International Journal of Food Science and Technology 2020

1

Original article
Impact of different temperature abuse scenarios on sensory
quality and off-odour formation in ready-to-eat salad leaves
Antonio Raffo,1*
Massimo Senatore,2 Elisabetta Moneta,1 Flavio Paoletti,1 Marina Peparaio1 &
Eleonora Saggia Civitelli1
1 CREA - Research Centre for Food and Nutrition, Via Ardeatina, Rome 546 -00178, Italy
2 Department for Innovation in Biological, Agro-Food and Forest Systems, University of Tuscia, Via San Camillo de Lellis snc -01100,
Viterbo, Italy
(Received 30 July 2020; Accepted in revised form 12 October 2020)

Summary

Packages of ready-to-eat (RTE) wild rocket and lettuce baby leaves were subjected during 8 days of cold
storage to a chronic temperature abuse (CTA) at sub-optimal storage temperature (10 °C) or to a shortterm (6 h) abuse at ambient temperature (STA) to evaluate the impact of two temperature abuse scenarios
on gas composition within the packages, leaf sensory quality and volatile organic compounds (VOCs). In
both species, the CTA scenario had a markedly higher impact on gas composition, sensory quality and
oﬀ-odour formation than the STA, and the limit of sensory acceptability was reached in the CTA scenario 4 days or more earlier than in the STA. Sulphur compounds were the main responsible for oﬀodour perception in both leafy salads. Results from the present study may be useful in the assessment of
critical points in the cold chain of RTE fresh produce and in prioritising actions towards improved coldchain management.
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Introduction

Consumption of ready-to-eat (RTE) salads has been
constantly increasing during last decades in all developed countries by virtue of their freshness, convenience and healthy attributes (Baselice et al., 2017).
The availability of both RTE vegetable and fruit on
the market may facilitate an increased consumption of
fruit and vegetable in the general population and, thus,
may contribute to eﬀorts towards the yet-to-be
achieved goal of a daily consumption of 400 g per capita, as recommended by the WHO (World Health
Organization, 2008). However, RTE salads, in particular, are highly perishable products due to their fresh
nature and, additionally, to the processing operations
to which they are subjected before packaging, when
freshly harvested salads may be subjected to trimming,
cutting, washing and mixing of diﬀerent vegetables.
All these operations may damage the natural protection of the epidermis and impair the internal compartmentalisation that separates enzymes from substrates,
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thus favouring microbial proliferation and inducing an
increased respiration rate by the vegetable, which
results in faster metabolic rate and tissue senescence.
In this way, processing operations promote both
microbial spoilage and physiological spoilage, which
are associated with the development of oﬀ-odours, loss
of texture and colour of the fresh vegetable, and thus
make RTE salads particularly prone to the degradation of both microbiological and sensory quality during the shelf life (Beaulieu, 2011; Ragaert et al., 2011).
In particular, the decay of sensory quality, that may
occur even before the deterioration of nutritional and
microbiological characteristics, compromises the perception of product freshness and liking by consumers
(Dinnella et al., 2014).
Temperature is by far the most important environmental factor in order to control microbial growth
and tissue senescence of RTE vegetables during the
shelf life. For this reason, a tight control of the cold
chain is prescribed by food legislation in all developed
countries for RTE vegetables (USDA, 2013;
S€
oderqvist, 2017). However, data from several ﬁeld
studies conducting time–temperature measurements on
chilled food products along the cold chain revealed
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that temperature abuses are far from being rare events
(Mercier et al., 2017; Ndraha et al., 2018). When considering, in particular, RTE salads, it has been noted
that in real supply chain conditions, temperature abuse
is likely to occur during retail storage, when the refrigeration system is temporarily shut down during cleaning and sanitisation of the cold room (Zeng et al.,
2014), during display at retail in open-refrigerated display cases, due to the large heterogeneity of the temperature according to the position inside the cabinet
(Atilio de Frias et al., 2015; Kou et al., 2015), and
during transport by consumers and domestic storage
(Tsironi et al., 2017). Temperature abuse occurring
during storage or display at retail has been shown to
signiﬁcantly promote the growth of both spoilage and
pathogenic bacteria, as well as the loss of visual quality in baby spinach (Atilio de Frias et al., 2015; Kou
et al., 2015) and romaine lettuce mix (Zeng et al.,
2014). The impact of temperature abuse and improper
shelf life treatment on bacterial loads, volatile organic
compound (VOC) and phytochemical content in RTE
wild rocket has been recently investigated by Yahya
et al. (2019), who evaluated the eﬀects of diﬀerent ﬂuctuating temperature regimes to simulate ‘real world’
post-processing supply chain conditions. On the contrary, at present no data are available about the eﬀects
of temperature abuses on the sensory quality of RTE
lettuce baby leaves.
The aim of this study was to evaluate the impact of
two diﬀerent temperature abuse scenarios during postprocessing cold storage on the quality of commercially
produced and processed RTE wild rocket and lettuce
baby leaves. The objective of the study was to investigate simulated abuse scenarios that could be representative of common faults in the cold chain of RTE
products. The ﬁrst scenario entailed a chronic temperature abuse (CTA) at a sub-optimal constant cold
storage temperature (10 °C) and was designed in a
way to mimic temperature abuse situations occurring
during storage or display at retail, and possibly followed by home storage with a poor control of the
refrigerator temperature. Indeed, a large survey on the
retail sector in southern Spain recently found that
average temperature of vegetables displayed at half
and top shelves of display cabinets, during summer,
was close to 10 °C (Baldera Zubeldia et al., 2016),
while in ﬁeld test carried out in the supply chain of
RTE leafy salads storage temperatures within the
range from 8 to 10 °C have been observed after purchase, during domestic storage by consumers (Tsironi
et al., 2017). The second abuse scenario involved a relatively short-term abuse (STA) at ambient temperature
(6 h at 25 °C), followed by storage at an appropriate
temperature (6 °C), and was designed to simulate a
relatively short breach of the cold chain due to failures
in the management of the logistic operations, such as
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those occurring during truck loading and unloading,
which represent another typical case of cold-chain
interruption (Mercier et al., 2017). The two abuse scenarios were evaluated with reference to a no temperature abuse scenario (NTA), where RTE salad leaves
were stored at 6 °C along the entire storage time. Product quality was assessed by the measurements of gas
composition within the packages, which is a key indicator of quality degradation of RTE vegetables along
storage, by sensory evaluation of salad leaves and
analysis of VOCs released within the bags. As regards
sensory quality, defects that aﬀect perception of freshness both before and after package opening was measured, because the former may inﬂuence consumer
preference at purchase (Dinnella et al., 2014), whereas
the latter may play a role in repurchase behaviour
(Løkke et al., 2012). In addition, VOCs were determined because oﬀ-odour development is a major sensory defect in some RTE salad types, such as, in
particular, rocket, where due to the presence of glucosinolates a remarkable level of unpleasant sulphur
volatiles may be formed as a result of microbial and
physiological spoilage (Løkke et al., 2012; Spadafora
et al., 2016).
Materials and methods

Plant materials and experimental treatments

Freshly processed packages of wild rocket (Diplotaxis
tenuifolia L.) leaves and lettuce (Lactuca sativa L.)
baby leaves were obtained from a local processor. All
plant materials were grown, harvested and processed
according to standard commercial practices commonly
adopted in Italy. Brieﬂy, processing of the freshly harvested leaves involved washing with cold water containing sodium hypochlorite as sanitiser, then rinsing
with tap water, drying and packaging under passive
Modiﬁed Atmosphere Packaging (MAP) conditions by
using polypropylene ﬁlm bags. Packages of wild rocket
and lettuce contained 100 and 125 g of leaves, respectively. Just after packaging, the bags were immediately
transported to the CREA laboratories under coldchain conditions. Then, the packages were subjected to
three diﬀerent storage conditions: a CTA condition, in
which the bags were stored at a sub-optimal constant
chilling temperature (in a fridge at 10 °C  2 °C); a
condition with a relatively short-term (6 h) abuse at
ambient temperature (25 °C  2 °C) during the ﬁrst
day of storage, followed by storage at a correct cold
storage temperature (in a climatic chamber at
6 °C  1 °C) (STA); and a condition satisfying the
requirements of the cold chain with NTA along the
entire post-processing product life (in a climatic chamber at 6 °C  1 °C) (NTA). The cumulative thermal
eﬀect over time, as expressed by the accumulated
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thermal unit (ATU), where 1 ATU is equal to 1 °C
for 1 day, amounted for the CTA, STA and NTA scenarios, to 40, 25.75 and 24 ATU, respectively, after
4 days, to 60, 37.75 and 36 ATU after 6 days and to
80, 49.75 and 48 ATU after 8 days. Packages of RTE
wild rocket and lettuce baby leaves were analysed at
arrival to the laboratory and then, for each condition,
after 4, 6 and 8 days of storage. For each condition
and storage time, six packages were used for the analyses, three for the sensory evaluation and three for the
analysis of VOCs, whereas all the six packages were
analysed for gas composition. Each bag represented
one experimental replicate, both for sensory and chemical analyses. As a whole, 60 bags (six bags at arrival
to the laboratory + 54 bags of stored product, corresponding to six bags 9 3 conditions 9 3 storage
times) were analysed for both wild rocket and lettuce
baby leaves.
Chemical and sensory analyses
Gas composition within packages

Oxygen and carbon dioxide levels within the sealed
packages were determined by an Abyss Analyser
LS210-LS212 (Dansensor Italia, srl). Analyses were
carried out by inserting a small needle into the package through an adhesive rubber septum. For each condition and storage time, six bags were analysed.
Results were expressed as % concentration of O2 and
CO2.
Sensory evaluation

Sensory quality of RTE wild rocket and lettuce baby
leaves was evaluated at the sensory laboratory of
CREA – Research Centre for Food and Nutrition,
which was designed according to the ISO guidelines
and was equipped with individual booths and the
FIZZ software v. 2.40 (Biosystemes, Couternon,
France) to record analytical data. The sensory panel
was formed by nine trained members. Prior to the
start of the storage experiment, training sessions were
performed to recognise and describe sensory defects of
RTE wild rocket and lettuce baby leaves related to
visual quality, oﬀ-odour and texture. For the storage
experiment, three bags were analysed for each condition and storage time, representing three analytical
replicates. Each sealed bag was coded with random
three-digit numbers, after covering the expiration date
label with dark adhesive tape, and then presented to
the panellists who, one at a time, evaluated the product for visual quality defects (‘visual defects packaged’). Each single bag was then opened by the
laboratory staﬀ members and the product split into
individual portions placed in plastic plates, one for
each panellist, and the plates were presented to the
panellists for the evaluation of visual quality defects
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after bag opening (‘visual defects opened’), oﬀ-odour
development and texture defects. Oﬀ-odour was evaluated by smelling the intact leaves in the plate, without
crushing them, whereas texture was evaluated simply
by visual examination, without handling the leaves.
The considered sensory defects were measured based
on 5-point scales such as those used by Spadafora
et al. (2016), but with reversed numerical values,
because in the present study the focus was on the
development of sensory defects (Table S1). Based on
reported deﬁnition of sensory attribute scores, a score
of 3 was assumed as the limit of sensory quality over
which product acceptability by consumers would be
severely compromised.
Analysis of volatile organic compounds (VOCs)

Volatile organic compounds were isolated by application of the headspace solid-phase microextraction (HSSPME) technique to the salad leaf headspace within
sealed packages, according to a method described elsewhere (Raﬀo et al., 2020). The needle of a SPME ﬁbre
holder was inserted into a sealed bag via a foam rubber septum glued directly on the bag, and care was
taken to avoid that the ﬁbre touched the leaves or the
package material. The SPME ﬁbre (a 2-cm 50/30 µm
DVB/CAR/PDMS ﬁbre, purchased from Supelco,
Sigma-Aldrich, Milan, Italy) was then exposed to the
leaf headspace for 30 min while keeping the package
at 6 °C. At the end of the extraction time, the ﬁbre
was immediately inserted into the GC split–splitless
injection port, for the desorption step, and the GC run
was started.
GC-MS analyses were performed on an Agilent
6890 GC 5973N MS system equipped with a quadrupole mass ﬁlter for mass spectrometric detection (Agilent Technologies, Palo Alto, CA, USA). Desorption
of extracted volatiles from the ﬁbre was carried out
for 5 min within the GC injector, operating at 260 °C
by the splitless mode. GC separation was achieved on
a DB1-MS (0.25 mm i.d. 9 60 m, 0.25-µm ﬁlm thickness) manufactured by J&W, Agilent Technologies.
GC operating conditions were as follows: oven temperature programme from 40 °C (1 min) to 150 °C at
6 °C min 1, and then to 290 °C at 30 °C min 1
(10 min), total run time of 34 min, constant ﬂow of
He carrier gas was set at 1.5 mL min 1, corresponding
to a linear velocity of 31 cm s 1, and transfer line at
300 °C. The MS detector was operated in the electronic ionisation mode at 70 eV; source and quadrupole temperatures were set, respectively, at 230 and
150 °C. Detection was performed by the full-scan
mode, over the mass range 30–300 amu. For each
volatile compound, a semi-quantitative determination
of the level within the headspace of the sealed bags
was obtained by calculating the area of chromatographic peaks obtained by extracting the signal of
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selected m/z ions (Table S2) from the total ion current
signal. Identiﬁcation of compounds was carried out as
described elsewhere (Raﬀo et al., 2020). For each condition and storage time, three replicates (three distinct
bags) were analysed.

impact on leaf respiration rate and gas composition
changes, than a short-term temperature abuse, provided that the bags were returned to appropriate coldchain conditions just after the STA.
Sensory evaluation

Statistical analysis

Data on gas composition and VOCs obtained from all
experimental samples of each product, wild rocket and
lettuce bay leaves, were subjected to one-way analysis
of variance (ANOVA, P < 0.05), whereas Tukey’s multiple comparison test (P < 0.05) was performed to identify mean values that were signiﬁcantly diﬀerent from
each other. To evaluate statistical signiﬁcance of diﬀerences in sensory data between salad bags subjected to
diﬀerent storage conditions and analysed at the same
storage time, the Kruskal–Wallis test (P < 0.05) was
performed, along with the Dunn multiple comparison
test, by applying the correction of the signiﬁcance level
proposed by Bonferroni. A data set formed by gas
composition, sensory and VOC mean values, was analysed by principal component analysis (PCA), after
data pre-treatment (transformation by/standard deviation (n-1)). All analyses were performed by using the
XLSTAT software package (2020.1.1 version, Addinsoft, Paris, France).
Results and Discussion

RTE wild rocket leaves
Gas composition within packages

Data on gas composition inside the wild rocket packages demonstrated that the diﬀerent temperature abuse
scenarios had a signiﬁcant eﬀect on the respiration rate
of rocket leaves (Table 1). The CTA showed a signiﬁcantly stronger impact on gas composition than the
STA. Just after 4 days of storage, the O2 level in the
CTA scenario bags was markedly lower than in STA
bags, which, in turn, showed a signiﬁcantly lower level
than the bags from the NTA scenario, and these diﬀerences endured after 6 days, whereas after 8 days significant diﬀerences were no longer observed. These eﬀects
paralleled those observed on CO2 levels, with higher
levels in CTA, with respect to STA and NTA. In a
previous study, the low oxygen limit (LOL), the oxygen level below which anaerobic respiration begins to
dominate over aerobic respiration, was estimated in
wild rocket to be approximately 2.1% (Luca et al.,
2016). This limit was reached approximately after
4 days of storage in the CTA scenario, after 6 days in
the STA and after 8 days in the NTA scenario. Interestingly, results of the present study conﬁrmed the previous ﬁnding (Yahya et al., 2019) that a CTA at a
sub-optimal cold storage temperature had a higher
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The eﬀects of the abuse scenarios on the sensory quality of RTE wild rocket leaves paralleled those
observed on gas composition changes within the bags.
At all storage times all sensory defects in visual quality, oﬀ-odour and texture were more pronounced in
bags subjected to CTA conditions than in STA and
NTA scenarios (Fig. 1 and Table S3), whereas no signiﬁcant diﬀerences were observed between STA and
NTA. Bags exposed to CTA conditions showed a clear
increase in all defects already in the ﬁrst 4 days of
storage, when the limit of sensory quality, over which
product acceptability would be compromised, was
nearly reached for oﬀ-odour, whereas in the following
2 days a sharp increase in all sensory defects made the
product deﬁnitely unacceptable. Bags subjected to the
STA scenario reached the limit after 8 days, primarily
due to oﬀ-odour development, whereas at the end of
the storage experiment (8 days) average sensory scores
for all defects were lower than the limit of sensory
quality in NTA bags. These results largely conﬁrmed
those previously obtained by Spadafora et al. (2016)
on RTE rocket salad at 5 °C, whereas a shorter shelf
life was observed by Amodio et al. (2015), who also
found that two temperature abuses of 24 h at 13 °C,
applied on day 2 and 6 of storage at 5 °C, reduced the
shelf life of RTE rocket from 5.8 to 5.25 days. This
kind of abuse was intermediate in extent when compared to the two scenarios investigated in the present
study and suggested that a sub-optimal cold storage
temperature, such as 13 °C, may have a signiﬁcant
impact on product shelf life even if applied for intermittent time intervals during storage, instead of as a
CTA condition, as investigated in the present study.
Volatile organic compounds (VOCs)

In the present study, the analysis of VOCs was justiﬁed by the interest in the characterisation of oﬀ-odour,
and thus, VOC isolation was carried out within bags
of intact leaves, without crushing the leaves before
VOC extraction, as done in previous studies (Luca
et al., 2016). The practice of crushing the leaves would
have promoted the quick and extensive formation of
volatiles produced by the lipoxygenase pathway and
glucosinolates hydrolysis, which are responsible for the
typical aroma of fresh rocket (Raﬀo et al., 2018), but
this would have made more troublesome the detection
of the compounds responsible for the oﬀ-odour. Clear
eﬀects of the diﬀerent storage scenarios on the formation of most of the determined VOCs were highlighted
by experimental data (Table 1). A group of sulphur
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Table 1 Gas composition within packages (%) and levels of VOCs (peak area*) in RTE wild rocket bags subjected to the three storage conditions, NTA, STA
and CTA, during 8 days of storage. Average values and results of statistical analysis
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Figure 1 Sensory defects of RTE wild rocket bags subjected to the three storage conditions, NTA, STA and CTA, during 8 days of storage:
scores1 for (a) ‘visual defects packaged2’, (b) ‘visual defects opened3’, (c) ‘oﬀ-odour development’, (d) ‘texture defects’. Notes. 1A score of 3
was considered the limit of sensory quality over which product acceptability would be compromised. Lowercase letters indicate statistically different values between the diﬀerent storage conditions at each storage times, according to the Kruskal–Wallis test (in all cases P was < 0.01)
and the Dunn multiple comparison test, by applying the correction of the signiﬁcance level proposed by Bonferroni. The mean values are
obtained by the individual evaluations of nine panellists; each panellist evaluated three replicates (three bags) for each treatment/storage time.
So, for each experimental point (treatment/storage time) mean values were obtained from 993 individual scores. 2 Visual quality as assessed
before package opening. 3 Visual quality as assessed after package opening.

compounds, such as the prominent dimethyl sulphide
(DMS), but also other compounds detected at a lower
level, such as carbon disulphide, methanethiol, carbonyl sulphide and 2,4-dithiapentane, showed trends
of variation that clearly resembled the development of
oﬀ-odour as perceived by sensory panellists along the
storage time. A clear association between the level of
these VOCs and the sensory score of oﬀ-odour was
also highlighted by signiﬁcant Pearson’s correlation
coeﬃcients (Table S4). It has to be underlined here
that the analytical determination of VOCs performed
in the present study did not allow to know the absolute concentration of the VOCs within the packages,
but only to compare their level between diﬀerent
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storage conditions and times. Thus, it was not possible
to relate their concentration level to their odour detection threshold and, in that way, to estimate their
actual contribution to the oﬀ-odour as perceived by
the panellists. Nevertheless, while absolute evidence
was lacking, the presented data, such as relatively high
peak areas and signiﬁcant correlations, made the contribution of these compounds to the perceived oﬀodour of the evaluated RTE wild rocket leaves likely.
Moreover, three of the above listed compounds, DMS,
methanethiol and 2,4-dithiapentane, for which such
statistical association was observed, were identiﬁed
among the major odour-active compounds contributing to oﬀ-odour notes in commercial bags of RTE
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rocket in a previous study carried out in our laboratory by GC-O analyses (Raﬀo et al., 2020), and results
from the present study seemed to conﬁrm their role in
the perception of oﬀ-odour. For all these compounds,
the level detected within the bags subjected to the
CTA condition was markedly higher than the other
storage conditions starting from the sixth day of storage, and for DMS from the fourth day of storage.
Interestingly, a diﬀerent trend of variation with respect
to the previously mentioned sulphur compounds was
observed for the other prominent sulphur compound
commonly detected in rocket leaf headspace, dimethyl
disulphide (DMDS). As can be observed in Table 1,
its level quickly increased in the ﬁrst 4 days of storage
in the CTA bags and then it sharply decreased. Somewhat similarly, in STA bags, it increased, though less
markedly, up to the sixth day of storage then declined.
These trends strictly conﬁrmed the ﬁnding of Luca
et al. (2016), who observed that DMDS levels gradually increased as package O2 levels decreased during
storage, but sharply decreased as O2 levels dropped
below the LOL. This ﬁnding was also in agreement
with results reported by Yahya et al. (2019), who
observed higher levels of DMDS in bags exposed to
relatively low storage temperature than in bags subjected to stronger temperature abuse, after 5 days of
storage. According to the conjecture proposed by Luca
et al. (2016), this consistently observed pattern of variation could be due to the reduction in a speciﬁc microbial or enzymatic activity related to the formation of
DMDS when the partial pressure of O2 drops to very
low levels. This suggestion may be supported by evidence that, ﬁrst, DMDS is formed through rapid oxidation of the very unstable methanethiol (Toivonen,
1997), and, second, that some enzyme activity related
to food microbial ﬂora, such as methioninase activity
obtained from Pseudomonas putida, promotes the conversion of methanethiol to DMDS under aerobic conditions, whereas under anaerobic conditions this
conversion does not occur (Di Pentima et al., 1995).
Indeed, in our experiment methanethiol increased to
the highest detectable levels only after anoxic conditions were established (Table 1). In any case, our data
suggested the occurrence of a distinct biochemical
pathway, or a distinct regulation of the same pathway,
that controls the formation of the two sulphur compounds, DMS and DMDS, that were recognised as the
major responsible for oﬀ-odour in packaged rocket in
previous studies (Spadafora et al, 2016; Yahya et al.,
2019; Raﬀo et al., 2020). As for VOCs other than sulphur compounds, interestingly, octane showed in all
storage conditions a steady increase that was triggered
by the occurrence of anoxic conditions, thus conﬁrming a previous observation by Luca et al. (2016). A
similar trend of variation was observed for the alcohols ethanol and methanol (Table 1). Release of
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ethanol is explained by degradation of pyruvate to
acetaldehyde and, then, to ethanol when aerobic respiration switches to anaerobic respiration. Results of the
present study conﬁrmed that the formation of ethanol
can be considered an accurate biomarker of the establishment of restricted O2 conditions in RTE rocket, as
previously suggested (Luca et al., 2016). As regards
methanol, its formation may be related to enzymatic
degradation of pectin by pectin methylesterase, that is
associated with loss of texture attributes of the fresh
tissue (Pelloux et al., 2007). As regards four unknown
compounds, previously detected on RTE rocket salad
headspace and characterised for their olfactory notes
in our laboratory (Raﬀo et al., 2020), it was observed
that the structurally related unknown compounds 1
and 3 followed a pattern of variation similar to that of
sulphur compounds but diﬀerent to that followed by
unknown compounds 2 and 4.
A PCA of the global data set clearly highlighted
that the CTA scenario produced a much more marked
departure from the fresh state (T0) than the STA scenario, in terms of sensory quality and oﬀ-odour formation, while the optimal storage condition of the
NTA scenario allowed to limit the development of
defects to a minimum extent (Fig. S1). Interestingly,
all sensory defects appeared to be closely correlated
with each other, as conﬁrmed by signiﬁcant Pearson’s
correlation coeﬃcients (Table S4). Moreover, all sensory defects, gas composition and most of oﬀ-odourrelated VOCs were linearly correlated with the cumulative thermal eﬀect, as expressed by the ATU
(Table S4), suggesting that the higher impact on product quality associated with the CTA with respect to
the STA scenario corresponded to a signiﬁcantly
higher cumulative thermal eﬀect in the former scenario.
RTE lettuce baby leaves
Gas composition within packages

As observed in the case of RTE wild rocket, the diﬀerent abuse scenarios had a signiﬁcant impact on gas
composition inside bags of RTE lettuce baby leaves
(Table 2). While the STA nearly had no eﬀect on gas
composition with respect to the NTA condition, a
marked eﬀect on product respiration rate was observed
in the bags subjected to the CTA scenario, where
noticeable decreases in O2 and increases in CO2 with
respect to the other two conditions were detected. In
this last scenario, O2 levels sharply decreased after the
fourth day of storage, creating anoxic condition at the
end of the storage time, whereas at the same time, in
the other two scenarios, O2 and CO2 levels amounted
approximately to 10% and 7–8%, respectively. These
last ﬁgures were in well agreement with results previously reported on cold-stored RTE lettuce baby leaves
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<0.0001
0.0004
2621 c
14 9620
abcd
2192 c
11 4857 cd
1-Undecene
Trichloromethane

5617
19 734 bcd
0
28 149 bc
DMDS
Methanol

Lowercase letters near values indicate statistically different values according to one-way ANOVA and Tukey’s multiple comparison test (P < 0.05).
*Area of chromatographic peaks obtained by extracting the signal of selected m/z ions (Table S2) from the total ion current signal.

7429 bc
189 760 ab
79 365 a
161 831
abcd
9503 bc
97 476 d

292 558
52 387 a
314 060
11 480 cd

5910 bc
178 801 abc
43 064 ab
175 141
abc
4809 c
127 248
bcd
4381 c
206 658 a

0.130
<0.0001

<0.0001

283 1883
cde
28 224
18 585 bcd
794 4069 a

151 9695
cdef
15 175
11 392 cd
319 2785 cd

624 1926
ab
236 662
34 071 ab
126 6670
def
12 061
19 050 bcd

401 7949
bc
30 7954
24 469
bcd
20 299 bc
190 149
ab
40 5026 ef

169 4631
cdef
40 973
8663 d

<0.0001
<0.0001
10.53 b
7.37 b
0.73 c
14.50 a
9.79 b
7.85 b
11.25 b
7.25 b
4.28 c
11.92 a
12.31 b
6.88 b
13.06 b
6.32 b
11.23 b
7.52 b
14.31 b
5.43 b

Gas composition
O2
18.64 a
2.22 c
CO2
Volatile organic compounds
DMS
31 493 f

P value

STA 8
CTA 8
NTA 8
CTA 4

STA 4

CTA 6
NTA 6

STA 6

Storage time 8 days

NTA 4
Parameter

To the best of our knowledge, the present study is the
ﬁrst one reporting data on VOCs isolated in the headspace of RTE lettuce baby leaves. Results showed the
formation of a smaller number of VOCs than in the
headspace of wild rocket leaves (Table 2). DMS was
the main compound in the volatile fraction, and its
level was correlated with the intensity of oﬀ-odour as
perceived by the sensory panel (Table S4). Considering
its low odour detection threshold in air (0.002–
0.03 ppm) (van Gemert, 2003) and its unpleasant rotten leaf olfactory note, it was plausible that it could
contribute to the perception of the oﬀ-odour in lettuce
baby leaves, even though in the absence of absolute
concentration data it was not possible to establish this
with certainty. DMDS, which showed great variability

Storage time 6 days

Volatile organic compounds (VOCs)

Storage time 4 days

As for RTE wild rocket leaves, the degradation of sensory quality closely reﬂected changes observed in gas
composition within the bags of RTE lettuce baby
leaves (Fig. 2 and Table S5). The STA did not produce signiﬁcant eﬀects in any of the considered sensory
defects at all storage times with respect to the condition with NTA, whereas the CTA clearly boosted the
appearance of all sensory defects. Under this last condition, all sensory quality attributes sharply degraded
in the ﬁrst 4 days of storage, and then, the process of
leaf senescence slowed down in the following 2 days of
storage, to speed up again in the last 2 days of the
experiment. Interestingly, defects of visual quality,
measured both before and after bag opening, exceeded
the limit of sensory quality just before the fourth day
of storage, whereas defects of odour and texture
reached this limit slightly later. This result conﬁrmed
the previous ﬁnding that the shelf life of lettuce baby
leaves is limited by defects in visual quality, mainly
related to the occurrence of bruising, waterlogging and
blackening of the leaves, rather than to the development of oﬀ-odour (Martınez-S
anchez et al., 2012).
Bags exposed to the other two scenarios showed a relatively slow rate of quality degradation, and none of
the measured sensory attributes reached the limit of
sensory quality within the time of the experiment. This
was consistent with the relatively lower respiration rate
of lettuce baby leaves when compared to wild rocket
leaves and with a previous estimation of RTE lettuce
baby leaf shelf life, ranging from 9 to 11 days under
correct cold storage conditions (Martınez-Sanchez
et al., 2012).

Storage time first
day
T0

Sensory evaluation

RTE lettuce baby leaf samples

(Martınez-S
anchez et al., 2012), and conﬁrmed that
lettuce baby leaves were characterised by a markedly
lower respiration rate than rocket leaves, and this corresponded to less active metabolism, slower deterioration rate and longer shelf life.

ANOVA
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Table 2 Gas composition within packages (%) and levels of VOCs (peak area*) in RTE lettuce baby leaf bags subjected to the three storage conditions, NTA,
STA and CTA, during 8 days of storage. Average values and results of statistical analysis
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NTA
CTA
STA
limit of sensory quality

4

a

a

a
b

3
b
2

b

b

b

b

4

6

(b)
5

visual defects "opened" score

visual defects "packaged" score

(a)
5

NTA
CTA
STA
limit of sensory quality

4

a

a

b

b

b

b

4

6

b

3

2

b

1

1
0

2

0

8

2

Storage me (days)
(d)
5

NTA
CTA
STA
limit of sensory quality
a

3
b
b

2

NTA
CTA
STA
limit of sensory quality

a

4
a

b

b

b
0

2

4

a

4
a

a
b

3
b

b

b

2

b
1

8

Storage me (days)

texture defects score

(c)
5

oﬀ-odour score

a

b

b

4

6

1
6

8

Storage me (days)

0

2

8

Storage me (days)

Figure 2 Sensory defects of RTE lettuce baby leaf bags subjected to the three storage conditions, NTA, STA and CTA, during 8 days of storage: scores1 for (a) ‘visual defects packaged2’, (b) ‘visual defects opened3’, (c) ‘oﬀ-odour development’, (d) ‘texture defects’. Notes. 1 A score of
3 was considered the limit of sensory quality over which product acceptability would be compromised. Lowercase letters indicate statistically
diﬀerent values between the diﬀerent storage conditions at each storage times, according to the Kruskal–Wallis test (in all cases P was < 0.01)
and the Dunn multiple comparison test, by applying the correction of the signiﬁcance level proposed by Bonferroni. The mean values are
obtained by the individual evaluations of nine panellists; each panellist evaluated three replicates (three bags) for each treatment/storage time.
So, for each experimental point (treatment/storage time) mean values were obtained from 993 individual scores. 2 Visual quality as assessed
before package opening. 3 Visual quality as assessed after package opening.

and no clear trend of variation, was detected at a quite
lower level. Similarly to the case of wild rocket, sulphur compounds appeared to be plausible candidates
for key odorants responsible for oﬀ-odour perception,
even though, in this case, they were probably formed
by degradation of sulphur-containing amino acids
rather than of glucosinolates. Interestingly, the
changes in the level of the aliphatic alkene 1-undecene
were linearly correlated with the oﬀ-odour intensity,
and other sensory defects, as perceived by the sensory
panel (Table S6). However, it is plausible that it did
not contribute to the perception of the oﬀ-odour, since
it is characterised by a relatively high odour detection
threshold, 570 ppm (van Gemert, 2003). 1-Undecene
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has not been previously reported in lettuce volatiles
and its presence may be worth of investigation because
it is known to be naturally produced by many strains
of Pseudomonas bacteria (Rui et al., 2014), which are
the dominating species in RTE lettuce in aerobic conditions (Ioannidis et al., 2018) and are known as the
major cause of soft-rot, and, thus, of textural and
visual defects in lettuce (Ragaert et al., 2011). Thus, 1undecene could be an accurate marker of microbial
spoilage in lettuce baby leaves. Moreover, trichloromethane, which is a disinfection by-product formed as
a result of interaction of chlorine with organic matter
during the washing step in fresh-cut salad processing
(Shen et al., 2016), seemed not to be clearly inﬂuenced
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by the diﬀerent storage conditions. In a previous study
on RTE, mature iceberg lettuce only ﬁve VOCs were
detected when lettuce leaves were stored under aerobic
MAP conditions diﬀerent from those applied in the
present study, and in agreement with results of the
present study, DMS and methanol were in this group,
even though they both decreased along storage (Ioannidis et al., 2018). While in that previous study it was
found that ethanol could be a suitable spoilage indicator under anaerobic conditions, in the present study it
was observed that ethanol did not form under aerobic
conditions, as also observed by Ioannidis et al. (2018),
and that DMS and 1-undecene could be appropriate
volatile markers of quality degradation and oﬀ-odour
formation that occurred under aerobic conditions,
which are most common when RTE lettuce baby
leaves are stored at a correct temperature. Identiﬁcation of suitable volatile marker of spoilage and oﬀodour formation could be useful for the development
of future intelligent packaging technologies aimed at
monitoring sensory quality of fresh-cut produce during
shelf life.
A PCA of all experimental data quickly showed the
impact of the diﬀerent scenarios on the sensory proﬁle
of lettuce baby leaves (Fig. S2). All sensory variables
were closely associated with each other and also significantly correlated with DMS, 1-undecene and CO2
levels and inversely correlated with O2 concentration
(Table S6). As observed for wild rocket, all these variables were linearly correlated with the ATU
(Table S6), showing that the higher impact on RTE
lettuce baby leaf quality associated with the CTA with
respect to the STA scenario corresponded to a signiﬁcantly higher cumulative thermal eﬀect in the CTA
scenario.

most eﬃcient refrigeration systems, such as those with
display case with glass doors, is already a practicable
option that may markedly improve product quality,
reduce decay rate (Atilio de Frias et al., 2015; Kou
et al., 2015) and, thus, food waste, while also allowing
signiﬁcant reduction in energy consumption, operational costs and CO2 emissions in this sector of the
cold chain.
In addition, actions addressed to consumers’ education to increase their awareness of the perishable nature of RTE products could also preserve product
quality and freshness by damages caused by incorrect
handling after purchase. Moreover, while several sulphur compounds have been conﬁrmed to be suitable
marker of oﬀ-odour formation in RTE wild rocket, 1undecene is worth of further investigation as a plausible marker of microbial spoilage and, thus, quality
degradation of RTE lettuce baby leaves, at least under
MAP aerobic conditions.

Conclusions

Author Contributions

The present study, by integrating sensory evaluation of
the leaves and chemical determination of gas composition and, by HS-SPME/GC-MS, of VOCs within the
packages highlighted that a post-processing chronic
thermal abuse at a sub-optimal cold storage temperature may have a stronger adverse impact on the sensory quality of RTE salad leaves than a relatively
short-term breach of the cold chain at ambient temperature. The chronic thermal abuse investigated in the
present study was characterised by a markedly higher
cumulative thermal eﬀect than the STA scenario, and
this could have played a key role in determining a
higher impact on product quality. In any case, storage
and display at retail and domestic storage by consumers, when such CTAs at a sub-optimal temperature
have been reported to occur, appear as the weak links
of RTE salads cold chain where attention should be
focused and actions prioritised. Implementation of

Antonio Raﬀo: Conceptualization (lead); Data curation
(lead); Formal analysis (lead); Funding acquisition
(supporting); Investigation (lead); Methodology (lead);
Project administration (supporting); Resources (equal);
Software (equal); Supervision (equal); Validation
(lead); Visualization (lead); Writing-original draft
(lead). Massimo Senatore: Conceptualization (supporting); Data curation (supporting); Formal analysis (supporting); Funding acquisition (supporting); Investigation (supporting); Methodology (supporting); Project administration (supporting); Resources (supporting); Software (supporting); Supervision (supporting);
Validation (supporting); Visualization (supporting);
Writing-original draft (supporting). Elisabetta Moneta:
Conceptualization (supporting); Data curation (supporting); Formal analysis (supporting); Funding acquisition (supporting); Investigation (supporting); Methodology (equal); Resources (supporting); Software

International Journal of Food Science and Technology 2020

Acknowledgments

Thanks are due to Mrs. Laura De Felice for collaboration in organisation and execution of sensory analyses.
The study was carried out within the frame of the
ProOrg (Code of Practice for organic food processing)
project. The authors acknowledge the ﬁnancial support
for this project provided by transnational funding bodies, being partners of the H2020 ERA-net project,
CORE Organic Cofund and the cofund from the
European Commission.
Conflict of interest

The authors declare no conﬂict of interest.

© 2020 Institute of Food Science and Technology

Sensory quality and off-odour in RTE salads A. Raffo et al.

(supporting); Supervision (equal); Validation (supporting); Visualization (supporting); Writing-original draft
(supporting). Flavio Paoletti: Conceptualization (supporting); Data curation (supporting); Formal analysis
(supporting); Funding acquisition (lead); Investigation
(supporting); Methodology (supporting); Project
administration (lead); Resources (lead); Software (supporting); Supervision (equal); Validation (supporting);
Visualization (supporting); Writing-original draft (supporting). Marina Peparaio: Conceptualization (supporting); Data curation (supporting); Formal analysis
(supporting); Funding acquisition (supporting); Investigation (supporting); Methodology (equal); Project
administration (supporting); Resources (supporting);
Software (supporting); Supervision (supporting); Validation (supporting); Visualization (supporting); Writing-original draft (supporting). Eleonora Saggia
Civitelli: Conceptualization (supporting); Data curation (supporting); Formal analysis (supporting); Funding
acquisition
(supporting);
Investigation
(supporting); Methodology (equal); Project administration (supporting); Resources (supporting); Software
(supporting); Supervision (supporting); Validation
(supporting); Visualization (supporting); Writing-original draft (supporting).
Ethical approval statement

Ethics approval was not required for this research.
Peer Review

The peer review history for this article is available at
https://publons.com/publon/10.1111/ijfs.14858.
Data Availability Statement

The data that support the ﬁndings of this study are
available from the corresponding author upon reasonable request.
References
Amodio, M.L., Derossi, A., Mastrandrea, L. & Colelli, G. (2015). A
study of the estimated shelf life of fresh rocket using a non-linear
model. Journal of Food Engineering, 150, 19–28.
Atilio de Frias, J., Luo, Y., Kou, L., Zhou, B. & Wang, Q. (2015).
Improving spinach quality and reducing energy costs by retroﬁtting
retail open refrigerated cases with doors. Postharvest Biology and
Technology, 110, 114–120.
Baldera Zubeldia, B., Nieto Jimenez, M., Valenzuela Claros, M.T.,
Mariscal Andres, J.L. & Martin-Olmedo, P. (2016). Eﬀectiveness
of the cold chain control procedure in the retail sector in Southern
Spain. Food Control, 59, 614–618.
Baselice, A., Colantuoni, F., Lass, D.A., Nardone, G. & Stasi, A.
(2017). Trends in EU consumers’ attitude towards fresh-cut fruit
and vegetables. Food Quality and Preference, 59, 87–96.
Beaulieu, J.C. (2011). Factors aﬀecting sensory quality of fresh-cut
produce. In: Advances in Fresh-Cut Fruits and Vegetables

© 2020 Institute of Food Science and Technology

Processing (edited by O. Martın-Belloso &R. Soliva-Fortuny). Pp.
115–144. Boca Raton, FL: CRC Press.
Di Pentima, J.H., Rios, J.J., Clemente, A. & Olias, J.M. (1995). Biogenesis of oﬀ-odor in broccoli storage under low-oxygen atmosphere. Journal of Agricultural and Food Chemistry, 43, 1310–1313.
Dinnella, C., Torri, L., Caporale, G. & Monteleone, E. (2014). An
exploratory study of sensory attributes and consumer traits underlying liking for and perceptions of freshness for ready to eat mixed
salad leaves in Italy. Food Research International, 59, 108–116.
van Gemert, L.J. (2003). Compilations of Odour Threshold Values in
Air, Water and Other Media. Huizen: Boelens Aroma Chemical
Information Service (BACIS).
Ioannidis, A.-G., Kerckhof, F.-M., Riahi Drif, Y. et al. (2018).
Characterization of spoilage markers in modiﬁed atmosphere packaged iceberg lettuce. International Journal of Food Microbiology,
279, 1–13.
Kou, L., Luo, Y., Ingram, D.T., Yan, S. & Jurick, W.M. (2015).
Open-refrigerated retail display case temperature proﬁle and its
impact on product quality and microbiota of stored baby spinach.
Food Control, 47, 686–692.
Løkke, M.M., Seefeldt, H.F. & Edelenbos, M. (2012). Freshness and
sensory quality of packaged wild rocket. Postharvest Biology and
Technology, 73, 99–106.
Luca, A., Mahajan, P.V. & Edelenbos, M. (2016). Changes in volatile organic compounds from wild rocket (Diplotaxis tenuifolia L.)
during modiﬁed atmosphere storage. Postharvest Biology and Technology, 114, 1–9.
Martınez-Sanchez, A., Luna, M.C., Selma, M.V., Tudela, J.A.,
Abad, J. & Gil, M.I. (2012). Baby-leaf and multi-leaf of green and
red lettuces are suitable raw materials for the fresh-cut industry.
Postharvest Biology and Technology, 63, 1–10.
Mercier, S., Villeneuve, S., Mondor, M. & Uysal, I. (2017). Timetemperature management along the food cold chain: a review of
recent developments: food preservation along the cold chain. Comprehensive Reviews in Food Science and Food Safety, 16, 647–667.
Ndraha, N., Hsiao, H.-I., Vlajic, J., Yang, M.-F. & Lin, H.-T.V.
(2018). Time-temperature abuse in the food cold chain: review of
issues, challenges, and recommendations. Food Control, 89, 12–21.
Pelloux, J., Rusterucci, C. & Mellerowicz, E. (2007). New insights
into pectin methylesterase structure and function. Trends in Plant
Science, 12, 267–277.
Raﬀo, A., Masci, M., Moneta, E., Nicoli, S., Sanchez del Pulgar, J.
& Paoletti, F. (2018). Characterization of volatiles and identiﬁcation of odor-active compounds of rocket leaves. Food Chemistry,
240, 1161–1170.
Raﬀo, A., Moneta, E., Ferrari Nicoli, S. & Paoletti, F. (2020). GColfactometric characterisation of oﬀ-odours in commercially packaged rocket leaves. Food Packaging and Shelf Life, 25, 100540.
Ragaert, P., Jacxsens, L., Vandekinderen, I., Baert, L. & Devlieghere, F. (2011). Microbiological and safety aspects of fresh-cut
fruits and vegetables. In: Advances in Fresh-Cut Fruits and Vegetables Processing (edited by O. Martın-Belloso &R. Soliva-Fortuny).
Pp. 53–86. Boca Raton, FL: CRC Press.
Rui, Z., Li, X., Zhu, X. et al. (2014). Microbial biosynthesis of medium-chain 1-alkenes by a nonheme iron oxidase. Proceedings of the
National Academy of Sciences of the United States of America, 111,
18237–18242.
Shen, C., Norris, P., Williams, O., Hagan, S. & Li, K. (2016). Generation of chlorine by-products in simulated wash water. Food Chemistry, 190, 97–102.
S€
oderqvist, K. (2017). Is your lunch salad safe to eat? Occurrence of
bacterial pathogens and potential for pathogen growth in prepacked ready-to-eat mixed-ingredient salads. Infection Ecology and
Epidemiology, 7, 1407216.
Spadafora, N.D., Amaro, A.L., Pereira, M.J., M€
uller, C.T., Pintado,
M. & Rogers, H.J. (2016). Multi-trait analysis of post-harvest storage in rocket salad (Diplotaxis tenuifolia) links sensorial, volatile
and nutritional data. Food Chemistry, 211, 114–123.

International Journal of Food Science and Technology 2020

11

12

Sensory quality and off-odour in RTE salads A. Raffo et al.

Toivonen, P.M.A. (1997). Non-ethylene, non-respiratory volatiles in
harvested fruits and vegetables: their occurrence, biological activity
and control. Postharvest Biology and Technology, 12, 109–125.
Tsironi, T., Dermesonlouoglou, E., Giannoglou, M., Gogou, E.,
Katsaros, G. & Taoukis, P. (2017). Shelf-life prediction models for
ready-to-eat fresh cut salads: testing in real cold chain. International Journal of Food Microbiology, 240, 131–140.
USDA, U.S. Food and Drug Administration (2013). Food Code.
https://www.fda.gov/media/87140/download. Accessed 20 September 2020.
World Health Organization (2008). WHO European Action Plan for
Food and Nutrition 2007/2012. https://www.euro.who.int/en/hea
lth-topics/noncommunicable-diseases/cardiovascular-diseases/publi
cations/2009/who-european-action-plan-for-food-and-nutrition-pol
icy-2007-2012. Accessed 12 September 2020 .
Yahya, H.N., Lignou, S., Wagstaﬀ, C. & Bell, L. (2019). Changes in
bacterial loads, gas composition, volatile organic compounds, and
glucosinolates of fresh bagged Ready-To-Eat rocket under diﬀerent
shelf life treatment scenarios. Postharvest Biology and Technology,
148, 107–119.
Zeng, W., Vorst, K., Brown, W. et al. (2014). Growth of Escherichia
coli O157:H7 and listeria monocytogenes in packaged fresh-cut
romaine mix at ﬂuctuating temperatures during commercial transport, retail storage, and display. Journal of Food Protection, 77,
197–206.

Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Table S2. Volatile organic compounds identiﬁed in
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days of storage.
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Fig. S1. PCA biplot of gas composition, VOCs and
sensory defects scores determined on wild rocket bags
subjected to the three storage conditions, NTA, STA
and CTA, during 8 days of storage.
Fig. S2. PCA biplot of gas composition, VOCs and
sensory defects scores determined on lettuce baby
leaves bags subjected to the three storage conditions,
NTA, STA and CTA, during 8 days of storage.

Table S1. 5-point scales used to quantify sensory
defects in RTE wild rocket and lettuce baby leaves.
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