance of the citrus
fruits. Although this subject needs further study to fully
understand the mechanism of action of thyme oil, it can
be concluded that plant essential oils used in this study
can serve as possible alternative to synthetic fungicides.
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Figure 4 Effects of thyme oil on naturally infected development in
unwounded citrus fruits. Intact citrus fruits were dipped in the
3200 ul I”" suspension of thyme oil for 15 and 30's, respectively.
Similarly, intact citrus fruits as controls were dipped in the sterilized
water for 15 and 30s, respectively. Significant differences
(P < 0:05) between means were indicated by different letters above
histogram bars.
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