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A B S T R A C T

Inactivation of natural flora found on cv. ‘Şalak’ apricot surfaces was investigated using a newly designed UV-C
treatment system equipped with four UV lamps and a rotating roller bearing. Multiple Point Source Summation
(MPSS) Model was used to estimate UV light intensity field in this processing chamber. Although MPSS model
over-predicted the UV intensity data, light intensity profile showed a good agreement with the radiometric
measurements. UV-C treatment of apricots resulted in 3-log reduction in the number of total mesophilic aerobic
bacteria (TAPC) at 32.3Wm−2 of average UV light intensity for 16min at 31.01 kJm−2 of UV dose whereas
2.38-log reduction was achieved for yeast and mould count (YMC) after 4min of UV exposure at 7.75 kJm−2 of
UV dose. On the other hand, complete inactivation of coliform bacteria was observed after all treatments.
Statistical analysis indicated that further extension of the exposure time did not cause any significant effect on
the inactivation of natural flora of apricot surfaces. Additionally, the inactivation data obtained for TAPC and
YMC were modelled by using log-linear regression, Biphasic model, log-linear+ tail, Weibull model, Weibull +
tail, double Weibull and biphasic+ shoulder models. The inactivation kinetics of TAPC and YMC were best
described by log linear+ tail model with the smallest root mean squared error (RMSE) and the highest re-
gression coefficient (R2 > 0.90). These results suggest that UV-C treatment can be applied to control the natural
flora on cv. ‘Şalak’ apricots. Use of a rotating roller bearing is highly appreciated in UV-C systems to provide
equal radiation among fruit surfaces.

1. Introduction

Turkey is the world’s major apricot producer. The country alone
meets nearly 20% and 85% of the fresh and dried apricot productions in
the world, respectively (Akin et al., 2008; Aubert et al., 2010;
Hacıseferoğulları et al., 2007; Kaya et al., 2011; Muradoğlu et al.,
2011). Igdir province is one of the most important apricot production
centres in Turkey with its 17,782 tons of annual production (Ercisli,
2009; Muradoğlu et al., 2011). 85% of the apricots grown in this area
are composed of ‘Şalak’ variety and this cultivar is specific to the region
(Ercisli, 2009; Güleryüz et al., 1999; Kaya et al., 2011; Muradoğlu et al.,
2011). Drying process which is a traditional processing technique used
to prolong the shelf life of apricots is not a suitable method for cv.
‘Şalak’ apricot considering its low dry matter content. Hence, fresh
consumption of cv. ‘Şalak’ apricot is recommended (Güleryüz et al.,
1999). However, apricot has a short shelf life (3–5 days) once har-
vested. The fruit suffers from a rapid sensorial and nutritional quality
loss due to its climacteric nature. Therefore, a treatment that can inhibit
rapid deterioration after harvesting would allow extending the shelf life

of this specific apricot type.
Increased demand for minimally processed foods opened up new

frontiers for food processors. Many alternative processing methods,
such as high hydrostatic pressure, pulsed electric field, cold plasma,
ultrasound and ozone processing, and novel packaging practices have
been applied to foods (Ramos et al., 2013; Rawson et al., 2011). Ul-
traviolet light irradiation is one of those emerging non-thermal pro-
cessing techniques.

Non-ionizing, germicidal ultraviolet light (UV-C) (200–280 nm) ir-
radiation is widely used for surface decontamination purposes. The
usage of UV light to induce biological stress and defence mechanisms in
plants is also a new approach (Allende et al., 2006; Bal and Kok, 2009;
Jiang et al., 2010). U.S. Food and Drug Administration (FDA) approved
the use of UV-C light (254 nm) to control surface microorganisms (Guan
et al., 2012; Mukhopadhyay et al., 2014). Moreover, it is known that
UV-C light does not leave residues and the system does not require
extensive safety equipment (Allende et al., 2006).Germicidal effect of
UV-C light is due to its absorption by the genetic material and con-
sequent mutations occurred in DNA (Yun et al., 2013). Besides, lots of
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literature reported the increased host disease resistance after UV light
exposure in many fruits which contributes to the reduction of surface
microorganisms (Rocha et al., 2015; Sripong et al., 2015; Romanazzi
et al., 2016; Sari et al., 2016; Scott et al., 2018). Microbial inactivation
was reported to be achieved through the synthesis of pathogenesis-re-
lated (PR) proteins, such as chitinases and glucanases, which induces
the cleavage of cell wall materials (Scott et al., 2018). Sripong et al.
(2015) mentioned about the induction of resistance-related enzymes,
PAL and POD, after UV-C light exposure. Postharvest UV-C light
treatment was also found to be associated with the accumulation of
antioxidants and antimicrobial compounds in plant tissues (Rocha
et al., 2015; Sari et al., 2016). Furthermore, physical barriers were in-
dicated to be formed against the growth of pathogenic microorganisms
(Scott et al., 2018). Hence, the plant enters an alertness state that it can
expeditiously reacts to a possible pathogen attack (Romanazzi et al.,
2016). Although UV-C light treatment is widely used in water and air
disinfection as well as in surface decontamination, its use is still limited
as a postharvest technology. Scaling studies for industrial applications
were reported to be necessary since devices for disinfection of solids are
limited (Ribeiro et al., 2012).

There are some reported applications related to the usage of UV-C
light as a means of postharvest quality improvement method in litera-
ture. Gonz´alez-Aguilar et al. (2007) and Gonz´alez-Aguilar et al.
(2001) evaluated the impact of UV-C light on enzymes associated with
the defence mechanism and postharvest shelf life of mango fruit. There
are also some researches investigating the influence of UV-C light on
quality parameters of fruits. Erkan et al. (2008) and Jiang et al. (2010)
conducted a study in order to determine the effect of UV-C light on
antioxidant capacity, antioxidant enzyme activity, decay and texture in
strawberry fruit and mushrooms. Similarly, postharvest quality of
‘Phulae’ pineapple was examined in terms of some physical, chemical
and nutritional quality parameters after the fruit was processed by UV-
C irradiation (Sari et al., 2016). Bal and Kok (2009) investigated the
storage period and eating quality of kiwifruit after UV-C treatment. On
the other hand, Bu et al. (2013) used UV-C irradiation to deactivate cell
wall degrading enzymes in tomato. Additionally, the disinfection effi-
ciency of UV-C light was studied by some research groups as well. For
instance, Allende et al. (2006) used UV light for reduction of natural
flora of ‘Red Oak Leaf’ lettuce. In another study, UV-C radiation was
used to inactivate E. coli 0157:H7 and resident microbial loads on
mushrooms (Guan et al., 2012). Similarly Mukhodaphyay et al. (2014)
assessed the effectiveness of different UV-C doses to inactivate patho-
gens such as Salmonella enterica and E. coli 0157:H7, and to restrict the
growth of native flora causing spoilage in tomato fruit. Most recently
Rocha et al. (2015) investigated the impact of UV-C light on controlling
soft rot in potato seed tubers. The UV-C inactivation of Penicillium ex-
pansum on fruit surfaces such as apple, cherry, strawberry and raspberry
having different morphological characteristics was also studied by
Syamaladevi et al. (2015). Yun et al. (2013) evaluated the ability of UV-
C light to reduce the numbers of E. coli O157:H7 and Salmonella spp. on
apricot fruit. Likewise, Yan et al. (2014) performed a study on the in-
activation of E. coli O157:H7 and E. coli ATCC 25922 inoculated onto
apricot surfaces by UV-C treatment.

Although there are different applications of UV-C light in the lit-
erature, to the best of our knowledge there is no study about the UV-C
light assisted decontamination of naturally occurring microorganisms
on cv. ‘Şalak’ apricot surfaces. Thus, the objective of this study was to
evaluate the efficacy of UV-C irradiation on the inactivation of natural
flora of cv. ‘Şalak’ apricots using a newly designed UV-C system. UV
light intensity distribution in the processing chamber was predicted by
using a Multiple Point Source Summation (MPSS) model and compared
with instrumental measurements. Additionally, the inactivation data
obtained for natural flora of the apricot surfaces were modelled by
using different inactivation kinetics models including log-linear re-
gression, Biphasic model, log-linear+ tail, Weibull model, Weibull +
tail, double Weibull and biphasic+ shoulder models.

2. Materials and methods

2.1. Apricot material

cv. ‘Şalak’ apricots of Igdir province were purchased from a local
market in Izmir, Turkey. Apricot fruits at commercial maturity stage
were used in this study. It is a stage of fruit development at which fruits
completed their natural growth and satisfy consumers’ expectations for
utilization. Fruit samples which were not overripe, free from any de-
fects and any noticeable contamination were selected and stored at 1 °C
prior to use.

2.2. Characterization of the samples

Some physicochemical properties of cv. ‘Şalak’ apricots were de-
termined in order to characterize the fruit samples used in this study. 36
apricot samples were tested before UV-C treatment.

2.2.1. Fruit length, width and weight
A digital calliper (Humboldt International, Taiwan ROC) and a

precision balance (Mettler-Toledo, Switzerland) were used to measure
length and width, and weight of the samples, respectively.

2.2.2. Colour
Colour parameters (CIE L* a* b*) of the samples were measured

using Konica Minolta CR 400 Chroma meter (Konica Inc. Japan). Based
on a* and b* values, hue angle (h) (°) and chroma (C) values were also
calculated. Chroma which indicates the saturation of the colour was
obtained as (a*2+b*2)1/2 (Gonçalves et al., 2007). Hue angle represents
the colour nuance and calculated as arctan (b*/ a*) (Gonçalves et al.,
2007).

2.2.3. pH, titratable acidity, total soluble solid content and ripening index
pH value of the samples was measured using a pH meter (WTW

GmbH, Germany). Titratable acidity of the samples was determined
using the method described by Ali et al. (2011). Results were expressed
as g malic acid per kg of fresh weight. Mettler-Toledo RE40D Bench top
Refractometer (AEA Investors Inc., U.S.A.) was used to determine total
soluble solid content (TSS, %) of the apricot samples at 20 °C. Ripening
index (RI) was calculated considering the ratio between total soluble
solid content and titratable acidity (Valero et al., 2003).

2.2.4. Moisture content and water activity (aw)
Moisture content of the samples was assessed by oven drying

method (Chassagne-Berces et al., 2010; Leong and Oey, 2012). Hy-
grolab (Rotronic AG, Switzerland) water activity meter was used for the
measurement of water activity (aw) of the samples at 25 °C.

2.2.5. Ascorbic acid (AA) content
The method outlined by Barboni et al. (2010) and Guan et al. (2012)

was used for ascorbic acid assay. A Perkin-Elmer Series 200 HPLC
(Perkin Elmer, USA) was employed. Aminex-HPX-87H (Bio-Rad,
France) (300×7.8mm; particle size 9 μm) column was isocratically
eluted with 5 mM H2SO4 at a flow rate of 0.5 mLmin−1 for 15min at
25 °C. Diode array detector (DAD) was used to detect ascorbic acid at
the wavelengths of 210 and 250 nm.

2.3. Microbiological analysis

Total mesophilic aerobic bacteria count, i.e. total aerobic plate
count (TAPC), yeast and mould count (YMC), and total coliform count
naturally found on fruit surfaces were determined according to
Hakguder Taze et al. (2015) using spread plating method. Microbial
loads were expressed as CFU g−1.
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2.4. Bench top UV-C irradiation equipment

The schematic diagram of the bench-top UV system is shown in
Fig. 1. The UV system was designed and manufactured at the Food
Engineering Department at Izmir Institute of Technology, Izmir,
Turkey. A tray system was designed to allow the application of different
UV light intensity levels (Fig. 1a). The distance was 10.8 cm between
the lamps and the rotating roller bearing when the first tray was used. A
rotating roller bearing (dimensions of 45×22×14 cm) moving fruits
upward and downward was designed to provide a uniform UV light
intensity among fruit surfaces (Fig. 1b). Moreover, the system consisted
of four identical low pressure mercury vapour UV-C lamps with peak
emission at 254 nm (UVP XX-15, UVP Inc., CA, USA) (Fig. 1c). Almost
30% of the power output of the lamp is converted into UV-C radiation
with monochromatic emission at 254 nm. The lamps are of 15W,
50.2 cm in length (L) with a 2.5 cm diameter quartz sleeve. Since
working with four lamps may cause a temperature rise in the chamber,
a cooling fan was also installed on the back side of the cabin in order to
avoid undesired effects of heating on the process (Fig. 1c). Hence,
ambient temperature inside the cabin did not significantly increase
during UV-C treatment. In order to prevent the direct contact of UV
light to human skin, a cover was used to close the front part of the
system.

2.5. UV intensity measurement and dose calculation

Incident light intensity was directly measured by a radiometer at
fifteen different points on both front and back side of the rotating roller
bearing axis (UVX-25, UVP). Average intensity was expressed as W
m−2. Besides, UV dose (kJm-2) was calculated from the product of light
intensity (I, Wm−2) and time (t, s) according to Yun et al. (2013).

2.6. UV intensity distribution

Incident light intensity distribution along the lamp axis and through
the radial direction was calculated using finite-line (Multiple Point
Source Summation Model, MPSS) model outlined by Blatchley III
(1997) and Unluturk et al. (2004). The parameters used in this model
were shown in Fig. 2.

This model assumes that the lamp is made up of “n” number of point
sources emitting UV-C light at an equal intensity level (Unluturk et al.,
2004). The intensity received by a receptor site at any location in the
reactor is estimated as the sum of the light energy emitted from all point
sources (Eq. (1)).
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Pλ; UV-C lamp output power at wavelength λ (W)
ρi; Distance from ith point source to receptor site (cm)
σq; Absorbance coefficient for quartz jacket (cm−1)tq; Quartz jacket

thickness (cm)
σa; Absorbance coefficient for air (cm−1)
R; Radial distance from lamp axis to receptor site (cm)
rq; Quartz jacket outside radius (cm)
The distance between the lamp axis and rotating roller bearing was

divided into 100 points whereas axial direction was considered to be
composed of 1001 points in order to partition the discrete region and
create a mesh for numerical solution. Since the real UV-C output of the

Fig. 1. Bench top UV-C system a) Tray system b) Rotating roller bearing c) UV lamps and a cooling fan.

Fig. 2. Schematic drawing of the parameters used in MPSS model.
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germicidal lamp was not available, the output UV-C power (Pλ) for each
lamp is assumed to be equal to 30% of the total power of the lamp.
Additionally, the apricot samples were placed between two rollers and
exposed to UV-C light emitting from two lamps. Thus Pλ is assumed to
be equal to total UV-C output power of the two lamps.

2.7. UV-C treatment of apricot surfaces

The tray system was adjusted to the highest level to provide the
maximum level of UV intensity since the penetration depth of UV-C
light was expected to be limited on fruit surfaces. Eight apricot samples
were used in each treatment conditions. Hence, the samples were ex-
posed to UV-C light at the highest intensity level for 9 different ex-
posure times ranging from 0 to 25min (4, 6, 8, 10, 12, 16, 18, 20,
25 min).

2.8. Modelling of UV-C inactivation kinetics

Microbial inactivation data was analysed using GInaFiT tool
(Geeraerd et al., 2005) based on the following models: log-linear re-
gression (Bigelow and Esty, 1920), Biphasic model (Cerf, 1977), log-
linear+ tail (Geeraerd et al., 2000), Weibull model (Mafart et al.,
2002), Weibull + tail (Albert and Mafart, 2005), double Weibull
(Coroller et al., 2006), biphasic+ shoulder (Geeraerd et al., 2005).
Goodness of fit for each inactivation curve was judged considering
determination coefficient (R2), adjusted determination coefficient (adj-
R2) and root mean sum of squared error (RMSE). The model which
yielded the highest R2 and adj-R2, and the lowest RMSE values was
selected to describe the data.

2.9. Experimental design and statistical analysis

All the microbiological and the physicochemical analysis were
carried out at least three times. Design of the experiments and statistical
analysis of the data were performed by Design Expert (7.0.0) (Stat-Ease,
Inc., USA). For this purpose, a D-optimal design was generated to find
the optimum exposure time (a factor) which would result in the lowest
survival number, i.e. the highest inactivation level of microorganisms
naturally found on the surface of apricot samples. Tukey’s pairwise
comparison test was also conducted by Minitab 16 (Minitab Inc., US
Canada) in order to find the level of the factor which causes a sig-
nificant change in the log survival numbers of total mesophilic aerobic
bacteria (TAPC), and yeast and moulds (YMC).

3. Results and discussion

3.1. Physical and chemical properties

cv. ‘Şalak’ apricots were large sized fruits of cylindrical shape with
an average weight of 59.32 ± 8.45 g (Table 1). Similarly, Güleryüz
et al. (1999) measured the fruit weights of apricot cultivars grown in
the Igdir province between 25.37 g–63.14 g. Colour parameters pointed
out lightness of the samples with a high L* value. Decrease of L* value
was reported to be in relation with the accumulation of carotenoids
(Akin et al., 2008). An increase in carotenoid concentration would also
result in high a* and b* values in the positive side. It was stated that a*/
b* ratio was very useful for fruit in order to determine their colour
(Barrett et al., 2010). The ratio was said to be negative for green fruit,
approximately 0 for yellow fruit and positive for red to orange fruit.
Calculated a*/b* ratio (0.116) of cv. ‘Şalak’ apricots indicated the yel-
lowness of the sample. Furthermore, hue angle also referred to the
yellow colour (Table 1). Hue angle values can be classified as follows
according to the colour regions they indicate: red-purple: 0°, yellow:
90°, bluish-green: 180°, blue: 270° (McGuire, 1992).

Muradoğlu et al. (2011) investigated some physicochemical prop-
erties of different apricot genotypes cultivated in Igdir province. They

reported that cv. ‘Şalak’ apricot was having a pH value of 5.27 ± 0.03
and TA of 2.14 ± 0.10 g kg−1. However, apricots used in this study
were obviously more acidic with a lower pH and higher TA value
(Table 1). On the other hand total soluble solid content (TSS) of the
apricots were similar to the findings of Ercisli (2009) and, Muradoğlu
et al. (2011). As the fruit matures, TA value decreases whereas TSS
content increases. The ratio between TSS content and TA values is used
to determine the ripening index (RI) of the fruit (Valero et al., 2013). RI
value of the samples was found to be almost one fifth of the RI value of
the apricots used by Muradoğlu et al. (2011). This clear difference in
maturity levels can explain the variations in the data presented in
Table 1.

Moisture content and water activity of the apricot samples (Table 1)
were slightly lower comparing the literature data of Akin et al. (2008).
They reported that apricot varieties from Igdir region had a moisture
content of 87.28% and a water activity level of 0.993 (Akin et al.,
2008). This difference may be caused from the harvest season, climate,
and variety of the apricots used in this study. Moisture content gives
information about the dry matter content of the foodstuff. Dry matter
content is the most important parameter with respect to processing and
commercial value of the apricots (Akin et al., 2008). Apricots having
low dry matter content are usually not suitable for drying. Low dry
matter content also affects the marketing stability of apricots. Therefore
cv. ‘Şalak’ apricots with low dry matter content are preferred to be
freshly consumed. According to a study, Malatya apricots suitable for
drying process were indicated to have a dry matter yield of at least 22%
(Akin et al., 2008).

Ascorbic acid (AA) content of cv. ‘Şalak’ apricots were deemed
compatible with the results reported by Rasanu et al. (2005) (Table 1).
According to Rasanu et al. (2005), amount of AA in fresh apricots were
changing between 0.08 and 0.2 g kg−1 on fresh weight basis. In another
study AA content was obtained as 0.12–0.17 g L−1 for different apricot
types grown in Igdir region (Güleryüz et al., 1999). On the other hand,
Akin et al. (2008) showed that Igdir apricots had an AA content of
0.684 g kg−1 on dry weight basis which was lower than our findings
(1.11 ± 0.068 g kg-1 on dry weight basis).

3.2. Microbial quality of the samples

Apricot samples were microbiologically examined to determine the
background flora. It was found that apricots were initially containing
6.10 ± 0.87 log CFU g−1 of total mesophilic aerobic bacteria (TAPC),
5.81 ± 0.19 log CFU g−1 of yeast and mould (YMC), and 4.74 ± 0.53
log CFU g−1 of coliform bacteria. However, initial microbial counts
displayed some variations. Janisiewicz and Buyer (2010) stated that
natural (or resident) micro flora of nectarine fruit surfaces were not

Table 1
Physical and chemical properties of cv. Şalak apricot.

Property Result

Length (mm) 54.84 ± 2.15
Width (mm) 43.63 ± 2.54
Weight (g) 59.32 ± 8.45
L* 65.53 ± 1.11
a* 4.93 ± 1.54
b* 42.34 ± 1.63
Hue angle (h, °) 83.41 ± 1.90
Chroma (C) 42.65 ± 1.73
pH 3.91 ± 0.013
Moisture content (%) 85.49 ± 0.16
Water activity (aw) 0.96 ± 0.00
Total soluble solid (TSS, %) 13.74 ± 0.06
Total acidity (TA, g kg−1) 9.8 ± 0.20
Ripening index (RI) 14.05 ± 0.06
Ascorbic acid (AA, g kg−1) 0.16 ± 0.01

Data are mean values ± standard deviation.
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studied well. Therefore, the knowledge about the microbial ecology of
these types of fruit surfaces is very limited. There is a lack of in-
formation about the native flora of cv. ‘Şalak’ apricot surfaces. The total
mesophilic aerobic counts obtained in this study were higher than the
work conducted by Türkyılmaz et al. (2013). They reported the total
mesophilic aerobic bacteria count as 3.45 log CFU g−1 in apricots
(Prunus armenica L., var. Hacıhaliloğlu).

3.3. UV light intensity distribution

Fig. 3 depicted the measured incident light intensity (I) distribution
along the rotating roller bearing axis. According to the radiometric
measurements, the apricot samples were UV-C treated at an average
light intensity of 32.3 ± 4.8W m−2. Estimated UV dose values
changed from 0 to 48.45 kJm−2 at different treatment times ranging
between 0 and 25min (Table 2).

It was reported that position of the UV lamp in a treatment chamber
affected the inactivation efficiency (Noakes et al., 2004). This is due to
the different levels of light intensity received by the sample according
to the location of the lamp and also the sample. Cote et al. (2013) in-
dicated that UV light intensity is the key factor determining the treat-
ment outcome. Therefore, the knowledge about the UV light intensity
distribution in a treatment chamber is of great importance in terms of
application of the right conditions which would maximize the in-
activation efficiency. Nevertheless, some factors such as variety of
photodetectors, the size and reflectance may interfere with the instru-
mental measurements (Grimes et al., 2010). Hence, prediction of the
light intensity values using a mathematical approach would give an
insight about the intensity distribution. Using this information radial
and longitudinal UV light intensity profiles were built up using MPSS
model. Figs. 4 and 5 exhibit the radial and axial distributions of light
intensity at selected distances, respectively. It is obvious that light in-
tensity reaches its maximum level at the nearest point to the lamp
whereas it shows a decreasing trend as the receptor point moves away
from the light source (Fig. 4). As can be seen from the Fig. 4, UV in-
tensity through the radial direction changed from 171.94Wm−2 to
16.53W m−2 at the surface of the rotating roller bearing. On the other
hand, Fig. 5 indicated that light intensity along lamp axis was lower at
both ends of the tube, whereas it stayed almost constant at the centre of

the lamp as observed in the similar studies (Grimes et al., 2010; Reda,
2011; Unluturk et al., 2004). The maximum and minimum light in-
tensity was calculated as 55.55Wm−2 and 30.70Wm−2, respectively
(Fig. 5). Considering the light intensity distribution along the lamp axis,
it can be concluded that apricots which were placed near to the both
ends of the rotating roller bearing received lower UV doses.

According to the instrumental measurements and numerical solu-
tions for longitudinal light intensity distribution, MPSS model over-
predicted the UV intensity data. On the other hand, the light intensity
profile estimated from MPSS model showed good agreement with ex-
perimental data (Fig.6). The prediction can be improved by taking the
absorption of UV light in the air and the quartz sleeve covering the UV
lamp into account (Unluturk et al., 2004). Moreover, UV-C lamp output
power was assumed to be 30% of the total lamp power which may have
also contribution in over-estimating UV intensity data. Eliminating the
errors in the modelling step can increase the prediction ability of MPSS

Fig. 3. Measured incident light intensity (Wm−2) along rotating roller bearing axis using
a radiometer.

Table 2
Estimated UV doses (based on radiometric measurements).

Exposure Time (min) UV Intensity (W m−2) UV Dose (kJ m−2)

0 32.3 0
4 32.3 7.75
6 32.3 11.63
8 32.3 15.50
10 32.3 19.38
12 32.3 23.26
16 32.3 31.01
18 32.3 34.88
20 32.3 38.76
25 32.3 48.45

Fig. 4. Radial UV intensity profile estimated by MPSS model.

Fig. 5. Axial UV intensity profile estimated by MPSS model.

Fig. 6. Comparison of predicted and measured light intensity data along the lamp axis.
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model.

3.4. Decontamination of apricot surfaces

Apricot samples were treated with UV-C irradiation at 32.3W m−2

for different exposure times. Initial total aerobic plate count (TAPC) of
the samples decreased from 6.1 log CFU g-1 to 3.10 log CFU g-1 fol-
lowing to UV-C irradiation (Table 3). The maximum log reduction was
obtained as 3-log after 16min of exposure (Table 3), i.e. 31.01 kJm-2 of
UV dose (Table 2). On the other hand, Yan et al. (2014) treated Robada
apricots inoculated with Escherichia coli ATCC 25922 using a commer-
cial UV-C system and they could obtain only about 0.5–0.7 log reduc-
tion in the number of E. coli ATCC 25922. They suggested the use of an
effective rotating system which provides a uniform distribution of UV
dose among fruit surfaces for better inactivation. Additionally, it was
found that coliform bacteria were completely inactivated under studied
conditions (data not shown). This could be explained by the sensitivity
of different bacteria to UV-C light. Microorganisms may have different
amount of thymine bases in their genetic material (Koutchma et al.,
2009). Electrons of the hydrogen bonds between paired nucleotides
become energized which leads to the breakage of the bond and subse-
quently to the formation of cytotoxic and mutagenic lesions (Koutchma,
2014a). These mutagenic lesions are pyrimidine dimers, mainly formed
by covalent linkages between two adjacent thymine bases (Koutchma,
2014a; Hakguder Taze et al., 2015). Furthermore, inactivation of mi-
croorganisms might be also related to the various biochemical reactions
such as synthesis of compounds which are toxic to pathogens like
phytoalexins and phenols, and induction of antifungal enzyme activities
occurred in fresh products after UV-C light exposure (Gonz´alez-Aguilar
et al., 2001; Guan et al., 2012). Cantwell and Hofmann (2008) specu-
lated that coliforms were sensitive to UV-C irradiation. Unluturk et al.
(2010) reported that gram negative bacteria (such as coliforms) were
more sensitive to UV-C light than gram positive bacteria due to their
cell wall property. Gram positive bacteria were indicated to have a
thick layer of peptidoglycan which does not allow the UV light to pe-
netrate inside the cell (Unluturk et al., 2010). However, gram negative
bacteria cannot resist UV-C light due to their thin peptidoglycan layer
(Unluturk et al., 2010).

It was found that increasing the treatment time more than 16min
did not cause a further reduction in total aerobic plate count (TAPC).
Hence a tailing was observed in the survival curves of mesophilic
aerobic bacteria on cv. ‘Şalak’ apricot surfaces treated with UV-C irra-
diation. Tailing phenomenon was explained as the continuation of the
microorganisms to exist in the medium even after being exposed to
higher UV-C doses (Koutchma et al., 2009). Variations in the initial
microbial loads of fruit samples could bring about the underestimation
of the real effect of the treatment. Since the average initial loads and
survival numbers were used to calculate the log reductions, a higher

initial load might have increased the average values and decreased the
reduction numbers accordingly. Thereby, tailing might have occurred
in this situation. Moreover, presence of UV resistant flora, shielding
effect of aggregated cells or self-adjustment of microorganisms to det-
rimental effect of UV-C light can also give rise to this tailing effect
(Koutchma, 2014b).

Similar inactivation trend was encountered for yeast and mould
counts (YMC). However, the maximum log reduction was obtained as
2.37-log CFU g−1 just after 4min of light exposure (Table 3) at
7.75 kJm-2 UV dose (Table 2). Applying longer treatment times (higher
doses) did not significantly affect the inactivation rate of yeasts and
moulds (Table 3). It means that UV-C light treatment was less efficient
in inactivating yeasts and moulds naturally occurring on apricot sur-
face. The reason might be the differences in the UV sensitivities of the
microorganisms of concern. Yeasts were reported to be more resistant
to UV-C light than bacteria due to their big size, differences in genetic
material and also in cell wall composition and thickness (Hakguder
Taze et al., 2015).

3.5. Modelling the inactivation data

The UV-C inactivation data obtained for mesophilic aerobic bacteria
and yeast and mould count of the apricot surfaces were modelled by
using log-linear regression, Biphasic model, log-linear+ tail, Weibull
model, Weibull + tail, double Weibull and biphasic+ shoulder models.
Results showed that, log linear+ tail model proposed by Geeraerd et al.
(2000) best fit the data with the lowest RMSE and the highest R2 and
adj-R2 values (Table 4). This novel model is used to explain both the
linear part and the tailing occurred in the survival data due to the ex-
istence of a subpopulation that is more resistant to the treatment or that
may not have undergone the same lethal dose, not completely deacti-
vated or showing high variability in the number (Geeraerd et al., 2000).
Hereinbefore, light intensity distribution in the four-lamp UV-C system
indicated variations in the applied UV doses among apricots. Thereby,
microorganisms which were not exposed to the same UV dose might

Table 3
The effect of UV-C exposure time on the inactivation of natural flora of cv. Şalak apricot.

ExposureTime (min) Log-Survival (CFU g−1) Log-Reduction Log-Survival (CFU g−1) Log-Reduction Log-Survival (CFU g−1) Log-Reduction
(TAPC) (TAPC) (YMC) (YMC) (Coliforms) (Coliforms)

0 6.10 ± 0.87a 0 ± 0.00c 5.81 ± 0.19a 0 ± 0.00b 4.74 ± 0.53 0
4 5.15 ± 0.61ab 0.95 ± 0.61bc 3.44 ± 0.41b 2.37 ± 0.41a ND 4.74
6 4.25 ± 0.84ab 1.85 ± 0.84abc 3.57 ± 0.45b 2.24 ± 0.45a ND 4.74
8 4.71 ± 0.76ab 1.39 ± 0.76abc 3.96 ± 0.92b 1.85 ± 0.92a ND 4.74
10 4.27 ± 0.58ab 1.83 ± 0.58abc 4.08 ± 0.54b 1.73 ± 0.54a ND 4.74
12 3.61 ± 0.08b 2.49 ± 0.08ab 3.57 ± 0.50b 2.24 ± 0.50a ND 4.74
16 3.10 ± 0.17b 3.00 ± 0.17a 3.56 ± 0.49b 2.25 ± 0.49a ND 4.74
18 3.15 ± 0.64b 2.95 ± 0.64ab 3.86 ± 0.22b 1.95 ± 0.22a ND 4.74
20 3.60 ± 0.76b 2.50 ± 0.76ab 3.45 ± 0.49b 2.36 ± 0.49a ND 4.74
25 3.86 ± 1.44b 2.24 ± 1.44 ab 3.61 ± 0.19b 2.20 ± 0.19a ND 4.74

a–c: Means having different small letters in the same column denote significant difference at p < .05.
ND: Not detected.
Data are mean values ± standard deviation.

Table 4
Goodness of fit parameters for models.

TAPC YMC

MODEL RMSE R2 adj-R2 RMSE R2 adj-R2

Log Linear 0.5304 0.7543 0.7236 0.6341 0.2897 0.2009
Log Linear+ Tail 0.3393 0.9126 0.8869 0.2486 0.9045 0.8772
Weibull 0.4615 0.8373 0.7908 0.3419 0.8194 0.7677
Weibull+ Tail 0.3660 0.9123 0.8684 0.5146 0.6492 0.4738
Double Weibull 0.4462 0.8696 0.8044 0.3602 0.8281 0.7421
Biphasic 0.3665 0.9120 0.8680 0.2688 0.9057 0.8585
Biphasic+ Shoulder 0.4015 0.9120 0.8417 0.2923 0.9057 0.8302
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have survived UV-C treatment causing a tailing in the survival curve. It
is also possible to explain the tailing phenomenon by existence of a
mixed population on the apricot surfaces having different resistances to
the UV-C light. Inactivation of naturally occurring microorganisms was
demonstrated to be difficult due to the differences between their growth
phases (El-Hag et al., 2006; Hakguder Taze et al., 2015).

3.6. Statistical results

Statistical analysis revealed that exposure time was a very sig-
nificant factor on the response (P< .0001). Also statistical model was
found to be very important with a P value of 0.0009. Pairwise com-
parison of means of the survival numbers obtained after each treatment
time was performed as well (Table 3). Existence of any significant
difference between survival numbers due to the treatment time or type
of microorganisms was evaluated. Table 3 indicates that 12min of ex-
posure to UV-C light resulted in a substantial reduction (P < .05) in
TAPC as compared to the initial load. However, it is obvious that in-
crease in the treatment time more than 12min did not cause a statis-
tically notable change in the survival numbers. Nonetheless, D-optimal
design estimated the optimum exposure time as 19.37min in order to
reach the lowest survival number in TAPC after UV-C treatment. On the
other hand, a statistically meaningful decrease in YMC was observed
after 4min of UV-C processing. Although this reduction in YMC was
significant, longer processing time did not significantly alter the
number of survivors (Table 3). Similarly, Yun et al. (2013) examined
the efficacy of UV-C light on the inactivation of pathogenic E. coli
O157:H7 and Salmonella spp. inoculated onto apricots. Further increases
in UV-C dosage achieved only limited additional reductions in bacterial
populations.

4. Conclusions

Our results suggest that UV-C treatment can be a promising method
in controlling the natural flora on cv. ‘Şalak’ apricots. Considering the
limited shelf life of this specific type of fruit, microbial inactivation by
UV-C light is encouraging with respect to the success of other processes
that can be applied. The maximum reductions were obtained as 3.0-log
CFU g−1 for TAPC and 2.37-log CFU g−1 for YMC after 16min and
4min of UV-C exposure at 31.01 kJm-2 and 7.75 kJm-2 of UV dose,
respectively. However statistical analysis showed that survival numbers
of TAPC did not significantly change after exposing to UV-C light more
than 12min. Therefore, optimization of the treatment time is necessary
to avoid wasting energy and time. Furthermore, use of a rotating roller
bearing is highly appreciated in order to provide a better UV dose
distribution among fruit surfaces.
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