Postharvest Biology and Technology 75 (2013) 75–85

Contents lists available at SciVerse ScienceDirect

Postharvest Biology and Technology
journal homepage: www.elsevier.com/locate/postharvbio

Off-odour development in modiﬁed atmosphere packaged baby spinach is an
unresolved problem
Juan A. Tudela a , Alicia Marín a , Yolanda Garrido a , Marita Cantwell b ,
María S. Medina-Martínez a , María I. Gil a,∗
a
b

Research Group on Quality, Safety and Bioactivity of Plant Foods, Food Science and Technology Department, CEBAS-CSIC, P.O. Box 164, E-30100 Espinardo, Murcia, Spain
Department of Plant Science, University of California, One Shields Avenue, Mann Laboratory, Davis, CA 95616-8631, USA

a r t i c l e

i n f o

Article history:
Received 22 June 2012
Accepted 19 August 2012
Keywords:
Spinacia oleracea L.
Baby leaf
Minimal processing
MAP
Quality
Microbiology

a b s t r a c t
A major problem associated with minimally processed baby spinach (Spinacia oleracea L.) is strong offodours when stored under modiﬁed atmosphere packaging (MAP) with low O2 and high CO2 . Although the
inﬂuence of O2 and CO2 levels on the quality and shelf-life of baby spinach has been extensively studied,
results have been inconsistent and the beneﬁts and disadvantages are not well understood. In this study,
the effects of 3 different MAP conditions with low O2 with CO2 (stabilizing near 1% O2 + 11% CO2 ), low
O2 alone (stabilizing near 1% O2 , CO2 scrubber) and moderate O2 with CO2 (stabilizing near 10% O2 + 9%
CO2 ) were studied during storage at 7 ◦ C for 12 days. Different parameters related to physiology, tissue
structure, microbial population and metabolite production were evaluated. Samples exposed to low O2
with CO2 had the lowest quality at the end of storage due to high development of off-odours, while offodours of spinach in low O2 alone were intermediate but higher than in moderate O2 with CO2 . Increasing
CO2 concentration signiﬁcantly increased tissue damage with ammonia release and decreased protein
content. Decreasing O2 concentration signiﬁcantly reduced the development of aerobic psychrophilic
bacteria and Pseudomonas. Senescence occurred more rapidly in baby spinach held in moderate O2 with
CO2 . Baby spinach quality remained acceptable during 7 days of storage at 7 ◦ C, independent of MAP
conditions tested. Appropriate MAP for baby spinach must be associated with maintenance of quality
and extension of shelf-life.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Minimally processed baby spinach is a very perishable leafy
vegetable with a shelf-life of only 7 days when stored at 7 ◦ C.
Major problems associated with baby spinach are the development of strong off-odours, decay associated with breakage, and
tissue softening (Medina et al., 2012). Off-odour development in
modiﬁed atmosphere packaging (MAP) of baby spinach is still an
unresolved problem. MAP allows accumulation of signiﬁcant levels of volatiles in the restricted headspace volume and can lead to
changes in volatile generation (Kader et al., 1989). Accumulation of
non-respiratory volatiles can occur in MAP and some of them may
have negative effects (Toivonen, 1997). For example, ethanol and
acetaldehyde can be accumulated if MAP conditions induce anaerobic metabolism (Ke et al., 1993). Some volatiles can be produced
as a consequence of tissue starvation, as carbohydrate reserves are
consumed in postharvest storage (King et al., 1990). However, in
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the case of spinach and as a consequence of protein catabolism,
ammonia is produced (Cantwell et al., 2010). Ammonia accumulation is the cause for dark-induced deterioration of leaves (Chibnall,
1939).
The effects of controlled atmospheres (CA) or MAP on the quality
maintenance of fresh-cut spinach have been extensively reviewed.
In general, gas compositions inside MA packages are low in oxygen (O2 ) and high in carbon dioxide (CO2 ), depending primarily
on temperature, product ﬁll weight and respiration rate, package ﬁlm O2 and CO2 transmission rates and the total respiring
surface area (Cameron et al., 1995). In well-designed equilibrium
modiﬁed atmosphere packaging (EMAP), physiological processes
are slowed down, resulting in a better preservation of plant tissue structure, which in turn can reduce microbiological processes
(Jacxsens et al., 2003; Ragaert et al., 2007). Generally, low O2 or
high CO2 concentrations decrease respiration rates and the rate of
product deterioration (Kader, 1986). It has been reported that baby
spinach requires high O2 in the package to maintain quality because
of the high respiration rate (Allende et al., 2004). However, other
authors have reported the beneﬁts of low O2 atmospheres (0.8–3%)
when spinach leaves are stored at higher temperatures (Izumi et al.,
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1997). Low O2 atmospheres have been shown to be beneﬁcial in
reducing respiration, weight loss and antioxidant loss such as ascorbic acid and ﬂavonoids (Ko et al., 1996; Gil et al., 1999). Low O2
atmospheres (0.8%) reduced the number of microorganisms, particularly the main spoilage agent Pseudomonas, but the control of
microbial development on fresh-cut spinach is possible if the temperature does not exceed 5 ◦ C (Babic and Watada, 1996). However,
the beneﬁcial effects of CA can be reversed by too low O2 or too high
CO2 concentrations. Ko et al. (1996) reported that O2 concentration must be kept above 0.8% to prevent quality loss due to anoxia.
In addition, increasing CO2 concentrations up to 13% caused the
development of off-odours and spinach was not acceptable after
1 week at 7 ◦ C (McGill et al., 1996). It has been demonstrated that
CO2 could decrease the pH of growth media (Daniels et al., 1985;
Dixon and Kell, 1989) but the bacteriostatic effect of CO2 is not
well known. Allende et al. (2004) also reported that packages prepared with barrier ﬁlms with an initial O2 level at 21% accumulated
CO2 during storage and exhibited a signiﬁcant reduction in aerobic mesophilic bacteria growth compared to the perforated ﬁlm
packages (control). However, this treatment also developed strong
off-odours and loss of tissue integrity. Adding super atmospheric O2
to the packages was beneﬁcial in maintaining quality of fresh-cut
baby spinach as it alleviated tissue injury in addition to reducing
microbial growth (Allende et al., 2004).
Regulating the amount of O2 and CO2 in the environment of the
tissue can control respiration rate of spinach and also off-odours.
Increasing the concentration of CO2 tends to reduce respiration rate
(Burgheimer et al., 1967). Decreasing the O2 concentration may
augment this reduction. However, if O2 is reduced below a critical level (<0.4%), undesirable anaerobic metabolism of spinach can
be induced. Therefore, the control of the concentration of these two
gases combined with refrigeration is critical for the maintenance of
product quality, avoiding the development of off-odours.
The objective of this study was the evaluation of the beneﬁcial or detrimental effects of O2 and CO2 levels as possible
stress factors for the development of off-odours during storage
of baby spinach. Quality parameters such as sensory evaluation, colour and texture as well as parameters related to
tissue deterioration such as electrolyte leakage, tissue anatomy
and cell microstructure, protein content, ammonia, pH, chlorophyll content, carotenoid content, individual and total sugars,
as well as microbiological quality were evaluated for up to
12 d at 7 ◦ C. Physiological and technological issues are discussed.

2. Materials and methods
2.1. Plant material and sample preparation
Spinach (Spinacia oleracea L.) was cultivated under commercial conditions in Pulpí (Almería, Spain) by Primaﬂor S.L. Sowing
was performed directly on elevated beds using a plant density of
700 plants m−2 . Different quantities of plant material were harvested several times to adjust MAP conditions, protocols, sample
variability, and number of replicates. The results presented corresponded to the same experiment in which 10 kg of plant material
were harvested mechanically on 13th October 2011. After harvest,
baby spinach leaves were transported (150 km) under refrigerated conditions in polystyrene boxes to the CEBAS-CSIC laboratory
(Murcia, Spain). On arrival, leaves with defects such as bruising or
discolouration were removed by hand. Then, baby leaves were kept
24 h at 4 ◦ C and 70% relative humidity (RH) in darkness. A sample
of 20 leaves was taken to measure leaf characteristics, which corresponded to length (8.5 ± 1.3 cm), maximum width (5.2 ± 0.5 cm)
and stem length (2.7 ± 1.0 cm).

2.2. Processing, packaging and storage conditions
Baby leaves were processed in an isolated clean minimal processing room at 4 ◦ C. Samples were washed for 30 s in a cold (4 ◦ C)
100 mg L−1 chlorine solution (NaOCl) adjusted to pH 6.5 with citric acid, drained for 30 s and then rinsed with tap water for 30 s.
Excess water was removed by spinning for 1 min at 440 rpm in
an automatic salad spinner (K-50, Kronen GmbH, Kehl am Rhein,
Germany). Three passive modiﬁed atmosphere packaging (MAP)
conditions were created adjusting the ﬁlm permeability characteristics, sample weight, package size and the optimal CO2 scrubber.
Samples of 100 g were manually packed in a package size of
230 mm × 310 mm. Packages were sealed under air conditions.
MAP of low O2 with CO2 was obtained using a 35 m polypropylene (PP) ﬁlm (Amcor Flexibles, Bristol, UK), with permeability
of 474 mL O2 m−2 d−1 atm−1 and 1507 mL CO2 m−2 d−1 atm−1 at
7 ◦ C and 97% RH (Moyls, 2004). MAP of low O2 without CO2 was
obtained with the same ﬁlm but adding 20 g of Ca(OH)2 as CO2
scrubber (Kader, 2002). MAP of moderate O2 with CO2 was obtained
using the same ﬁlm mentioned above but with 1 macro-perforation
(approx. 2 mm diameter), increasing the permeability to 5410 mL
O2 m−2 d−1 atm−1 and 5637 mL CO2 m−2 d−1 atm−1 at 7 ◦ C and 97%
RH. Packages were stored in darkness for 12 d at 7 ◦ C.
Gas composition, sensory evaluation, colour, chlorophyll and
carotenoid content, texture, electrolyte leakage, protein content,
ammonia content, pH, sugar content and fermentative metabolites
were evaluated after processing (0 d) and during storage (3, 7, 10,
12 d), whereas leaf anatomy and cell microstructure were evaluated
after 0 and 12 d, and microbiological quality after 12 d.
2.3. Headspace analysis
Gas composition (O2 and CO2 kPa) of individual packages was
measured during storage using a gas chromatograph equipped with
a thermal conductivity detector (TCD) (Shimadzu CG-14B, Kyoto,
Japan). Samples of 0.25 mL of headspace gas were taken through a
septum (a patch of silicone sealant applied to the ﬁlm) using a 1 mL
plastic tuberculin syringe with 25-gauge needle. At each sampling
day, 3 packages from each MAP condition were measured.
2.4. Sensory evaluation, colour, chlorophyll content, carotenoid
content and texture
Baby spinach from 3 packages were combined and examined
by a 5 member trained panel at the beginning of the experiment
and during the storage period. Panel members were requested to
assess spinach off-odours (just after opening the bag and again
5 min later) using a 5 point scale where 5 = severe, 3 = moderate
and 1 = none. Visual quality was evaluated considering freshness,
appearance, colour uniformity, and brightness following a 9 point
rating scale where 9 = excellent, 7 = good, 5 = fair (limit of consumer
acceptability), 3 = poor and 1 = extremely poor (Medina et al., 2012).
Leaf colour was determined on photosynthetic tissue using a
compact tristimulus colorimeter (Minolta CR-300, Ramsey, NJ, USA)
with an 8 mm diameter-viewing aperture. Twenty leaves per MAP
condition were measured at 0 d and after 3, 7, 10 and 12 d of
storage. Results were expressed as L*, a*, b* and chroma index
[(a*2 + b*2 )1/2 ]. Extraction and quantiﬁcation of chlorophylls and
carotenoids were done as described by Wellburn (1994). Samples
of 0.3 g of tissue were mixed with 10 mL of pure methanol and
were incubated in darkness for 24 h at room temperature. After
this period, absorbance at 470, 653 and 666 nm was measured for
carotenoids, chlorophyll b and chlorophyll a, respectively.
Texture was measured by a compression-shear test with a
Kramer shear cell consisting of a ﬁve blade probe on a universal testing machine (model TA.TX.plus texture analyser, Stable
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Micro Systems, Godalming, UK) equipped with a 294.2 N load
cell. Twenty ﬁve leaves without stem were placed in the Kramer
shear cell perpendicularly oriented to the blades. The test was
performed to 10 mm distance using a test speed of 1.67 mm s−1 .
Force–deformation relationships were analysed and results were
expressed as maximum force.
2.5. Electrolyte leakage, protein content, ammonia and pH
Electrolyte leakage was measured as described by Fan and
Sokorai (2005) with slight modiﬁcations. Leaves randomly taken
were cut in 4 pieces, and 2 of them were used to obtain 5 g of tissue
that were immersed in 125 mL of deionized water. The electrical
conductivity of the bathing solution was measured at 1 min, 60 min
and after autoclaving (121 ◦ C for 20 min) at room temperature using
a conductivity meter (Model CM35, Crison, Barcelona, Spain). Four
replicates were evaluated per MAP condition.
Soluble protein was determined by Bradford (1976) using
bovine serum albumin as standard. Twenty grams of spinach
were homogenized for 1 min in 10 mL of 50 mM Tris–Acetic
acid–EDTA (ethylendiamintetracetic acid) buffer (pH 6.0), containing 2 mM cysteine, 1 mM phenylmethylsulphonylﬂuoride (PMSF),
polyvinylpolypyrrolidone 2% (w/v) (PVPP) and 0.2% (w/v) Triton
X-100. The mixture was ﬁltered and centrifuged at 10,600 × g for
10 min at 4 ◦ C. Then, 12 L of supernatant was mixed with 988 L
of Bradford’s reagent. The mixture was incubated at room temperature for 20 min and the absorbance measured at 595 nm.
For the determination of ammonia content, 5 g of frozen tissue
were homogenized with an Ultra Turrax (Ika, Staufen, Germany) in
10 mL of water on an ice bath and centrifuged in a centrifuge (model
5408R, Eppendorf AG, Hamburg, Germany) at 10,600 × g for 10 min
at 4 ◦ C. Then, 0.1 mL of supernatant was mixed with 1 mL of phenol nitroprusside reagent and 1 mL of alkaline hypochlorite. The
mixture was incubated at 30 ◦ C for 15 min and the absorbance was
measured at 625 nm at room temperature (Weatherburn, 1967).
The calibration curve was prepared using ammonium sulphate.
Results were expressed as mg 100 g−1 f.w. For measuring pH, 2 g of
fresh tissue were homogenized in 30 mL of distilled water. The pH
of homogenate was measured with a pH-meter Metrohm (model
785 DMP Tritino, Herisau, Switzerland).
2.6. Fermentative metabolites, glucose, fructose, sucrose and total
sugar content
Analysis of fermentative metabolites was performed by
head-space technique following the methodology described by
Pelayo-Zaldívar et al. (2007). Samples were injected into a Perkin
Elmer AutoSystem gas chromatograph (Waltham, MA) equipped
with a ﬂame ionization detector (FID) and separated on a 60/80
Carbopack glass column (1.8 m × 2 mm) containing 5% Carbowax
(Supelco, Bellefonte, PA).
For the analysis of individual and total sugar content, 5 g of
fresh baby spinach were homogenized in 10 mL of water (PelayoZaldívar et al., 2007). The homogenate was centrifuged at 10,600 × g
for 10 min at 4 ◦ C. The supernatant was ﬂushed through an activated Sep-Pak C-18 cartridge (Waters, Milford, MA) and then
ﬁltered through a 0.45 m membrane ﬁlter. Samples of 20 L
were analysed using a HPLC system (VWR-Hitachi) equipped with
a pump (model L-6200), a refractive index detector (model L2490) and an autosampler (model AS2000A). Separations of sugars
were achieved on a Supelcogel C-610H column (300 mm × 7.8 mm;
Supelco, Bellefonte, PA). Sugars were quantiﬁed by comparisons
with authentic markers from Sigma–Aldrich (St. Louis, MO). Results
were expressed in mg per 100 g−1 f.w. Three replicates per MAP
condition and storage period were analysed.
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2.7. Leaf anatomy and cell microstructure
The study of leaf anatomy and cell microstructure was carried
out in two of the three MAP conditions, low O2 with CO2 and moderate O2 with CO2 , on days 0 and 12. Tissue samples of approximately
3 mm × 5 mm were excised from the centre of the leaf lamina near
the midrib and parallel to it. Samples were ﬁxed for 2.5 h at 4 ◦ C in
a 0.1 M sodium phosphate-buffered (pH 7.2) mixture of 2.5% glutaraldehyde and 4% paraformaldehyde (Morales et al., 2001). Tissue
was post-ﬁxed with 1% osmium tetraoxide for 2 h. The samples
were then dehydrated in a graded alcohol series and embedded
in Spurr resin (Spurr, 1969). Blocks were sectioned by an ultra-cut
microsystem (Leica Mikrosysteme, Hernalser Hauptstraße, Vienna,
Austria). Semi-thin sections (0.5 m) were stained with 0.5% toluidine blue in borate buffer. Microphotographs of semi-thin sections
were captured with a Leica DMR light microscope (Leica, Wetzlar, Germany) using the 10× objective. Images were processed
using the software Leica QWin Pro V3 (Leica, Wetzlar, Germany).
A minimum of 25 images from 15 leaves were studied. In order to
deﬁne the area occupied by epidermis, parenchyma and intercellular spaces, a rectangular reference area from the cut leaf section was
deﬁned as follows: the longer side corresponding to the complete
‘leaf thickness’ and the shorter side of 350 m long (Supplementary
information). Leaf anatomy was carried out by the analysis of 305
and 1134 epidermal and parenchymal cells, respectively. Within
this reference area, the leaf surface cells were included, but cells
bisected by or touching the long side were excluded, as well as
vascular bundles. In the remaining space, the areas occupied by epidermis, parenchyma and intercellular spaces were measured and
expressed as % of total area.
2.8. Microbiological analysis
Leaf samples, including blade and stem, of 30 g were analysed for
microbiological evaluation as previously described (López-Gálvez
et al., 2010). Samples were homogenized for 2 cycles of 60 s in 0.1%
sterile buffered peptone water (BPW) (AES Laboratoire, Combourg,
France) (1:10 dilution). Psychrophilic bacteria were enumerated
using plate count agar (PCA) (Scharlau Chemie S.A., Barcelona,
Spain) incubated at 7 ◦ C for 7 d. Pseudomonas spp. were counted in
Pseudomonas agar (Oxoid, Ltd., Basingstoke, Hampshire, England)
at 30 ◦ C for 24–48 h. Total coliforms were isolated in Chromocult
agar (Merck, Darmstadt, Germany) at 37 ◦ C for 24 h. Colonies of
Listeria spp. were enumerated on plates of Listeria selective agar
(Oxford formulation, Oxoid, Basingstoke, Hampshire, UK) at 37 ◦ C
for 48 h. Three replicates were analysed in duplicate and microbiological counts were expressed as log CFU g−1 of tissue.
2.9. Statistical analysis
Analysis of variance (ANOVA) with a signiﬁcant level of P < 0.05
was performed to compare the inﬂuence of MAP conditions during
storage. When signiﬁcant differences were observed, the Tukey’s
HSD (Honestly Signiﬁcant Difference) test was applied using PASW
Statistics 18 for Windows (SPSS Inc., Chicago, IL, USA). Least significant differences (LSD) at a signiﬁcant level of P < 0.05 are shown in
ﬁgures.
3. Results
3.1. Headspace analysis
Changes in the headspace gas composition of baby spinach at
different MAP conditions are shown in Fig. 1. Reductions in O2 down
to 1.1% were observed during storage of baby spinach in packages
of non-perforated ﬁlm with and without CO2 scrubber (Fig. 1A). In
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Fig. 1. Changes in headspace gas composition [% O2 (A) and % CO2 (B)] of baby spinach stored at 7 ◦ C in three MAP conditions: low O2 with CO2 , low O2 alone or moderate
O2 with CO2 . Each symbol represents a mean of three packages. Least signiﬁcant difference (LSD) at a signiﬁcant level of P < 0.05.

3.2. Sensory evaluation, colour, chlorophyll and carotenoid
content and texture
Signiﬁcant differences in the sensory attributes were observed
among MAP conditions. Off-odours increased during storage, being
notably more perceptible under low O2 with CO2 (Fig. 2A). After
10 d, baby spinach exposed to low O2 with CO2 was rejected
because of the severe off-odours. Five minutes after opening the
bags and placing spinach on a tray, severe off-odours persisted and
were similar to those detected just after opening the bags (Fig. 2B).
The off-odours were not so noticeable when baby spinach was
stored under low O2 alone. When baby spinach was stored under

5

moderate O2 with CO2 , development of off-odours was minor. At
the end of storage, off-odours exceeded the limit of acceptability
and caused the rejection of samples exposed to low O2 with CO2 .
When the overall visual quality was evaluated, it was observed that
during storage the scores decreased and caused the rejection of
baby spinach after 12 d without signiﬁcant differences among MAP
conditions (Fig. 3).
Statistical analysis of colour parameters (L*, a*, b* and chroma)
showed signiﬁcant differences during storage with slight differences among MAP conditions. In general, the behaviour of samples
stored under moderate O2 with CO2 differed from the other two
MAP conditions (low O2 with and without CO2 ). At the end of
storage, the colour of baby spinach stored under moderate O2
with CO2 showed signiﬁcantly lower a*, higher b* and higher
chroma than samples stored in low O2 (with and without CO2 )
(Fig. 4B–D).
The content of chlorophyll decreased when baby spinach was
stored in MAP with CO2 independently of the O2 level while in
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non-perforated packages, the stabilizing MAP was near 1% O2 + 11%
CO2 because of the high CO2 /O2 ratio (ˇ = 3.2) (Fig. 1B). However, in
perforated packages, CO2 and O2 reached similar levels because of
the similar CO2 /O2 ratio (ˇ = 1). As expected, CO2 was not detected
in packages of baby spinach with the CO2 scrubber.
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Fig. 2. Changes in off-odours of baby spinach stored at 7 ◦ C in MAP of low O2 with CO2 , low O2 alone or moderate O2 with CO2 just after opening the bags (A) and 5 min later
(B). Slashed line indicates the limit of acceptance. Values are the mean of 6 replicates. Least signiﬁcant difference (LSD) at a signiﬁcant level of P < 0.05.
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Maximum force to shear leaves did not vary signiﬁcantly during
storage or in relation to MAP conditions (data not shown).
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Fig. 3. Changes in visual quality of baby spinach stored at 7 ◦ C in MAP of low O2
with CO2 , low O2 alone or moderate O2 with CO2 . Slashed line indicates the limit of
acceptance. Values are the mean of 6 replicates. Least signiﬁcant difference (LSD) at
a signiﬁcant level of P < 0.05.

spinach stored in low O2 alone there was no signiﬁcant change
during storage (Fig. 5A). The content of carotenoids decreased during storage with no signiﬁcant differences among MAP conditions
(Fig. 5B).

Signiﬁcant differences in electrolyte leakage were observed during storage (Fig. 6A). These differences were more pronounced at
the end of the storage period where the electrolyte leakage signiﬁcantly increased in samples exposed to low O2 without CO2 .
The content of proteins decreased noticeably from 3 to 7 d of storage, particularly in MAP with CO2 , and then was maintained until
the end of storage (Fig. 6B). We observed that extensive protein
catabolism occurred after 3 d of storage and as a consequence an
accumulation of ammonia in the tissues was detected. Changes in
ammonia content and pH showed a very similar trend. Ammonia
content increased during storage with the highest concentration
in baby spinach stored in MAP with CO2 and the lowest in leaves
stored in low O2 (Fig. 7A). Tissue pH increased progressively from
6.6 to 7.2 in MAP with CO2 but increased only slightly during storage
in low O2 -stored samples (Fig. 7B).
3.4. Glucose, fructose, sucrose, total sugar content and
fermentative metabolites
Glucose, fructose, sucrose and total sugar content were also
determined to evaluate if they were substrates associated with low
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Fig. 4. Changes in colour as L* (A), a* (B), b* (C) and chroma index (D) of baby spinach stored at 7 ◦ C in MAP of low O2 with CO2 , low O2 alone or moderate O2 with CO2 . Values
are the mean of 25 replicates. Least signiﬁcant difference (LSD) at a signiﬁcant level of P < 0.05.
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Fig. 5. Changes in the content of chlorophyll (A) and carotenoid (B) of baby spinach stored at 7 ◦ C in MAP of low O2 with CO2 , low O2 alone or moderate O2 with CO2 . Values
are the mean of 4 replicates. Least signiﬁcant difference (LSD) at a signiﬁcant level of P < 0.05.

O2 and high CO2 storage conditions. The total sugar content as the
sum of the content of individual sugars decreased during storage
with no differences among MAP conditions (Fig. 8A). Glucose content of baby spinach was well maintained during storage with no
differences among MAP conditions (Fig. 8B). However, the content
of fructose and sucrose decreased greatly during storage. Fructose
declined by 80% between 3 and 7 d and remained unchanged during the rest of storage (Fig. 8C). Sucrose also declined by 80% at d 3
and gradually declined to the limit of detection after 10 d (Fig. 8D).
Ethanol and acetaldehyde were analysed as fermentative
metabolites induced under low O2 with and without CO2 . However, accumulation of these metabolites was not observed in baby
spinach stored under any of the MAP conditions tested.
3.5. Leaf anatomy and cell microstructure
Difference in leaf thickness was observed between storage
atmospheres (Table 1). Leaf thickness increased in low O2 whereas

it did not change in moderate O2. Changes in epidermal and
parenchymal cell areas were examined. When the epidermal cell
area was measured, no differences were observed during storage
and between MAP conditions (Table 1). However, the parenchymal cell area increased when leaves were stored in MAP with the
largest increase observed in low O2 (Table 1). The area occupied by
the epidermis, parenchyma, and intercellular spaces differed signiﬁcantly between MAP conditions (Table 1). The area occupied
by parenchyma increased while the intercellular spaces decreased
when samples were stored under moderate O2 with CO2 .
The study of the ultrastructural appearance of cells was carried
out by optical microscopy. At d 0, just after processing, although
some cells showed some damage, most of them showed a continuous cytoplasm close to the cellular margin because of the pressure
of vacuoles, which invaded most of the cellular volume (Fig. 9A).
After 12 d, leaves that were stored in low O2 showed a discontinuous cytoplasm along the cell margin, (Fig. 9B). Tonoplast was
separated from the cell wall, meaning that the vacuole did not
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Fig. 6. Changes in electrolyte leakage (A) and protein content (B) of baby spinach stored at 7 ◦ C in MAP of low O2 with CO2 , low O2 alone or moderate O2 with CO2 . Values
are the mean of 3 replicates. Least signiﬁcant difference (LSD) at a signiﬁcant level of P < 0.05.
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occupy the whole cellular space. Leaves that were stored in moderate O2 showed more evident symptoms of deterioration (Fig. 9C).
Cytoplasm showed more fracture and vacuoles were more contracted as well as there was an increased appearance of vesicles
as cell degradation products.

3.6. Microbiological analysis
The inﬂuence of MAP on the microbial populations of baby
spinach was signiﬁcant. After 12 d, microbial population of baby
spinach stored in MAP of low O2 with CO2 was signiﬁcantly lower

Fig. 9. Transverse section (a) and details of cells (b) of baby spinach at d 0 (A) and after 12 d at 7 ◦ C in MAP of low O2 with CO2 (B) or moderate O2 with CO2 (C). Details of
the upper epidermis (ue), parenchyma (p), intercellular space (i), lower epidermis (le), vacuole (v), cytoplasm (c), (t) tonoplast and (ve) vesicles.
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Table 1
Leaf thickness, area of epidermal cell and parenchyma cell, and percentage of area occupied by epidermis, parenchyma and intercellular spaces of baby spinach at day 0 and
after 12 days of storage at 7 ◦ C in MAP of low O2 with CO2 and moderate O2 with CO2 .
Days of storage
0
12

MAP condition

Low O2 + CO2
Moderate O2 + CO2

Leaf thickness
(m)

Area of epidermal
cell (m2 )

Area of parenchyma
cell (m2 )

608b
670a
606b

554
547
521 ns

1032b
1202a
1135a

Area occupied by
epidermis (%)
5a
4b
5ab

Area occupied by
parenchyma (%)

Area occupied by
intercellular spaces (%)

35ab
33b
36a

60b
63a
59b

Values are the mean of at least 60, 305, 1134 and 25 replicates for leaf thickness, area of epidermal cell and parenchyma cell and area occupied by epidermis, parenchyma
and intercellular spaces, respectively. ns, not signiﬁcant.
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Fig. 10. Psychrophilic bacteria counts (A), Pseudomonas (B), coliforms (C) and Listeria spp. (D) (log CFU g−1 ) of baby spinach stored at 7 ◦ C for 12 days in MAP of low O2 with
CO2 , low O2 alone or moderate O2 with CO2 . Bars are the mean of 3 replicates plus standard deviation. Bars with different letters are signiﬁcantly different (P < 0.05) according
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(approx. 0.4–0.70 log) than that in MAP of low O2 alone and MAP
of moderate O2 with CO2 (Fig. 10A). Baby spinach exposed to low
O2 alone showed slightly higher microbial counts consistent with
the anticipated antimicrobial effect of CO2 . Low O2 resulted in
lower microbial counts when compared with moderate O2 . MAP
of moderate O2 with CO2 was shown to be the gas composition that most allowed psychrophilic growth because it was close
to the optimum O2 for the growth of aerobic bacteria. The CO2
level reduced the bacteria growth on baby spinach. Pseudomonas
populations showed similar behaviour to those observed for psychrophilic bacteria. Modiﬁed atmosphere packaging of low O2 with
CO2 reduced Pseudomonas signiﬁcantly compared with moderate
O2 with CO2 (Fig. 10B). However, populations of coliforms and Listeria spp. were not greatly affected by the type of atmosphere. After

12 d, these groups of microorganisms increased similarly regardless
of the atmosphere composition (Fig. 10C and D).
4. Discussion
MAP signiﬁcantly affected off-odours of baby spinach during
storage. MAP of low O2 with CO2 exhibited the lowest overall
quality at the end of storage primarily due to the development
of off-odours, followed by MAP of low O2 alone, which were the
conditions in which baby spinach showed loss of freshness. The
fermentative volatiles, acetaldehyde and ethanol, routinely used as
indicators of stressful MA for a broad range of vegetables, were not
responsible for the off-odours in baby spinach. We observed that
baby spinach exposed to CO2 increasingly accumulatedammonia
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up to 7 d, but then only slight increases were observed to the
end of storage. The ammonia production of baby spinach stored
without CO2 was very small. Ammonia content was previously
reported as a good indicator of CO2 injury in spinach (Rodriguez and
Cantwell, 2002). Spinach stored under a range of CO2 -containing
atmospheres was reported to show important increases in ammonia concentrations (Cantwell et al., 2010). However, in our study,
ammonia was not the only compound associated with the development of off-odours as those leaves stored in MAP without CO2 also
developed off-odours despite the low ammonia content. Increases
in ammonia have been associated with senescence symptoms
when spinach was stored in air or in CA with elevated CO2 levels
(Martínez-Damian and Cantwell, 1999). In our study, we observed
that ammonia accumulation was not the only cause of leaf senescence as baby spinach with the lowest content of ammonia showed
the highest tissue damage and leaf senescence. Ammonia can be
toxic to plant cells (Toivonen, 1997), although in our study, baby
spinach exposed to moderate O2 with CO2 showed clearer symptoms of cell damage, in agreement with the accumulation of toxic
molecules such as free radicals causing the early phase of senescence (Wagstaff et al., 2007). The senescence effect in baby spinach
could be attributed more to oxidative metabolism as differences
between MAPs were related to O2 levels.
Although no signiﬁcant differences in colour between MAPs
were observed, samples stored under moderate O2 with CO2
showed slight variations in all colour parameters, indicating a less
dark and more yellow colouration. One of the symptoms of senescence in harvested leafy vegetables is loss of greenness with the
degradation of chlorophyll (Chl). Quantitative changes in Chl and
degradation products of Chl and the hydrolysing enzymes have
been monitored in spinach (Yamauchi and Watada, 1991). We
observed degradation of Chl in spinach leaves during storage but
the less Chl degradation appeared to be related to the absence of
CO2 .
Several authors suggested that the ammonia accumulation was
due to protein catabolism (Levitt, 1972; Schwerdtfeger, 1978). In
our study, the progressive decrease in protein content up to 7 d
of storage was well correlated with the progressive increase in
ammonia. However, after 7 d, protein catabolism remained almost
constant to the end of the storage for all MAP conditions whereas
ammonia accumulation progressed, except in samples stored in
low O2 with CO2 . Losses of speciﬁc volatiles can be enhanced by
water loss (Toivonen, 1997). We have found that the development
of off-odours in baby spinach was independent from water loss. The
accumulation of off-odours was similar in baby spinach exposed
to different RH with different evapotranspiration rates (Medina
et al., 2012). No difference in the conversion from protein to soluble nitrogen between CA and air storage of spinach was reported
(Burgheimer et al., 1967). Toivonen (1997) suggested that the mode
of action for ammonia injury may be through effects on tissue pH
and thus plant tissues high in organic acids are less susceptible to
ammonia injury (Levitt, 1972). In our study, pH of spinach macerates increased 0.6 units during storage in baby spinach stored in
MAP with CO2 . Burgheimer et al. (1967) also reported the increase
in pH to over 7 in CA storage (4% O2 + 9.2% CO2 ) of spinach while air
storage caused only a slight rise in pH. The increase in pH observed
indicated that baby spinach was injured by CO2 and was a response
to ammonia. In previous work, we also observed that an increase in
the pH of fresh-cut spinach stored in MAP corresponded with the
change in the equilibrium between ascorbic acid and dehydroascorbic acid towards dehydroascorbic acid (Gil et al., 1999).
The respiration rate of baby spinach has been reported to
be higher than other fresh leafy vegetables, ranged from 4.6 to
23.0 L CO2 g−1 h−1 (Cantwell et al., 1998). Izumi et al. (1997)
reported that when spinach leaves where held in low O2 atmospheres, CO2 production was not reduced but little to no off-odours

were detected. The accumulation of volatiles was not a consequence of carbohydrates consumed by respiration during storage
as no variation in individual and total sugars were observed in
baby spinach held in different MAP conditions. The effect low O2
and high CO2 at low temperatures on microorganisms of freshcut spinach leaves has been studied. Izumi et al. (1997) reported
that low O2 atmospheres did not affect the total number of aerobic
mesophilic bacteria, lactic acid bacteria, or development of decay.
Baby spinach leaves harboured high numbers of psychrophilic aerobic bacteria, identiﬁed mainly as a pectinolytic species (Babic and
Watada, 1996). These authors reported that low O2 atmospheres
could be used to control spoilage microorganisms on cut spinach
leaves at least for 7 d. We observed that low O2 with or without CO2
reduced the number of psychrophiles and Pseudomonas microorganisms in baby spinach leaves compared to moderate O2 with
CO2 . Several authors reported that enriched CO2 atmospheres had
a signiﬁcant inhibitory effect on the growth of aerobic microorganisms on broccoli (Berrang et al., 1990), chicory leaves (Carlin
and Nguyen-the, 1994) and fresh-cut spinach (Babic and Watada,
1996). Wells (1974) reported a decrease in growth rates of P. ﬂuorescens by concentrations of CO2 in excess of 10%. Ibe and Grogan
(1983) demonstrated that O2 concentrations of 4% or less combined
with CO2 concentrations of 10% or more reduced the growth of P.
ﬂuorescens by 50% compared to air. The inhibitory effect of low O2
with CO2 was not due to an acidiﬁcation of the microbial environment, but probably to decreased oxygen availability in agreement
with Babic and Watada (1996) who reported that low O2 , rather
than high CO2 seemed to be the limiting factor for the growth of
aerobic microorganisms on spinach leaves at 5 ◦ C but not at 10 ◦ C.
We found that baby spinach stored to moderate O2 with CO2 had
high microbiological counts probably because of the high degree
of nutrient release by the senescence tissue. Moreover, after 12 d,
leaves that were stored in moderate O2 with CO2 showed a discontinuous cytoplasm along the cell margin, which indicated increased
membrane permeability and the characteristic process of necrotic
death in vegetative cells (Van Doorn et al., 2011).
5. Conclusions
Off-odours from baby spinach were greatly increased by the
packaging headspace composition in terms of low O2 combined
with CO2 . Beneﬁcial and stressful effects of MAP conditions
depended on the parameter measured. Low O2 with CO2 reduced
shelf-life because of the development of strong off-odours. MAP
with CO2 was directly correlated with ammonia accumulation and
pH increase but the levels reached were not the cause of plant
senescence. Although moderate O2 with CO2 controlled the development of off-odours, this storage condition reduced shelf-life by
accelerating senescence and cell death. Low O2 preserved the physiological integrity of the tissue, which was associated with lower
populations of microorganisms, while moderate O2 was associated
with high populations. For commercial handling of baby spinach,
shelf-life may not be prolonged over 7 d at 7 ◦ C unless other technologies such as micro-perforated ﬁlms with high CO2 permeability
or removal of off-odours are available. For commercial packaging
design, perforated polymeric packages can reduce off-odour but
the shelf-life is reduced, whereas non-perforated packages can prolong shelf-life but develop off-odours. There is a need to discuss
strategies for off-odours control in the case of spinach because
it is an unresolved problem. Toivonen (1997) suggested several
adsorbents to remove ammonia from the headspace atmosphere
of packages. He also noted there were few reports concerned with
the use of desiccants to remove components associated with offﬂavours, improving shelf-life and quality. Appropriate integrated
pre- and postharvest handling will help to improve strategies for
off-odours control of baby spinach. A comprehensive approach is
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required, including selection of varieties, improvements in agronomical practices and postharvest handling and storage to reduce
the development of off-odours and to provide baby spinach of
excellent quality with adequate shelf-life.
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