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Abstract The survival of Sacharomyces cerevisiae in

Trypticase Soy Broth and natural orange juice processed by

combined use of thermo-ultrasound and cinnamon leaf

essential oil has been evaluated and modelled. Minimal

inhibitory concentration of cinnamon leaf essential oil

against S. cerevisiae was determined using absorbance

measurements based on the microtiter plate assay. The

resistance of S. cerevisiae cells to the combined action of

thermal treatment with ultrasound was analyzed in Tryp-

ticase Soy Broth with different concentrations of cinnamon

leaf essential oil at 30, 40 and 50 �C. The best conditions of
inactivation in TSB to study the inactivation of S. cere-

visiae in natural orange juice. Experimental data were fitted

by using the ‘‘shoulder ? log-linear’’ and ‘‘Weibull’’

models (GInaFiT). The combined use of thermo-ultrasound

and cinnamon leaf essential oil enhanced the inactivation

of S. cerevisiae in TSB and natural orange juice.

Keywords Sacharomyces cerevisiae � Orange juice �
Cinnamon leaf essential oil � Thermo-ultrasound �
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Introduction

Yeasts are responsible of food spoilage and the specie S.

cerevisiae is one of the most common spoilage agents in

orange juice. This is a serious problem for the food industry

because it renders products unacceptable for human con-

sumption and produce severe economical losses (Patrignani

et al. 2009).

Nowadays, the application of high-temperature short-

time pasteurization (95–98 �C, 20–30 s) is the most com-

mon method for processing foods in order to inactivate

microorganisms and enzymes. However heat treatments

may alter the organoleptic and nutritional properties of

food products (Soria and Villamiel 2010).

Actually, the growing demand for fresh foods of higher

quality has generated an increased interest in non-thermal

processing technologies for the inactivation of the

microorganisms with negligible changes in the organolep-

tic and nutritional value of the raw materials. Therefore,

the food industry is constantly searching for emergent mild

processing technologies such as UV light, pulsed electric

and magnetic fields, high hydrostatic pressure, ultrasound

(US), etc., not only to obtain high-quality food with ‘‘fresh-

like’’ characteristics, but also food with improved or even

novel functionalities (Patrignani et al. 2009; Ravanfar et al.

2015; Soria and Villamiel 2010; Sun et al. 2015).

Among these emergent technologies, special attention

has been paid during the past few years to US as a possible

emerging preservation technology in combination with

other hurdles to reach the desired inactivation effect. US

refers to pressure waves with a frequency of 20 kHz or

more (Soria and Villamiel 2010). US at lower frequencies

(20–100 kHz) has the ability to cause cavitation, phe-

nomenon which is described as a rapid creation, growth,

and abrupt breakdown of bubbles, yielding localized
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extremely high temperatures (5500 �C) and pressures

(5 MPa), disrupting cell structures and causing microbial

death. The energy released by cavitation depends on sur-

face tension; thus, foods with high surface tension such as

fruit juices are candidates of being processed by ultrasound

technology (Soria and Villamiel 2010). It has been sug-

gested that US could be more effective for inactivation of

microorganisms when it is used in combination with other

stress factors in a multifactorial approach such as heating,

extremes of pH, chlorination or addition of preservatives

(Guerrero et al. 2001; López-Malo et al. 1999). Accord-

ingly, the combined effects of US and heat treatment

(thermo-ultrasound), static pressure (mano-ultasound) and

heat treatment under pressure (mano-thermo-ultrasound)

have been also investigated (Alzamora et al. 2011; Guer-

rero et al. 2001; Soria and Villamiel 2010). Specifically,

sensitivity of microbial cells to the action of US combined

with moderate temperatures, addition of preservatives

(synthetic and/or naturally occurring ones) and control of

pH has been examined (Gastélum et al. 2012; López-Malo

et al. 2005b). The studies conducted to date have shown

that resistance of different microbial species to US differs

widely. In fact sporulated microorganisms are much more

resistant than fungi and these are more resistant in general

than vegetative bacteria (Guerrero et al. 2001; Soria and

Villamiel 2010).

After several decades using chemically synthesized

preservatives, essential oils (EOs), aromatic oil liquids of

plant origin, are once again being proposed as good can-

didates for food preservation because of the growing

demand of consumers for natural food additives (Tseren-

nadmid et al. 2011). They have wide antimicrobial spectra

against bacteria, yeasts and moulds. The most EOs is

regarded as GRAS substances (Prakash et al. 2012) and

could be accepted by consumers in the foods at certain

concentrations. Cinnamon (Cinnamomum sp.) belongs to

Lauraceae, an economically important family consisting

mostly of trees. Cinnamomum sp. EO is recognized as a

safe food additive, widely used as flavouring agent and by

its inhibitory effects against pathogenic bacteria, fungi,

viruses and spoilage organisms (Burt 2004). So, it is pos-

sible to use cinnamon EOs or theirs components as

preservatives to extend the shelf life of selected foods

considering their GRAS status and antimicrobial activities.

The main constituents of cinnamon EO (Cinnamomum

zeylanicum) are cinnamaldehyde (main component of cin-

namon bark EO) and eugenol [main component of cinna-

mon leaf EO (CLEO)] (Ranasinghe et al. 2002).

The objective of this research was to study the lethality

of the combined effect of US, CLEO and mild heat treat-

ment on S. cerevisiae viable cells suspended in Trypticase

Soy Broth (TSB) and in natural orange juice.

Materials and methods

Microorganism and inoculum preparation

S. cerevisiae was chosen as the target microorganism in the

present study. This strain was isolated and identified by

Valverde et al. (2010) and kept at - 80 �C in Micro-

bankTM vials (Pro-labo Diagnostics, Neston, Wirrall, UK).

Every 2 months, one of the vials was opened and the stock

culture grown in Trypticase Soy Broth (TSB) (Cultimed,

Barcelona, Spain) for 24 h at 25 �C and streaked onto

Standars Methods agar (SMA) plates (Cultimed, Panreac

Barcelona, Spain) with chloramphenicol (Ch) at 0.1 g l-1

(Tournas et al. 2001). The S. cerevisiae inocula were pre-

pared by transferring a colony obtained in SMA-Ch plates

to TSB, which was incubated for 24 h at 25 �C before

being stored at - 20 �C in a solution of 40% TSB and 60%

glycerol until use. The fresh cultures for the experiments

were made by incubating one loopful of pure culture in

TSB for 24 h at 25 �C. The inocula were standardized by

dilution in TSB until an optical density (OD) of 0.1 at

600 nm (Nicolet Evolution 300, Thermo Electron Corpo-

ration) was reached to obtain a yeast concentration of

107 cfu ml-1. The yeast populations were estimated by

spreading suitable diluted aliquots onto SMA-Ch plates,

followed by incubation at 25 �C for 48 h.

Cinnamon leaf EO (CLEO)

CLEO (q = 1.0524 g ml-1; GC-FID: 74.32% eugenol,

2.98% benzyl benzoate) was donated by Destilerı́as Muñóz

Gálvez, SA (Murcia, Spain). TSB (pH 7.1 ± 0.2) stock

solutions were prepared following the methodology of

Souza et al. (2005), with Tween 20 (0.8%). The tested

concentrations in TSB microtiter plate assay were 5200,

2600, 1300, 650, 320, 160, 80, 40, 20, 10 and 0 mg l-1

(ppm). Depending on these growth inhibition results on the

microtiter plate assay, the concentrations that are going to

be assayed in orange juice will be lower or equal to the

minimum inhibitory concentration.

Antimicrobial activity, minimal inhibitory

concentration (MIC) and growth inhibition

The changes in the absorbance based on the microtiter plate

assay (MPA) were used to determine the MIC of CLEO in

TSB. Ninety-six well microtiter plates (Sarstedt Ltd.) were

used to perform the MPA. This assay was based on pre-

vious works (Gutierrez et al. 2009) but with some modi-

fications. The wells were filled with 150 ll of TSB.

Aliquots (150 ll) of EO stock solutions were added into

the first column of a microtiter plate. The EOs were then
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diluted twofold along each row. Finally, 150 ll of broth

containing * 105 cfu ml-1 of inoculum were added to all

wells. Positive controls contained 150 ll of growth med-

ium were inoculated with 150 ll of broth contain-

ing * 105 cfu ml-1 of inoculum. Negative controls

contained EOs concentrations and sterile growth broth

only. The plates were then placed in the Multiskan Ascent�

microplate spectrophotometer (Thermo Electron Corpora-

tion) set at 25 �C. The absorbance was recorded at 595 nm

every 1 h over a 24 h incubation period. The area under the

OD/time curve of the control was compared with the areas

of the tests and expressed as percent of growth inhibition

(GI%) to determine the antimicrobial activity of each

concentration tested. Minimal inhibitory concentration

(MIC) was considered as the lowest concentration of

CLEO that caused 100 GI%. Partial inhibitory concentra-

tions (PICs) were any concentration of CLEO lower than

the MIC that produced an inhibition of between[ 0 and

\ 100% (Cava-Roda et al. 2012b). Each experiment was

repeated three times and results were expressed in ppm.

Thermal and thermo-US treatments with CLEO

in TSB. Enumeration of S. cerevisiae

Thermal and thermo-US treatments were carried out in a

double-wall cylindrical vessel (4-cm internal diameter,

6.5 cm height) which water was circulated with a refrig-

erated bath (model Digit-Cool J.P. Selecta�) to attain and

fix 30, 40 or 50 �C in the TSB (pH 7.1 ± 0.2). The

refrigerated bath temperature was set as needed for each

thermal, thermo-US and US treatments and monitored with

a sterile thermometer to maintain the desired temperature

in the TSB. US (24 kHz; 105 lm; 33.31 W ml-1; 30 min)

was continuously applied with a UP200H ultrasonic pro-

cessor (Hielscher Ultrasound Technology) using a S3 probe

(Hielscher) (Gastélum et al. 2012). The effect of treatments

was also tested with concentrations of CLEO of 650,

320,160, 80, 40 and 0 ppm. For each treatment, yeast was

inoculated (* 105 cfu ml-1) into sterile TSB that was

previously heated to the desired temperature. At fixed

intervals during treatments, samples were taken and seri-

ally diluted in peptone water. Three trials were performed

for every treatment. The surviving viable cells counts were

determined immediately after treatment using the pouring

method on SMA-Ch. Two plates were used for each dilu-

tion and were incubated at 25 �C for 48 h.

Thermal and thermo-US treatments with CLEO

in natural orange juice: enumeration of S. cerevisiae

After treatments in TSB, the best factors conditions (50 �C,
US, 650 ppm of CLEO and their combination) obtained in

TSB were selected to study the inactivation of S. cerevisiae

in natural orange juice (pH: 3.97 ± 0.01; �Brix:
11.6 ± 0.15). The experimental process was the same as

described above. The oranges were harvested in a local

orchard (Beniaján, Murcia, Spain). The fruits were kept at

5 �C for 1 day before juice extraction. Damaged fruits

were discarded. Fruits were washed in cold tap water

before drained. Orange juice was obtained by usual

squeezing (Citro New 100 W, Solac) in aseptic conditions.

The natural orange juice was pasteurized and stored at

- 20 �C in the dark until thermo-US treatments (Gastélum

et al. 2012). The CLEO suspension (650 and 0 ppm) in

natural orange juice (pH: 3.97 ± 0.01; �Brix: 11.6 ± 0.15)

without Tween 20 was prepared using a vigorous shaking

method by stirrer (TQTECH, multipoint magnetic stirrer,

Spain) (Ait-Ouazzou et al. 2013). For each treatment, yeast

was inoculated (* 105 cfu ml-1) into sterile natural

orange juice, previously heated to the desired temperature.

At fixed intervals, samples were taken and serially diluted

in peptone water. Three trials were performed for every

treatment. The surviving viable cells counts were deter-

mined immediately after treatment using the pouring

method on SMA-Ch. Two plates were used for each dilu-

tion and were incubated at 25 �C for 48 h.

Curve fitting

Survival curves were obtained by plotting the logarithm of

survivors against the treatment time. Data that did not fit

the usual linear model of thermal destruction were adjusted

by the ‘‘log-linear ? shoulder’’ and ‘‘Weibull’’ models,

because they more closely fit such kinds of data. GInaFiT,

a freeware add-in for Microsoft Excel, was utilized to

model inactivation kinetics (Geeraerd et al. 2005). The

‘‘shoulder ? log-linear’’ model took into account a shoul-

der before a decrease in the population size and the data

were fitted using the equation (Eq. 1) of Geeraerd et al.

(2000):

N ¼ N0 � expð�kmax � tÞ

� expðkmax � S1Þ
1þ ðexpðkmax � S1Þ � 1Þ � expð�kmax � tÞ

� �
ð1Þ

where N, cell concentration (cfu ml-1) after a treatment

time t (min); N0, initial cell concentration (cfu ml-1); kmax,

maximum inactivation rate (min-1); and Sl, shoulder

length (min) (i.e., the length of the lag phase).

The other survival model tested was the cumulative

form of the Weibull distribution (Eq. 2). The survival data

were fitted using the equation described by Mafart et al.

(2002):

Log10 NðtÞ
� �

¼ Log10 N0ð Þ � t=d
� �^q� �

ð2Þ
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where t (min) is time, N(t) (cfu ml-1) is the cell concen-

tration as a function of time, N0 (cfu ml-1) is the initial cell

concentration, d or scale parameter is the time that leads to

the first tenfold reduction of the surviving population and q
is the shape parameter. When q[ 1, the survival curve

shows a convex shape, q\ 1 means a concave shape and

q = 1 corresponds to the log-linear shape.

Statistical analysis

An analysis of variance of treatment effect on S. cerevisiae

log reduction and D50 values were performed. These

analyses were conducted with the Statgraphic Plus for

Windows 3.0�, version 5.0 (StatPoint, Inc., Herndon, Va.).

Results were considered significant at p\ 0.05.

Results and discussion

Antimicrobial activity of CLEO: determination

of MIC, PICs and percent of growth inhibition

(%GI)

The growth curves of S. cerevisiae in TSB supplemented

with different concentrations of CLEO and incubated for

24 h at 25 �C in microtiter are shown in Fig. 1. The con-

centrations of 5200, 2600, 1300 and 650 ppm produced

100% GI, so the MIC obtained was 650 ppm (100% GI)

and the PICs values were 320 ppm (69.36% GI), 160 ppm

(30.59% GI) and 80 ppm (11.97% GI) in TSB at 25 �C/
24 h. Concentrations of 40, 20 and 10 ppm did not produce

growth inhibition.

The major constituents of the CLEO used in this study

were eugenol (74.32%) and benzyl benzoate (2.98%),

These were close to those found by others authors

(Ranasinghe et al. 2002). Darvishi et al. (2013) determined

the MIC100 of eugenol (Sigma-Aldrich; Oakville, ON,

Canada) on S. cerevisiae S288C by the broth microdilution

assay and obtained that the MIC100 for eugenol was in the

range of 270–320 ppm. These authors determined that

eugenol interferes with transporters responsible for uptake

of aromatic and branched-chain amino acids across the S.

cerevisiae cytoplasmic membrane (Darvishi et al. 2013).

The mechanism of action of phenylpropanes, as eugenol,

methyl-eugenol, and methyl-chavicol, was similar to ter-

penes and phenolic compounds and was involved in dis-

ruption of the cytoplasmic membrane and coagulation of

cell content (Sukatta et al. 2008). Specifically, the antimi-

crobial activity of eugenol is attributed to its aromatic

nucleus and to the phenolic –OH group that are known to

be reactive and can form hydrogen bonds with –SH groups

in the active sites of target enzymes, resulting in the

deactivation of some essential enzymes in fungi (Sukatta

et al. 2008). Bennis et al. (2004) studied the alteration

induced by thymol and eugenol on S. cerevisiae, and

concluded that antifungal activity of eugenol and thymol

involves alterations of both membrane and cell wall of

yeast.

Thermal, thermo-US and US treatments with CLEO

Figure 2a shows S. cerevisiae log reductions obtained in

TSB by application of temperature (30–40–50 �C) and

CLEO (650, 320, 160, 80, 40 and 0 ppm) but not US. All

the treatments lasted 30 min. No logarithmic reductions

were obtained at temperatures of 30 and 40 �C in TSB

without CLEO after 30 min. But * 1.2 significant log

reductions (p\ 0.05) were obtained when temperature of

50 �C was applied in TSB without CLEO after 30 min.

However, significant differences in log reduction

(p\ 0.05) were found in TSB when the same temperatures

were combined with different concentrations of CLEO,

obtaining * 4 significant log reductions at 50 �C in TSB

with 650 ppm of CLEO after 30 min.

Figure 2b shows S. cerevisiae log reductions obtained in

TSB by application of temperature (30–40–50 �C), US

(24 kHz; 105 lm; 33.31 W ml-1) and CLEO (650, 320,

160, 80, 40 and 0 ppm). All the treatments lasted 30 min.

The application of thermo-US combined with CLEO

improved the lethal effect of treatments and significant

differences were found for the tested combinations. The

significant highest log reduction (5.13 log cycles) was

obtained by applying thermo-US at 50 �C and concentra-

tions of 650 ppm during 24 min (Fig. 3b) or 320 ppm

during 30 min (Fig. 3b).

Figures 2c shows the significant S. cerevisiae log

reductions obtained in natural orange juice treated by

application of temperature (50 �C), US (24 kHz; 105 lm;

Fig. 1 Growth of Saccharomyces cerevisiae in Trypticase Soy Broth

with different concentrations of cinnamon leaf essential oil (—:

control, ●: 80 ppm, ▲: 160 ppm, ■: 320 ppm, ♦: 650 ppm).

Experimental (points) and predicted (lines) values
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33.31 W ml-1) and CLEO (650 or 0 ppm). All the treat-

ments lasted 30 min. The highest inactivation was obtained

in TSB (5.13 log reductions) with 650 ppm of CLEO and

treated by thermo-US at 50 �C for 30 min compared with

natural orange juice (* 3.8 log reductions) with 650 ppm

of CLEO and treated by thermo-US at 50 �C for 30 min.

The effectiveness of US in the inactivation of various

strains of S. cerevisiae at low (23–35 �C) and mild

(35–55 �C) temperatures, wave amplitudes (71–124 lm),

W ml-1 (0.252–822.24) and time (5–200 min) has been

studied by several authors. They obtained log reductions

ranged between * 0.5 and * 4 (Ciccolini et al. 1997;

Guerrero et al. 2001; López-Malo et al. 1999; López-Malo

et al., 2005a, b). Our results are in according with previ-

ously data, so we obtained a significant 1.32 log reductions

at 50 �C and a significant 2.52 log reductions at 50 �C
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Fig. 2 a Saccharomyces

cerevisiae log reductions

obtained by application of

temperature (30 �C, 40 �C and

50 �C, 30 min) in Trypticase

Soy Broth with cinnamon leaf

essential oil ( 0 ppm;

40 ppm; 80 ppm;

160 ppm; 320 ppm;

650 ppm). b Saccharomyces

cerevisiae log reductions

obtained by application of

ultrasound treatments (24 kHz;

105 lm; 33.31 W ml-1; 30�,
40� and 50 �C, 30 min) in

Trypticase Soy Broth with

cinnamon leaf essential oil (

0 ppm; 40 ppm; 80 ppm;

160 ppm; 320 ppm;

650 ppm). c Saccharomyces

cerevisiae log reductions

obtained by application of

ultrasound (24 kHz; 105 lm;

33.31 W ml-1), temperature

(50 �C) and cinnamon leaf

essential oil (0 ppm; 650 ppm)

in Trypticase Soy Broth (■) and

natural orange juice (□). (All

the treatments lasted 30 min)
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Fig. 3 a Fit of Weibull model to survival data sets of Saccharomyces

cerevisiae suspended in Trypticase Soy Broth treated (50 �C, 30 min)

and supplemented or not with cinnamon leaf essential oil (♦:
650 ppm, ▲: 320 ppm, ■: 160 ppm, ◊: 80 ppm, Δ: 40 ppm, □:

control). b Fit of Weibull model to survival data sets of Saccha-

romyces cerevisiae suspended in Trypticase Soy Broth treated

(ultrasound ? 50 �C 30 min) and supplemented or not with cinnamon

leaf essential oil (♦: 650 ppm, ▲: 320 ppm, ■: 160 ppm, ’◊:
80 ppm, Δ: 40 ppm, □: control). c Fit of Weibull model to survival

data sets of Saccharomyces cerevisiae suspended in natural orange

juice (□: control, Δ: control 650 ppm, ◊: 50 �C, ■: 50 �C ?

650 ppm, ▲: 50 �C ? ultrasound, ♦: 50 �C ? 650 ppm ? ultra-

sound). Experimental (points) and predicted (lines) values
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combined with US. It can be concluded that combination of

mild temperatures and US improve the effectiveness of US.

It has been studied the combined effect of mild heat

(40–60 �C), US (60–105 lm; 33.31–167.72 W ml-1) and

antimicrobials (EDTA, Na-benzoate, potassium sorbate,

citrus extract, vanillin, chitosan, Chinese and Ceylan cin-

namon EOs) in different strains of bacteria, fungi and yeast

(Listeria monocytonenes, L. innocua, Aspergillus flavus

spore, Penicillium digitatum spore, spoiling yeasts, S.

cerevisiae) (Alzamora et al. 2011; Ferrante et al. 2007;

Gastélum et al. 2012; Guerrero et al. 2005; López-Malo

et al. 2005a, b). All the mentioned authors observed that

the combination of US, antimicrobials and mild tempera-

tures increased inactivation of bacteria, fungi and yeasts

studied. They obtained log reductions ranged between

* 1.15 and * 5. It has been found that the combined

action of US (95.2 lm; 167.72 W ml-1), mild heat (45 �C)
and 50 ppm of chinese cinnamon EO resulted in 2.74 log

cycles reductions of the initial population of S. cerevisiae

in 20 min, whereas when US was used alone at 45 �C only

0.70 log reduction were obtained in 20 min of treatment

(Alzamora et al. 2011). Our results are in agreement with

all these previous studies, as we found that the combination

of CLEO and thermo-US caused a greater yeast log

reduction, especially at 50 �C (5.13 log reductions)

(Fig. 2a, b). These results suggest that probably there is a

synergistic effect between mild heat, US and CLEO in the

inactivation of S. cerevisiae.

Comparing the inactivation obtained in TSB and natural

orange juice (Fig. 2c), similar results were obtained by

Char et al. (2010), who studied the inactivation of

Escherichia coli in peptone water (0.1% w/w) and orange

juice (pH 3.4, �Brix 10) treated by combination of tem-

perature (40 �C ± 1 �C) and US (20 kHz, 95.2 lm,

20 min) and they obtained the highest log reduction in

peptone water. It has been determinate by Salleh-Mack and

Roberts (2007) that the higher soluble solids samples

required longer sonication time to achieve 5-log reduction

and that the pH has a significant effect on the US inacti-

vation in solutions having soluble solids 12 g/100 ml.

Guerrouj et al. (2016) studied the effect of sonication

(24 kHz) on microbial quality of natural orange juice and

they obtained the highest log reduction when US was

applied for 30 min and the temperature rose until 45.6 �C.
The effect of pH on ultrasound effectiveness has been

studied for different authors. Some authors found no

influence of pH on resistance, while a higher ultrasound

sensitivity at acidic pH values was reported by others

authors. For example, Guerreo et al. (2001) only found a

significant difference when WA = 71.4 lm and T = 45 �C
were used. However, this could be attributed to the

enhanced heat inactivation of the yeast at pH 3.0 and the

less pronounced effect of sonication at low amplitude.

Agad and Collins (1992) studied the effect of pH on

thermal inactivation at moderate temperatures and they

found that pH reduction effect on thermal inactivation of

the yeast was noticed at temperatures \ 55 �C probably

because at the highest temperature the death cell mecha-

nism mainly involved cell disruption by the lethal effect of

heat.

It is known that microbial strain, culture broth, aw, pH,

wave amplitude, intensity, power, temperature, antimicro-

bial agent and its concentration, time of preincubation and

treatment time influence the lethality of US treatments

(Alzamora et al. 2011; Ferrante et al. 2007; Gastélum et al.

2011; Guerrero et al. 2001, 2005; López-Malo et al.

2005a, b), specifically when low temperatures are used

(López-Malo et al. 2005b; Luo et al. 2012). It is known that

cavitation efficiency is affected by the fluid rheology, in

particular by the viscosity, the vapour pressure and surface

tension of the culture broth (Luo et al. 2012). The lethality

of US treatments is also highly influenced by the amplitude

of US waves (López-Malo et al. 1999); with larger

amplitudes, the bubbles may grow so larges on rarefaction

and the time available for collapse is insufficient. There-

fore, depending on liquid properties (vapour pressure,

surface tension, and viscosity) the cavitation effect can be

diminished with larger amplitudes (Ciccolini et al. 1997;

López-Malo et al. 1999). The efficiency of US treatment

for killing bacteria by cavitational effects could be reduced

with an increase in temperature. López-Malo et al. (1999)

found that, at temperatures above 50 �C, the benefits of US
application are reduced, probably as a result of an

increased thermal effect and reduced intensity (power) of

cavitation. This trend could be the result of an increased

thermal effect that either hinders the effect of US or

decreases the violence of the bubble implosion due to the

increased vapour pressure at higher temperatures (Guerrero

et al. 2001).

Curve fitting

D-values (decimal reduction times at 50 �C combined with

US) were calculated from the linear survival curve slopes

in TSB with 0, 40, 80, 160, 320 and 650 ppm of CLEO

(Fig. 3b). D-values for S. cerevisiae varied from 4.74 to

17.26 min. D-values were significantly lower when the

CLEO concentrations increased (Table 1). Reduction per-

centage of D-values was 73% with the combination of the

three factors (50 �C, US, CLEO) (Table 1). The bibliog-

raphy shows that the combination of US with mild heat

(35–60 �C) at different wave amplitudes (71–107.1 lm),

W ml-1 values (0.33–167.72) and time (10–200 min)

improves the inactivation of S. cerevisiae and fungi spore

(Aspergillus flavus and Penicillium digitatum) getting

smaller D values (78.7–2.0 min). The inactivation of spore
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fungi is even greater in the presence of natural antimicro-

bial (vanillin 500 ppm) during thermo-US, resulting in

lower D values (78.7 to \ 0.5), (Ciccolini et al. 1997;

Guerrero et al. 2001; López-Malo et al. 1999, 2005a).

Furthermore, it has been determinate that S. cerevisiae

inactivation in laboratory medium by thermo-US at high

temperatures generally followed first-order kinetics during

the most of the process (Guerrero et al. 2001, 2005; López-

Malo et al. 1999, 2005b), and the combination of antimi-

crobials (cinnamon EOs, vanillin, chitosan) and thermo-US

at low temperatures resulted in non-linear survival curves

(Guerrero et al. 2005; López-Malo et al. 2005b). López-

Malo et al. (2005a) studied the inactivation of Aspergillus

flavus strain ATCC 16872 spores and Penicillium digitatum

strain LMUDLA-2 spores by the combined effects of

thermo-US (20 kH; 90 lm; 167.72 W ml-1; 45 �C; 9 min)

and antimicrobials (vanillin, potassium sorbate), as well as

for thermal inactivation and they also found a first order

reaction kinetics in all the cases.

For the data obtained in TSB, the fitting of the models

was not good for some conditions studied, with a correla-

tion coefficient (R^2), which is a measure of how well

inactivation data fit the prediction, lower than 0.97

(Table 2). It is probably due to the low inactivation degree

(less than 1 log cycle) (Figs. 2a, b), so the errors in

experimental data are big and the fitting of the data

becomes worse (Table 2). However, both models,

‘‘Shoulder ? log-linear’’ and Weibull, fitted accurately the

survivor curves in the most intense treatments, with the

correlation coefficient, ranging from 0.97 to 0.99 (Table 2).

Parameters obtained by the ‘‘Shoulder ? log-linear’’

model may allow conclude that the presence of CLEO

increased mortality rate (kmax) and reduced the S1 of S.

cerevisiae at the most treatments tested. This effect con-

siderably depended on the amount of CLEO present in the

thermo-US treated medium. The kmax-values were lower

for TSB control than those for TSB with CLEO at all the

temperature tested, but the effect was most pronounced at

the highest temperature (50 �C). The presence of CLEO

also reduced the shoulder length of S. cerevisiae in TSB,

but this effect was more variable. Cava-Roda et al. (2012a)

studied the destruction kinetics of Listeria monocytogenes

Scott A in semi-skim milk with vanillin (0, 900, 1400,

1800 ppm) and heated (55, 58, 60, 62 �C) and found that

the presence of vanillin increased mortality rate (kmax) and

reduced the shoulder length of L. monocytogenes Scott A at

any temperature tested, specially at the lowest temperatures

(55, 58 �C) and the biggest amounts of vanillin (1400,

1900 ppm).

The effect of combined treatments was also analyzed

from a different approach by means of the Weibull distri-

bution of resistance model. This model considers that the

entire microbial population is not equally resistant to the

proposed treatment and so each cell is not destroyed at the

same time during processing (Peleg and Cole 1998). As a

result, the survival curve is the cumulative form of a

temporal distribution of lethal events where each individual

organism is inactivated at a specific time, thus generating a

spectrum of heat resistances (Peleg and Cole 1998).

Table 2 displays d and q parameters obtained from fitting

the Weibullian distribution model to the survival curves

along with the adjusted correlation coefficient. Weibull

distribution parameters d and q varied according to the

severity of stress conditions and R^2 values obtained were

ranged between 0.90 and 0.99. Our results showed that

treatments involving mild heat (30, 40, 50 �C) and US

applied to S. cerevisiae in TSB with or without CLEO

yielded q values greater than 1, correlating with a down-

ward concavity of the survival curve that in general was

lower with higher temperatures, greater concentrations of

CLEO and US application. It has been argued (Peleg 2000)

that a possible explanation of these curve shapes could be

that the more sensitive members were weakened leaving a

large fraction of more resistant members which were

affected in much lesser extent. Some of the predicted S.

cerevisiae survival curves corresponding to treatments

involving US at 50 �C in TSB with CLEO exhibited q
values close to 1, indicating first order inactivation kinetics

(q * 1 corresponds to the log-linear shape). Our results

are similar to those obtained by other researchers that fitted

the survival data of S. cerevisiae to the Weibull model.

López-Malo et al. (2005a) found that survival curves of S.

cerevisiae KE162 US treated (20 kHz; 95.2 lm;

822.24 W ml-1; 35 �C; 25 min) in buffer solution were

characterized by n value greater than 1. When Guerrero

et al. (2005) treated S. cerevisiae KE162 in Sabouraud

broth with US (20 kHz; 95.2 lm; 167.72 W ml-1; 45 �C;
35 min) get survival curves that exhibited n (the parameter

n is equivalent to parameter q) value close to 1, and when

they studied the combined effect of US (same conditions)

Table 1 Decimal reduction

times (D) at 50 �C for S.

cerevisiae inactivation during

thermo-US (D50/US) treatments

in TSB with and without CLEO

CLEO (ppm) D50/US (min)

650 4.74 ± 0.12a

320 5.50 ± 0.10ab

160 5.96 ± 0.21ab

80 6.53 ± 0.23bc

40 7.44 ± 0.36c

0 17.26 ± 1.39d

Only are represented the data

that have a good fit to log-linear

survival curves. Data are

expressed as mean of three

replications ± SD. Different

letters denote significant differ-

ences between data (p\ 0.05)
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in Sabouraud broth with 1000 ppm of chitosan get n value

greater than 1. The parameter d, or scale parameter, in

general decreased as CLEO concentrations and heating

temperature increased or when US is applied. The greater

inactivation effect was observed at heating temperatures of

50 �C applied in combination with US and CLEO. This

effect depended mainly on the concentration of CLEO: to

higher concentration, bigger inactivation is obtained. In

this case the survival curves followed a first order reaction

kinetic because in the Weibull fit q is very close to 1 (See

Table 2). For example, in TSB with 650 ppm of CLEO and

thermo-US at 50 �C we obtained a S. cerevisiae inactiva-

tion of 5.13 log cycles at 24 min and the same result was

obtained with 320 ppm of CLEO in 30 min of treatment

(Fig. 3a, b).

In natural orange juice, both models, ‘‘log-lin-

ear ? Shoulder’’ and Weibull, fitted accurately the sur-

vivor curves of some treatments, with the correlation

coefficient ranging from 0.97 to 0.99 (Table 3). However,

when the data obtained in the sample treated by

50 �C ? 650 ppm ? US were modelled, it was obtained a

negative value for the shoulder length Sl, which is physi-

cally not possible. So, model with shoulder is unlikely for

this data. Figure 3c shows the fit of Weibull model to

survival data sets of S. cerevisiae suspended in natural

orange juice and the highest inactivation was obtained with

the combination of US and 650 ppm CLEO at 50 �C.
López-Malo et al. (2005a) evaluated and modelled (Wei-

bull model) the survival of S. cerevisiae and L. monocy-

togenes in apple juice (pH: 3.5; 12 �B) and in a model

system (buffer phosphate; pH: 3.5) processed by short

Table 2 Parameters for

survival curves of S. cerevisiae

in TSB, at different

temperatures, supplemented

with sub-inhibitory

concentrations of CLEO and

subjected to US treatment

Treatments ‘‘Log-linear ? shoulder’’ model Weibull model

CLEO (ppm) kmax (min-1) Sl (min) R^2 d q R^2

30 �C
650 0.09 ± 0.02 22.05 ± 5.66 0.93 55.52 ± 7.41 1.37 ± 0.29 0.93

320 0.07 ± 0.04 28.84 ± 4.86 0.90 64.17 ± 12.29 1.90 ± 0.57 0.92

40 �C
650 0.21 ± 0.02 23.84 ± 0.97 0.97 35.37 ± 1.16 3.34 ± 0.41 0.97

320 0.19 ± 0.04 27.40 ± 0.82 0.93 37.35 ± 2.00 4.06 ± 0.79 0.93

50 �C
650 0.43 ± 0.03 6.43 ± 1.79 0.97 10.76 ± 1.52 1.48 ± 0.19 0.97

320 0.38 ± 0.04 11.93 ± 1.72 0.96 17.13 ± 1.33 2.04 ± 0.27 0.97

160 0.35 ± 0.04 12.65 ± 1.67 0.96 18.22 ± 1.57 2.03 ± 0.33 0.96

80 0.34 ± 0.03 13.94 ± 1.21 0.98 20.86 ± 0.74 2.32 ± 0.21 0.99

40 0.30 ± 0.04 16.78 ± 1.38 0.96 23.86 ± 0.73 2.94 ± 0.36 0.97

0 0.17 ± 0.03 13.44 ± 2.93 0.93 26.60 ± 1.39 1.85 ± 0.39 0.93

30 �C/US
650 0.21 ± 0.03 9.56 ± 5.20 0.92 30.10 ± 1.95 1.41 ± 0.31 0.93

320 0.11 ± 0.03 22.92 ± 1.14 0.95 33.27 ± 0.99 3.42 ± 0.55 0.95

40 �C/US
650 0.21 ± 0.02 11.68 ± 1.25 0.99 22.04 ± 0.85 1.80 ± 0.18 0.98

320 0.15 ± 0.02 11.71 ± 2.05 0.98 27.86 ± 0.92 1.08 ± 0.14 0.98

160 0.13 ± 0.01 13.01 ± 1.70 0.98 28.69 ± 0.75 1.74 ± 0.18 0.98

80 0.09 ± 0.03 17.46 ± 6.98 0.91 52.46 ± 8.13 1.11 ± 0.29 0.90

40 0.07 ± 0.02 20.87 ± 3.73 0.94 47.26 ± 4.51 1.79 ± 0.32 0.95

50 �C/US
650 0.51 ± 0.06 1.81 ± 3.60 0.93 4.21 ± 2.01 0.94 ± 0.21 0.92

320 0.45 ± 0.02 2.75 ± 1.41 0.99 6.65 ± 1.10 1.12 ± 0.11 0.98

160 0.41 ± 0.02 2.47 ± 1.76 0.98 6.79 ± 1.32 1.08 ± 0.13 0.98

80 0.38 ± 0.02 2.80 ± 1.68 0.98 7.81 ± 1.30 1.13 ± 0.13 0.98

40 0.35 ± 0.03 4.47 ± 2.23 0.97 9.86 ± 1.85 1.24 ± 0.19 0.96

0 0.14 ± 0.03 2.23 ± 6.01 0.91 18.21 ± 3.08 1.09 ± 0.26 0.91

The values for the different constants were calculated by GInaFiT (Geeraerd et al. 2005). All values are

expressed as the mean of three replications ± SD
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wave ultraviolet radiation (UV-C) and high intensity

ultrasound (US: 20 kHz, 95.2 lm, 35 ± 1 �C, 25 mm

probe). The inactivation of both microorganisms was

highly dependent of the medium (apple juice or buffer

system). In general, treatments in buffer solution were

more effective as compared to those applied in apple juice,

which could be due to the presence of organic compounds

which reduced the efficiency of treatments.

The combination of US, mild temperature and antimi-

crobials would have a synergistic effect on the inactivation

of bacteria, fungi and yeast. The effectiveness of treatment

would depend of the US wave amplitude, W ml-1, tem-

perature, treatment time, concentration and type of

antimicrobial (López-Malo et al. 1999; Guerrero et al.

2005) and also of the microbial cell wall, which differs

significantly between species (Luo et al. 2012). During US

treatment, microbial cell alterations involved disruption of

subcellular particles with fine membrane fragmentation,

internal cavitation as well as internal micro-streaming, with

modification of the cellular structure, as well as fragmented

cells and marked irregularity in density (López-Malo et al.

2005a). It has been demonstrated that extra and intracel-

lular cavitation erodes the cell wall and disrupts structural

and functional components up to cell lysis (Ferrante et al.

2007; Guerrero et al. 2005). In S. cerevisiae cells, thermo-

US provoked puncturing of cell walls and breakage of

plasmalemma with leakage of content, wall rupture or

fragmentation, and cytological disruption of organelles

(Guerrero et al. 2001, 2005). Thermo-US and phenolic

compounds damage the structure and functionality of the

membrane proteins, enhancing the simultaneous effect of

these active agents against membrane (Burt 2004; Guerrero

et al. 2001). Phenolic compounds have a lipophilic nature

and could accumulate in the lipid bilayer of the cell (Burt

2004), disturbing and sensitizing the membrane to US

action. In addition, US waves improve the antimicrobial

action by weakening the cell wall (Ferrante et al. 2007).

Sonication applied to orange juice is not only able to

control of spoilage microorganisms, but also improves the

sensory characteristics and produces an general enhance-

ment in bioactive compounds: total phenolics, flavonoids,

carotenoids, anthocyanins and ascorbic acid (Guerrouj

et al. 2016).

Conclusion

The combined use of temperature, US and CLEO was

highly effective in the inactivation of S. cerevisiae in TSB

and natural orange juice, especially in TSB, results that was

enhanced with high temperatures. Thermo-US combined

with CLEO could act synergistically in inactivation of S.

cerevisiae in both, TSB and natural orange juice. Lowest

D-values were obtained when samples were treated with

US in presence of CLEO at 50 �C. Both models used,

‘‘shoulder ? log-linear’’ and ‘‘Weibull’’, fitted the inacti-

vation curves accurately for some conditions. The later

model was a useful tool to select CLEO concentration

combined with US-50 �C necessary to achieve the inacti-

vation of most part of the yeast population.

The combination of US, mild thermal treatments

(30–50 �C) and natural antimicrobials as EOs show con-

siderable promise for the future in order to control S.

cerevisiae as important spoiling microorganism in orange

juice.
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