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Abstract: Long-term transport and storage of peeled almonds under unsuitable
conditions may cause the product’s rejection. To get knowledge in this topic,
peeled almonds were stored at 25◦C and 60, 70, and 80% relative humidity (RH).
The maintenance of high RH (80%) caused some visual defects after 4 months.
Even though the 60, 70, and 80% RH did not clearly affect the production of pri-
mary and secondary products formed in the lipid oxidation during the 6 months
of storage, sometimes an increase in the values of the specific extinction at the
wavelength of 268 nm (K268) was observed at 80% RH, suggesting the occur-
rence to some extent of secondary oxidation. Concerning microbial counts, the
almonds stored at 60 and 70% RH presented a satisfactory microbial quality until
6 months; however, at 80% RH, the mold counts were higher than the reference
values after 2 months. Several mycotoxins were detected at low levels, includ-
ing aflatoxins B1 and G1, although some showed higher amounts at 80% RH. In
general, it is recommended that almond producers and industrials should con-
sider the use of low RH (< 80%) for maritime transport and long-term storage of
almond kernels.
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2 EFFECT OF RELATIVE HUMIDITY ON THE QUALITY

Practical Application: High levels of relative humidity during stor-
age/transport of almond kernels favor fungal growth, mycotoxin production,
and secondary oxidation (rancidity). It is recommended to keep the almond
kernels under low RH (< 80%) inmaritime transport and long storage, especially
in tropical countries.

1 INTRODUCTION

Almond (Prunus dulcis) is a nut very appreciated world-
wide since it is consumed in raw or processed form
(laminated, granulated, flour), and being added to various
pastries and chocolates. Consumption of in-shell almonds
has grown in the last few years, with a 45% increase in the
world production from 2,416,428 tons in 2009 to 3,497,148
tons in 2019 (FAOSTAT, 2019).
Almonds are a rich source of oil. They have lipid con-

tents between 40% and 67% (dry matter, d.m.), the five
major fatty acids being the oleic (18:1), linoleic (18:2),
palmitic (16:0), stearic (18:0), and palmitoleic (16:1) (Yada
et al., 2011). The oleic and linoleic acids generally account
for about 90% of the total lipid, while saturated fatty
acid levels are low (< 10%) (Yada et al., 2011). These
two parameters, high lipid content and lipids with a high
degree of unsaturation, affect the lipid oxidation rate and
almonds’ storage stability. Unsaturated fatty acids can eas-
ily suffer oxidation, producing a diversity of off-flavors and
off-aromas, which cause a quality decay of nuts.
In general, almonds (in-shell) may be held for up to

9–12 months in storage without a severe loss in quality
(Zacheo et al., 2000). Still, under unsuitable storage con-
ditions, they become inedible because of the development
of off-flavors and oxidative rancidity.
Until now, several studies have investigated the effect

of storage regarding the fruit form (in-shell or peeled),
storage time, temperature, relative humidity, and pack-
aging material/atmosphere (Carrasco-Del Amor et al.,
2016; Cornacchia et al., 2012; Garcıá-Pascual et al., 2003;
Guiné et al., 2014, 2015; Kazantzis et al., 2003; Lin et al.,
2012; Mexis et al., 2009; Mexis & Kontominas, 2010; Raisi
et al., 2015; Ziaolhagh, 2013). However, the main pro-
ducing countries of almonds export this nut (in-shell or
peeled), being of extreme necessity to evaluate the effect
of storage conditions during transport on the product’s
quality and safety. Almonds can be transported by land,
air, and water, although maritime transport is mainly
used for long-distance tropical countries. Furthermore,
maritime transport may be more cost-efficient than air
transportation and is an essential mode of transportation
for those goods produced far from the market and whose

shelf-life exceeds the transportation time. However, there
are no studies simulating conditions during almond mar-
itime transport to tropical countries to our best knowledge.
On maritime routes between regions of tropical climate
(Brazil and Africa) and temperate climate (Europe), high
temperatures and relative humidities may be reached dur-
ing transportation, causing changes in quality and safety
parameters. Furthermore, peeled almonds are more per-
ishable than in-shell almonds since shells form a barrier
to moisture and oxygen exchange. So, peeled almonds are
more susceptible to water changes and lipid oxidation and
may deteriorate faster than in-shell almonds (Kazantzis
et al., 2003). Even though two outbreaks of salmonellosis
were linked to the consumption of almonds (Lambertini
et al., 2012; Mohammad et al., 2020), some storage con-
ditions may induce mold growth and the production of
mycotoxins in almonds (Diella et al., 2015; Rodrigues et al.,
2012a; Varga et al., 2013). The mycotoxins more frequently
reported in almonds are the aflatoxins (AitMimoune et al.,
2018; Liao et al., 2015; Rodrigues et al., 2012a, 2012b), but
the advent of multianalyte methods allowed the detec-
tion of other less common and less searched compounds
(Hidalgo-Ruiz et al., 2019; Narváez et al., 2020; Rodrigues
et al., 2012a, 2012b; Spadaro et al., 2020).
However, no studies have been performed on their pro-

duction along defined and controlled storage conditions.
Knowledge of this topic is vital as almond producers and
exporters aim to maintain their products’ excellent quality
and safety until the end of the productive chain.
The present study intends to gain knowledge on this

subject. The effect of three relative humidities (60, 70, and
80%), at a constant temperature (25◦C; the choice of this
temperature is explained later), was studied during peeled
almond kernels storage (0, 1, 2, 4, and 6 months), simulat-
ing the maritime transport/storage of this nut to tropical
countries. Several physicochemical parameters were
evaluated, such as color, water activity (aw), moisture,
lipid content, quality indicators, and oxidative stability
(spectrophotometric examination in the ultraviolet-
specific extinctions at the wavelengths of 232 and 268 nm,
and Rancimat method). The microbiological quality
and presence of mycotoxins were also evaluated in the
kernels.
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EFFECT OF RELATIVE HUMIDITY ON THE QUALITY 3

F IGURE 1 Samples at 25◦C and three RH (60, 70, and 80%) (a). Visual appearance of almond kernels stored for six months (b)

2 MATERIALS ANDMETHODS

2.1 Samples

A company from Alfândega da Fé (Portugal) supplied raw
almond peeled kernels (without internal brown skin) from
a commercial blend of softshell varieties, as shown in
Figure 1. The almonds peeling was done in a hot water
bath for 2–3 min. Afterwards, the fruits were taken to
the laboratory and submitted to the next section’s storage
conditions.

2.2 Storage conditions

The storage conditions consisted of three relative humidi-
ties (RH) (60, 70, and 80%) at 25◦C for 0, 1, 2, 4 and
6 months. According to Transport Information Service
(TIC, 2021), the favorable travel temperature range for
almonds is around 0◦C; however, approximately, travel
temperatures at 5–25◦C are feasible (depending on the
journey length). So, almonds do not need to be transported
as chilled goods (TIC, 2021).
The choice of the temperature at 25◦C was based on

the fact that most of the almonds’ sea transportation is
not done under refrigeration. Moreover, it was intended
to evaluate the effect of the maximum recommended
temperature and how long the almond kernels can be
subjected to this condition to prevent losing quality and
guarantee their safety.
Different saturated salt solutions were prepared to

obtain the RH of 60, 70, and 80%, namely sodium bromide

(NaBr), potassium iodide (KI), and ammonium chloride
(Greenspan, 1977), respectively. All solutions were placed
in closed bottles. At each time, the samples (150 g of
almond kernels) stored in each RH were taken to proceed
to its physicochemical and microbiological characteriza-
tion. All assays were done in triplicate. The samples
were previously freeze-dried to perform the lipid analysis
(Scanvac, Coolsafe, Lynge, Denmark).

2.3 Physicochemical analysis

2.3.1 Visual appearance, water activity, and
color

At each storage time (0, 1, 2, 3, and 6 months), pictures of
the almond kernels were taken to evaluate visual differ-
ences. Water activity (aw) was determined with a portable
water activity meter (Novasina, LabSwift-aw, Lachen,
Switzerland). The color of the almond kernels was eval-
uated with a colorimeter Minolta CR-400 (Osaka, Japan)
using the CIELab scale. L*, a*, and b* coordinates, chroma
(C*) and hue angle (h) valueswere determined. The bright-
ness (L*) varies between 0 (black) and 100 (white); a* from
–green to +red; and b* from –blue to +yellow.

2.3.2 Moisture and lipid contents

The moisture and lipid contents were determined by
drying the fresh sample to a constant weight at 105◦C
and extracting a known weight of freeze-dried sample
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4 EFFECT OF RELATIVE HUMIDITY ON THE QUALITY

with petroleum ether for 16 h, using a Soxhlet apparatus,
respectively. After the extraction period, the solvent was
evaporated on a rotary evaporator. The flask with the oil
was placed in an oven at 30◦C and later transferred to
a desiccator. The process was repeated until a constant
weight was reached. The oil obtained was used to evalu-
ate lipid oxidation (as described in the next section). All
measurements were done in triplicate.

2.3.3 Lipid oxidation—Quality parameters
and oxidative stability

The extinction coefficients at 232 nm and 268 nm (K232 and
K268) were determined according to the official method
described in ISO 3656:2011 (2011). Briefly, 0.05 g (for K232)
and 0.25 g (for K268) of the oil were weighed into a 25-ml
graduated flask. The volumewasmade up to themarkwith
iso-octane and homogenized. The extinction values at 232
and 268 nm were measured against iso-octane and should
laywithin the range of 0.1 to 0.8.When this did not happen,
themeasurements were repeated usingmore concentrated
or more dilute solutions as appropriate. Then, K232 and
K268 were calculated as follows: K232 or 268 = Extinction val-
ues at 232 or 268 nm/(c × l), where c is the concentration of
the oil solution in g/100 ml, and l is the path length of the
quartz cell in cm.All analyseswere carried out in triplicate.
TheRancimat test was performed in fresh nut (0.5 g) and

the oil extracted (3 g). Both samples were weighed into a
tube and connected to a Rancimat 743 (Metrohm, Herisau,
Switzerland). Air was passed through the samples at 20
L/h while heating at 110 ± 0.2◦C. The volatiles released
during the oxidation of the samples were carried into a
cell containing 60 ml of water. The change in conductivity
of the cell was plotted on a graph. The oxidative stability
was estimated by measuring the oxidation induction time
corresponding to the time taken to reach the conductivity
inflexion.

2.4 Microbial quality

Almond kernels at each storage time were collected to
determine themicrobial quality. Ten grams of sample were
mixed with 90 ml of sterile peptone water solution with
0.05% Tween 80 and homogenized. Decimal dilutionswere
prepared in the same diluent and plated on appropriate
media in duplicate. The growthmedia and incubation con-
ditions for the studiedmicroorganisms were the following:
(i) total mesophilic: Plate Count Agar (PCA, Liofilchem,
Italy) for 46–72 h at 30◦C (ISO 4833-2:2013) (ISO 4833-
2:2013, 2013); (ii) Yeasts and molds: Dichloran Glycerol
Agar (DG-18 Agar, Liofilchem, Italy) incubated at 25◦C

for 5 days (ISO, 21527-2:2008, 2008). All counts were
expressed as log10 CFU/g f.w. and calculated according to
ISO 7218:2007 (2007).

2.5 Multimycotoxin analysis

2.5.1 Sample preparation

A portion of each sample was finely ground (IKA,WERKE
M20). Five grams of the ground samples were weighted
into 50 ml falcon tubes and sent for analysis.

2.5.2 Multimycotoxin analysis by
LC-MS/MS

Amultianalyte method of liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS) was applied
to analyze the mycotoxins present in the samples. The
analyses were done at the Department of Agrobiotech-
nology, IFA-Tulln, Institute of Bioanalytics and Agro-
Metabolomics, University of Natural Resources and Life
Sciences, Vienna (BOKU).
The detection and quantification were performed with

a QTrap 5500 MS/MS system (Applied Biosystems, Foster
City, CA, USA) equipped with a TurboIonSpray electro-
spray ionization (ESI) source and a 1290 series UHPLC
system (Agilent Technologies, Waldbronn, Germany). The
LC-MS/MS protocol was applied as previously described
by Sulyok et al. (2020). Confirmation of positive ana-
lyte identification was obtained by acquiring two MS/MS
transitions per analyte, which yields 4.0 identification
points according to Commission Decision, 2002/657/EC
(EC, 2002). The method’s accuracy is verified for major
mycotoxins on a routine basis by participation in inter-
laboratory testing schemes organized by BIPEA (Bureau
Interprofessionnel des Etudes Analytiques, France) and
by CODA-CERVA (National Reference Laboratory for
mycotoxins, Belgium).

2.6 Statistical Analysis

The statistical analysis was conducted using the SPSS ver-
sion 18.0 program (SPSS Inc., Chicago, IL, USA). Firstly,
the one-way analysis of variance (ANOVA) requirements,
namely the normal distribution and the homogeneity of
variance, were evaluated. As the normality of the data was
always verified (except for mycotoxins), the results were
then analyzed using ANOVA followed by Tukey’s HSD
test when the different groups’ variances were identical.
On the contrary, the Games-Howell test was applied if the
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EFFECT OF RELATIVE HUMIDITY ON THE QUALITY 5

TABLE 1 Colour parameters (L*, a*, b*, C*, h) of almond kernels stored at 25◦C under three relative humidities for 6 months

Colour RH

Time (months)
0 1 2 4 6

L* 60% 67.81 ± 4.01a,b,A 65.96 ± 2.31a,A 71.11 ± 4.40ª
,b,c,A,B 73.32 ± 2.32b,c,A 76.53 ± 4.55c,A

70% 67.81 ± 4.01a,A 67.91 ± 5.72a,A 67.48 ± 4.16a,A 73.37 ± 0.83a,A 74.83 ± 3.21a,A

80% 67.81 ± 4.01b,A 63.03 ± 1.07a,A 74.95 ± 2.00c,B 73.75 ± 1.84c,A 73.72 ± 2.61c,A

a* 60% 0.21 ± 0.51a,A 0.76 ± 0.16a,B 0.39 ± 0.93a,A 0.61 ± 0.56a,A 0.90 ± 1.32a,A

70% 0.21 ± 0.51a,A −0.24 ± 0.66a,A −0.57 ± 0.88a,A 1.54 ± 0.57b,B 0.26 ± 0.47a,A

80% 0.21 ± 0.51a,A 0.19 ± 0.45a,A,B −0.36 ± 0.34a,A 0.64 ± 0.23a,A 0.41 ± 1.06a,A

b* 60% 20.81 ± 2.14a,A 21.28 ± 3.36a,A 22.19 ± 1.77a,A 21.82 ± 1.13a,A 26.95 ± 1.47b,A

70% 20.81 ± 2.14a,A 21.98 ± 2.89a,A 21.11 ± 3.77a,A 22.68 ± 2.02a,A 24.76 ± 2.69a,A

80% 20.81 ± 2.14a,A 21.41 ± 1.32a,A 24.55 ± 5.33a,A 19.60 ± 2.62a,A 22.57 ± 4.22a,A

C* 60% 20.82 ± 2.13a,A 21.32 ± 3.40a,A 22.21 ± 1.75a,A 21.84 ± 1.13a,A 26.99 ± 1.46b,A

70% 20.82 ± 2.13a,A 21.59 ± 2.21a,A 21.13 ± 3.77a,A 22.77 ± 2.04a,A 24.77 ± 2.69a,A

80% 20.82 ± 2.13a,b,A 21.42 ± 1.33a,b,A 26.00 ± 4.99b,A 19.61 ± 2.61a,A 22.59 ± 4.23a,b,A

h 60% 89.32 ± 1.54a,A 87.00 ± 1.59a.A 88.91 ± 2.55a,A 88.41 ± 1.45a,B 88.22 ± 3.10a,A

70% 89.32 ± 1.54a,b,A 90.52 ± 1.69b,B 91.56 ± 2.49b,A 86.10 ± 1.50a,A 89.43 ± 1.07b,A

80% 89.32 ± 1.54a,A 89.43 ± 1.20a,A,B 89.82 ± 5.23a,A 88.14 ± 0.48a,A,B 88.84 ± 2.57a,A

Note: Values are expressed as: Mean ± Standard deviation. Lowercase letters—Values with different letters in the same row are statistically different (p < 0.05).
Uppercase letters—Values with different letters in the same column are statistically different (p < 0.05).

different groups’ variances were not similar. Mycotoxins
did not follow a normal distribution, so theywere analyzed
by the Kruskal-Wallis test. Correlations between parame-
ters were established with the Spearman correlation test
(Spearman rho, ρ). In all tests, an α equal to 0.05 was used.

3 RESULTS AND DISCUSSION

3.1 Visual appearance and color

The visual appearance and color parameters are shown in
Figure 1 and Table 1. Regarding Figure 1, there were no
pronounced visible differences between 0 and 6 months
of storage for kernels submitted at 60 and 70% RH. On
the contrary, in the kernels stored at 80% RH, some visual
differences were detected after four storage months. In
particular, in some almonds, the white streaks were more
perceptible.
Concerning the color parameters, the lightness (L*) var-

ied along the storage time. However, no specific trend was
observed. For the RH of 60 and 80%, a significant increase
in the L* values was detected between 0 month and
6 months. On the contrary, for the RH of 70%, the L*
values remained constant, without significant changes.
Guiné et al. (2015) determined a L* of 78.10 for almonds,
without internal skin, from the United States of America,
reporting a higher value than those found in this work
for 0 days (67.81). Furthermore, they also studied different
storage conditions (ambient temperature, stove at 30 and

50◦C, chamber at 30 and 50◦C and 90% RH, refrigerated
and frozen conditions) during 90 days. They found a
decrease in the lightness in all treatments, indicative of
darkening. However, this effect was more pronounced in
the chamber’s storage at 50◦C and 90% RH and the stove
at 50◦C. Those results were different from ours, suggesting
that the storage at 25◦C did not cause such effect, indicat-
ing that this temperature is not sufficient to favor oxidation
and the occurrence ofMaillard reactions.Moreover, except
for 2 months of storage, no significant differences were
observed between the three RH conditions.
For the other color coordinates (a*, b*, C* and h), with

some exceptions, no significant differences were observed
along the storage time and the three RH conditions. So,
almond kernels stored at 25◦C under different RH (60,
70, and 80%) did not suffer pronounced color changes
until 6 months of storage, not leading to the formation of
compounds with brown coloration.

3.2 Water activity and moisture and fat
contents

Figure 2a,b shows the water activity (aw) and moisture
contents determined in the almond kernels stored at
25◦C, under different RH (60, 70, and 80%), for 6 months,
respectively. The water activity is the amount of free
water available for chemical and enzymatic reactions and
microbial development. So, it is an essential factor to take
into account the stability and shelf-life of the food. In the
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6 EFFECT OF RELATIVE HUMIDITY ON THE QUALITY
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F IGURE 2 Water activity (a) and Moisture content (%, f.w.) (b) of almond kernels stored at three relative humidities (60, 70, and 80%)
for 6 months

present study, significant differences in aw values were
always observed between the three RH at each storage
time, being aw,80% RH > aw,70% RH > aw,60% RH. Concerning
the storage period, the aw remained almost constant at
80% RH. On the other hand, it decreased significantly
during storage in 60 and 70% RH, although this decrease
was more pronounced in 60% RH (0.699 to 0.546 from
0 months to 6 months). So, the aw reduced faster when
the RH of storage was low. Only almonds stored at 60%
RH after 2 months achieved aw values lower than 0.6.
Aw values lower than 0.6 guarantee that the product is
safe against microbial deterioration. Regarding the other
RH (70 and 80%), the values stood between 0.71 and 0.63,
allowing xerophilic molds’ growth.
Concerning the moisture content, at day 0, it was 6.20%.

Özcan et al. (2011) reported lower values than ours, varying
between 3.11% for the Guara cultivar to 3.62% for Ferragnès
and Nonpareil, as well as, Guiné et al. (2015) for almonds
from the United States of America (≅ 4.5%). This point
is critical and must be reported to the almond producers,
who must perform a correct drying of the kernel before
its storage; otherwise, fungus development may occur.
Regarding the storage time, a decrease in moisture values
was observed in all storage conditions when comparing
the 0 days with 6 months. These reductions were equal to
22.4, 12.6, and 11.3% for 60, 70, and 80% RH, respectively,
being more visible in 60 and 70% RH. However, the mois-
ture contents were still 4.8 and 5.4% f.w., respectively, at
the storage end. No reduction in the moisture content was
observed in 80% RH until 4 months of storage, maintain-
ing a moisture content near 6%. As moisture content and
aw are related to each other, the samples with the high-
est moisture contents (80% RH) also had the highest aw
values. At the end of storage, a moisture content equal to
5.5% and an aw of 0.67 were obtained in 80% RH. These
values were slightly high and may favor the growth of
fungus.

Regarding the fat content, the values varied between
51% d.m and 60% d.m. No significant differences were
detected during storage for the three RH and along the
time.

3.3 Lipid oxidation—Quality
parameters and oxidative stability

Lipid oxidation is a major cause of quality deterioration
in food (Shahidi & Zhong, 2010). The specific extinction
coefficients, K232 and K268, are shown in Table 2. The
absorption at the wavelengths specified is due to the
presence of conjugated diene and triene systems resulting
from oxidation processes (Commission Regulation (EEC)
No, 2568/91, 1991). The K232 values decreased significantly
after 1 month, remaining almost constant until 4 months
of storage for the 60 and 70% RH. On the contrary, for 80%
RH, this behavior was only observed until two storage
months. Nevertheless, no significant differences were
detected when comparing the beginning (0 months)
with the end of storage (6 months). Furthermore, when
comparing different RH at the same time of storage, no sig-
nificant differenceswere identified in almost all situations.
The only exception was at 4 months of storage, where
higher values were determined in 80% RH. Thus, RH
values of 60, 70, and 80% did not significantly affect
the production of primary products formed in the lipid
oxidation during the 6 months of storage since K232 is
related to the presence of conjugated dienes and their
oxidation products (Salek et al., 2017). At the beginning
and after 6 months at 25◦C and 60% RH, our values
of K232 (4.99 and 4.70, respectively) were higher than
those reported by Kazantzis et al. (2003) for shelled
“Ferragnès” (initial = 3.72–3.41; and 20◦C and 60% RH
[6 months] = 2.20–2.28), suggesting that the variety and
postharvest conditions may influence the oil quality.
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EFFECT OF RELATIVE HUMIDITY ON THE QUALITY 7

TABLE 2 Specific extinction coefficients (K232 and K268) of oils extracted from almond kernels stored at 25◦C under three relative
humidities for 6 months

Specific extinction
coefficient RH

Time (months)
0 1 2 4 6

K232 60% 4.99 ± 0.17b,A 3.37 ± 0.11a,A 3.72 ± 0.20a,A 3.31 ± 0.10a,A 4.70 ± 0.42b,A

70% 4.99 ± 0.17b,A 3.55 ± 0.35a,A 3.53 ± 0.25a,A 3.54 ± 0.23a,A 4.75 ± 0.34b,A

80% 4.99 ± 0.17c,A 3.54 ± 0.34a,A 4.11 ± 0.43ª
,b,A 5.11 ± 0.13c,B 4.60 ± 0.40b,c,A

K268 60% 0.06 ± 0.01a,A 0.06 ± 0.01ª,b,A 0.07 ± 0.01ª,b,c,A 0.07 ± 0.01b,c,A 0.08 ± 0.01c,A

70% 0.06 ± 0.01a,A 0.07 ± 0.01ª,b,C 0.06 ± 0.01b,A 0.09 ± 0.01b,c,A 0.10 ± 0.02c,A

80% 0.06 ± 0.01ª,A 0.06 ± 0.01a,A,B 0.08 ± 0.01ª,b,A 0.14 ± 0.01c,B 0.09 ± 0.02b,A

Note: Values are expressed as: Mean ± Standard deviation. Lowercase letters—Values with different letters in the same row are statistically different (p < 0.05).
Uppercase letters—Values with different letters in the same column are statistically different (p < 0.05).

The specific extinction coefficient of K268 corresponds
to the absorbance of the conjugated trienes and secondary
oxidation products (Salek et al., 2017). The values of K268
measured during the storage are indicated in Table 2 and
were lower than 0.1, except for 80% RH at 4 months
(0.14). After 4 and 6 months, an increase in the values
of K268 suggested the occurrence to some extent of sec-
ondary oxidation. On the contrary, concerning RH’s effect,
no significant differences were observed between the three
conditions at the end of storage.
Kazantzis et al. (2003) also studied the specific extinc-

tion coefficients of two cultivars’ almond kernel oil
(Ferragnès and Texas). However, they reported a different
behavior during storage than ours, particularly the K232
absorption coefficient decreased along with storage,
and the values of K270 remained stable. Considering the
present work and the UV absorption coefficients, the
kernel almonds’ oil quality did not deteriorate after 6
months of storage.
The aldehydes produced from hydroperoxide decompo-

sition may be further oxidized to organic acids and other
tertiary oxidation products that may be evaluated by mon-
itoring the system conductivity changes (Shahidi & Zhong,
2010). One method that can be used to evaluate these
changes is the Rancimat. The induction times obtained by
the Rancimat method for the fruit and oil are shown in
Figure 3. Regarding almonds (Figure 3a), the oxidative sta-
bility varied from 17.3 h (day 0) to 18.0 h after 6 months of
storage at 60% RH; 19.4 h at 70% RH, and 18.0 h at 80% RH.
When comparing the induction times of almonds at the

beginning (day 0) with the end of storage (6 months), no
significant differences were detected for all RH studied.
However, during storage, significant differences between
RH were observed only at 4 months, being the lowest
value detected in 60% of RH. Nevertheless, no plausi-
ble justification was found for this situation, except for
a sporadic case of variability in the sample itself. Some
fruit in poor condition may have been collected, caus-
ing the observed deviation. This fact demonstrates the
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Lowercase letters compare storage times for a specific RH;
uppercase letters compare RH kept at the same time

importance of sampling significant samples to minimize
sporadic contamination and harvesting isolated fruits in
bad conditions, which are not representative of the general
sample, subjected to the storage condition to be studied.
Furthermore, when studying a specific RH along time, no
definite trend was observed, indicating that the three RH
applied over 6 months of storage did not induce a rancid
appearance.According to our knowledge, no studies on the
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8 EFFECT OF RELATIVE HUMIDITY ON THE QUALITY

TABLE 3 Microbial quality (log CFU/g) of almond kernels stored at 25◦C under three relative humidities for six months

Parameters RH (%)

Time (months)
0 1 2 4 6

Total aerobic
mesophiles
(30◦C)

60 3.83 ± 0.42b,A 3.14 ± 0.28b,A 2.82 ± 0.39a,b,A 1.92 ± 0.24a,A 2.02 ± 0.55a,A

70 3.83 ± 0.43c,A 3.14 ± 0.04b,c,A 2.90 ± 0.32b,A 2.12 ± 0.22a,A 2.03 ± 0.06a,A

80 3.83 ± 0.44a,A 3.27 ± 0.19a,A 2.72 ± 0.21a,A 3.29 ± 1.38a,A 2.02 ± 0.55a,A

Molds 60 2.06 ± 0.32a,A 1.70 ± 0.01a,A 1.77 ± 0.13a,A <1.7a,A <1.7a,A

70 2.06 ± 0.33a,A 1.80 ± 0.17a,A <1.7a,A <1.7a,A <1.7a,A

80 2.06 ± 0.34a,A 1.76 ± 0.10a,A 2.18 ± 0.52a,A 5.45 ± 0.05c,B 4.49 ± 0.49b,B

Yeast 60 <1.7 <1.7 <1.7 <1.7 <1.7
70 <1.7 <1.7 <1.7 <1.7 <1.7
80 <1.7 <1.7 <1.7 <1.7 <1.7

Note: Values are expressed as: Mean ± Standard deviation. Lowercase letters—Values with different letters in the same row are statistically different (p < 0.05).
Uppercase letters—Values with different letters in the same column are statistically different (p < 0.05).

oxidative stability of almonds (fruit) have been done until
now.
Concerning the oil extracted from almonds, some signif-

icant changes were detected. However, the mean values
only varied between 5.2 h and 7.4 h, being the lowest
value obtained after 4 months and 80% RH. However,
this decrease was not observed at 6 months. The induc-
tion time at day 0 for oil extracted from shelled almonds
was 7.4 h. This value was low when compared with other
oils extracted from almonds. Arranz et al. (2008) reported
a value of 21.8 h, and Houmy et al. (2016) mentioned
values between 20.28 h and 27.55 h for Marcona and Fer-
ragnès/Ferraduel mixture, respectively. These significant
differences probably may be due to the different temper-
atures used in the Rancimat method (110◦C in the present
study and 100◦C in the other studies) and different almond
varieties. At the end of storage (6months), 70%RH showed
the highest value of induction time (6.7 h), while 80%
RH presented the lowest value (6.0 h). Higher relative
humidity may cause faster oxidation; however, the present
work results did not clearly demonstrate this situation.
Nevertheless, high moisture contents may increase the
enzymatic activity and facilitate the degradation of oils
by lipases, producing free fatty acids, and lipoxygenases
that also oxidize polyunsaturated compounds, producing
undesirable flavors (Salunkhe & Desai, 1986).
Comparing the fruit with the oil, the former had higher

oxidative stability, approximately twice as high as the oil
extracted from almonds. This difference may be because
the fruit’s measurement is more direct, inducing less lipid
oxidation than in the oil that has been previously extracted.

3.4 Microbial quality

The microbial loads of almond kernels stored under dif-
ferent RH for 6 months are described in Table 3. The

total aerobic mesophiles (30◦C) varied between 1.92 log
CFU/g (4months and 60%RH) and 3.83 (at the beginning),
with a decrease along time for 60 and 70% RH but not at
80% RH. No significant differences were observed between
mesophiles in the three RH; however, the standard devi-
ations were high in some cases, such as 4 months and
80% RH. Aerobic mesophile loads showed a strong posi-
tive correlation with aw (Spearman ρ = 0.610, p < 0.001)
and a negative correlationwith time of storage (ρ=−0.739,
p< 0.001), suggesting that low aw is effective in the control
of bacterial growth, andmicroorganisms progressively lose
viability throughout time under these adverse conditions.
As for molds, values between < 1.7 and 5.45 log CFU/g

were determined, being the highest counts observed at
4 and 6 months at 80% RH, where aw was also the high-
est. No significant differences were observed for the molds
at 60 and 70% RH. Molds showed a moderate correlation
with aw (ρ= 0.454, p= 0.004) but not with time (ρ= 0.264,
p = 0.105). Molds are more xerophilic than bacteria and
more resistant to prolonged drought, and aw values as low
as 0.706 are enough to allow fungal growth. A similar trend
was detected in cashew nuts when higher RH increased
the molds’ growth during storage (12 days) (Onilude et al.,
2010). However, these authors noticed an increase at 70%
RH, while in the present study, that trend was observed at
80% RH only. Concerning yeasts, the values were always
under 1.7 log CFU/g.
Considering the microbiological results, the almonds

stored at different RH presented a satisfactory microbial
quality until 6 months at 60 and 70% RH; however, at 80%
RH, the kernels remained satisfactory only until 2 months.
During these periods, our values were consistently lower
than the limits established for dried fruits for themicrobial
counts at 30◦C by the FCD (2016) and Gilbert et al. (2000)
(< 4 and < 5 log CFU/g, respectively) and for molds
and yeasts by Witthuhn et al. (2005) and FCD (2016)
(< 3 and < 3.7 log CFU/g, respectively). After 4 months
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EFFECT OF RELATIVE HUMIDITY ON THE QUALITY 9
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of storage at 80% RH, the mold counts surpassed the
reference values, probably due to the high aw values still
observed in the kernels (aw = 0.706 at 4 months) that
contributed to the mold’s growth.

3.5 Mycotoxin contamination

Figure 4 shows the different metabolites detected in
almonds throughout the 6 months of storage under dif-
ferent RH. In total, 17 fungal metabolites were detected in
the analyzed almonds. From those, only Gibberillin A14
is not related to the fungal genera Aspergillus and Penicil-
lium. To our knowledge, none of the detected metabolites
has been reported previously for almonds, except aflatox-
ins, the only mycotoxins withmaximum admissible values
set by European legislation (EC, 2006, 2010).
Aspergillus section Flavi-related aflatoxins B1 (AFB1)

and G1 (AFG1), and other compounds derived from
the aflatoxin biosynthetic route—sterigmatocystin (ST),
methoxysterigmatocystin (MST), averufin (AV), ver-
sicolorin C (VC)—were detected in small amounts in
all different treatments, and no significant differences
were detected between times of storage or treatments
(p > 0.050). AFB1 was detected in only five samples
(60% RH/2 months; 70% RH/1 and 4 months; 80% RH/2
and 6 months) in very low amounts (0.3-0.8 µg/kg). AFG1
was detected in almost all tested samples with concentra-
tions of 0.2 µg/kg, with higher amounts being determined
in only two samples: 70% RH/1 month (1.7 µg/kg) and 80%
RH/2 months (4 µg/kg). These amounts are well below the
legislated limits of 8 µg/kg for AFB1, and 10 µg/kg for the
sum of aflatoxins B1, B2, G1, and G2 (EC, 2006, 2010), but
they may be a reflection of the effect of moisture and aw
in the safety of nuts. ST, MST and AV were detected in all

samples in average amounts of 4.5 ± 1.3 µg/kg,
2.2 ± 0.8 µg/kg and 0.4 ± 0.2 µg/kg, respectively. This
relatively uniform distribution makes us consider that
Aspergillus section Flavi can grow and partially pursue the
AF biosynthetic route. Still, AFs are not produced under
the tested storage conditions. These toxins showed to be
moderately correlated with each other (0.421 < ρ < 0.699;
p < 0.008), but not with aw or RH. In a study by Rodrigues
et al. (2012b), where almonds were always kept at aw
below 0.7, Aspergillus flavus and related species could
persist or even increase their loads but could not produce
AFs. On the other hand, Saleemullah et al. (2006) studied
the effect of storage on the AF contamination of almonds
and concluded that moisture increase throughout storage
significantly affected the level of contamination. In that
study, the moisture content of almonds inoculated with
aflatoxigenic A. flavus increased from 2.7% to 41.3%, after
3 and 18 months of storage, respectively, and the AF
contamination increased from nondetected to 12 µg/kg by
the end of the storage period.
3-Nitropropionic acid (NPA), cyclo(L-Pro-L-Tyr) (CPT),

and cyclo(L-Pro-L-Val) (CPV), which are also associated
withA. flavus (Frisvad et al., 2019), were generally detected
in higher amounts in 6 months and 80 RH% samples. NPA
amounts were significantly higher in 6 months than in
2 and 4 months (p < 0.012); CPT and CPV were higher
in 80% RH than in control (p < 0.033); and CPV was
higher in four (p = 0.021) and six months (p = 0.015)
than in control. Asperglaucide, produced by the xerophilic
fungus Aspergillus glaucus (Chen et al., 2017) and asper-
phenamate (APM), mostly associated with Penicillium
brevicompactum (Frisvad et al., 2004; Visagie et al., 2014),
but also produced by the xerophilicAspergillus pseudoglau-
cus (Chen et al., 2017), showed a specific trend in terms
of RH, being present in significantly higher amounts in
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10 EFFECT OF RELATIVE HUMIDITY ON THE QUALITY

80% RH samples (p < 0.050) and were significantly corre-
lated with each other (ρ = 0.456; p < 0.004). These were
the only toxins showing a moderate (but significant) cor-
relation with the applied treatment (ρ = 0.649, p < 0.001;
and ρ = 0.475, p < 0.004, respectively) and with the mold
counts (ρ = 0.558, p < 0.001; and ρ = 0.356, p < 0.026,
respectively). In fact, samples submitted to 80% RH
showed aw values near to, or even slightly higher than
0.7 (at 4 months of storage, the average aw was 0.706)
and moisture content near 6%, which are the values gen-
erally recognized as safe for the adequate preservation of
almonds in terms fungal growth and mycotoxin produc-
tion. This means that, in storage at 80% RH, even small
increases inRH that can be caused by the basalmetabolism
of xerophilic fungi such as A. glaucus and A. pseudoglau-
cus, can render the adequate conditions for other fungi
to grow (e.g., A. flavus) and to produce other highly toxic
compounds like AFs.
Penicillium-related mycotoxins—mycophenolic acid

(MPA), quinolactacin A (QLA), roquefortine C (roqC)
(Frisvad et al., 2004; Visagie et al., 2014)—were found in
small amounts, and no correlation was detected with the
type of treatment (ρ < 0.200, p > 0.05).
Gibberellin A14 is the metabolite showing the highest

amounts in all samples, with no significant differences
among samples. Even though gibberellins are gener-
ally known as phytohormones, gibberellin A14 has been
reported as a fungal metabolite produced by Gibberella
(= Fusarium) fujikuroi (Jones et al., 1968). This compound
is not well characterized, and its toxicity has not been
established.

4 CONCLUSION

This study showed that high RH maintenance (80%) dur-
ing the transport/storage of peeled almonds might cause
some visual defects after four months of transport plus
storage. Furthermore, moisture contents and aw values of
5.5% and 0.67 can be obtained, favoring fungus growth.
The mold counts increased at 4 and 6 months of stor-
age. Even though the three RH did not clearly affect the
production of primary and secondary products formed in
the lipid oxidation during the 6 months of storage, some-
times an increase in the values of K268 was observed at 80%
RH, suggesting the occurrence to some extent of secondary
oxidation. The almonds stored for 6 months presented a
satisfactory microbial quality only when stored at 60 and
70% RH. Furthermore, some mycotoxins were detected in
higher amounts at 80% RH. Thus, keeping the almond ker-
nels under low RH (< 80%) inmaritime transport and long
storage in tropical countries is recommended.
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