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Peanuts are transported by ship from production regions to all across the globe. Quality problems are frequently
encountered due to increased levels of free fatty acids (FFAs) and a decline in organoleptic quality through lipid
oxidation occurring during transport and storage. We studied the role of moisture (water activity, aw) in
interaction with 87 days hermetic storage under air or nitrogen gas. Upon storage with air, some lipid oxidation
was observed at water activity levels below 0.73. FFA levels increased at water activity levels above 0.73 and
fungi proliferated at water activities above 0.80. Lipid oxidation, an increase in FFA levels and fungal growth
were not observed after storage under nitrogen gas. It can be concluded that peanut storage and transport under
anoxia can strongly reduce quality losses.

1. Introduction
Peanuts (Arachis hypogaea) are produced worldwide and are trans
ported long distances by ship from production regions to all over the
globe for processing and/or consumption. During storage and transport,
their quality may deteriorate due to infestation by insects, infection by
fungi or through oxidation of lipids. Drying seeds before storage can
help to reduce deterioration (Roberts, 1972). However, in tropical and
subtropical areas this can be energy demanding. This is especially the
case in very humid environments, such as during the monsoon season,
when reducing the relative humidity (RH) of the air by heating is pro
hibitive to avoid heat damage to the peanuts, and pre-drying the air
through cooling and condensation requires additional energy. The use of
dryers with dehumidifiers is also expensive. Furthermore, during stor
age at a high humidity the reproduction of insects and fungi is favoured
and the latter can also lead to the production of mycotoxins.
Shelled, but further unprocessed peanuts are living, desiccation
tolerant seeds and their physiology can be compared to that of seeds
used for crop propagation. At a high humidity, above 70% RH, seeds are
metabolically active with concomitant respiration activities and these
increase with increasing seed moisture levels (Marcos Valle, Gastón,

Abalone, de la Torre, Castellari, & Bartosik, 2021). When stored under
humid conditions and in closed bags or other types of hermetically
closed containers, seeds will first consume the available oxygen by
respiration and upon oxygen shortage may switch to anaerobic respi
ration (fermentation), thereby producing acetaldehyde and ethanol.
This can in turn lead to further seed deterioration (Colville, Bradley,
Lloyd, Pritchard, Castle, & Kranner, 2012). This is one of the main
reasons why seeds, to be used for either food or feed, such as grains and
coffee, are commonly stored in bulk, in open containers or in woven
bags. When using hermetic storage, seeds should first be well dried to
avoid subsequent fermentation.
Peanut is an important crop, used for its oil and for consumption in
sweet and savoury snacks or as peanut butter. Argentina, the United
States, India, Brazil and China are among the main peanut producing
and exporting countries. From these countries peanuts are transported
mainly in containers overseas; with the Netherlands being the main
importing country in Europe. The current practice is to use jute or woven
polypropylene bags for bulk packaging of peanuts and transport in
standard sea containers (Bulaong & Dharmaputra, 2002). In the desti
nation port, the quality of the peanuts is checked on arrival, mainly for
fungal contamination, mycotoxins and for free fatty acid content (FFAs).
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Unfortunately, sometimes sub-standard quality levels are encountered,
mainly due to fungal growth and/or high levels of FFAs impairing the
flavour properties of the peanuts (M.-J. van Litsenburg personal obser
vations). Aspergillus flavus is the most important mycotoxin-producing
fungus on peanuts. This fungus can already infect the peanuts during
production (Hill, Blankenship, Cole, & Sanders, 1983), but it mainly
manifests itself during storage and transport when it can proliferate on
the peanuts and produce mycotoxins under conditions of 83% RH or
higher (Diener & Davis, 1970).
Several reports have been published comparing ‘open’ storage of
seeds, in woven or paper bags, with hermetic packaging. With seeds in
general, it is observed that hermetic storage in bags with a low water and
oxygen transmission rate is effective in reducing deterioration during
storage (Ellis & Hong, 2007). Hermetic low oxygen storage has the
additional advantage of enabling insect pest management as an alter
native to chemical fumigation or gamma irradiation (Navarro, 2006).
For peanuts, multiple studies have been performed comparing her
metic storage, using different types of material, with ‘open’ woven bags,
mainly focussing on fungal growth (Bulaong & Dharmaputra, 2002;
Darko, Mallikarjunan, Kaya-Celiker, & Dizisi, 2018; Fu et al., 2018;
Navarro, Navarro, & Finkelman, 2012; Sudini, Ranga Rao, Gowda,
Chandrika, Margam, Rathore, et al., 2015). The general conclusion from
these studies is that hermetic storage limits fungal growth and the
associated accumulation of aflatoxins. However, negative effects on
germination and occurrence of mould growth after storage in ‘Purdue
Improved Crop Storage’ (PICS) bags have also been reported (Butts,
Dean, Hendrix, Arias De Ares, Sorensen, & Lamb, 2020). Peanut quality,
measured in terms of colour maintenance, insect presence and germi
nation rate, is best maintained by packaging in materials with low water
vapor and oxygen transmission rates (Fu, et al., 2018). Although these
studies show the potential advantage of hermetic storage for maintain
ing peanut seed quality, the occasional negative effects call out for a
better understanding of the physiological and biochemical processes
which occur during hermetic storage and to determine the critical
moisture level and gas atmosphere conditions required for optimal
storage conditions.
Due to their high oil content, containing high levels of unsaturated
fatty acids, peanuts are highly susceptible to oxidative processes during
storage. Oxidative rancidity is one of the major causes of peanut quality
deterioration (Liu, Liu, & Chen, 2019). Hermetic packaging of seeds
under reduced oxygen levels can aid in reducing the rate of oxidation
and thereby the decline in seed quality during prolonged storage (Groot,
de Groot, Kodde, & van Treuren, 2015). This has also been observed for
peanuts (Maté, Saltveit, & Krochta, 1996; Navarro, Navarro, & Finkel
man, 2012).
Peanuts transported in bulk are unprocessed, viable seeds and as
such, can be metabolically active. The respiration rate depends on their
water activity (aw) (Garcia-Cela, Gari Sanchez, Sulyok, VerheeckeVaessen, Medina, Krska, et al., 2020), and during hermetic storage a
decline in oxygen levels is observed at a rate depending on the seed
moisture content (Butts, Dorner, Lamb, Sorensen, & Sanders, 2008). At a
high moisture content with metabolically active seeds, oxygen is
consumed mainly due to mitochondrial respiration. However, at low
moisture contents, mitochondrial respiration does not or only hardly
occur (Zhang, Yoshiyama, Nagashima, Nakagawa, Yoshioka, & Esashi,
1995). Here, most consumption or binding of oxygen can be due to its
incorporation (through oxidation), into organic molecules including
unsaturated fatty acids, proteins and DNA. This oxidation is either
facilitated by active enzymes, such as lipoxygenases, or by nonenzymatic reactions (auto-oxidation) e.g. through catalysation by
cellular redox metals such as iron and copper. The oxidation of unsat
urated fatty acids, either present as FFA or as a component of the lipid
fraction, may finally result in a rancid flavour and thus reduced quality.
Thus, hermetic storage and transport, with its limitation in oxygen
availability, appears to be an interesting option to maintain peanut
quality with respect both to flavour as well as phytosanitary aspects. As

far as we are aware, no systematic research has been reported on the
optimal aw, or equilibrium RH, of peanuts during hermetic storage, nor
on the metabolic changes taking place during such hermetic storage. The
drying of seeds can require considerable energy and labour, especially
under warm and humid conditions. Consequently, for an economically
viable process, an optimum balance is required between the drying
conditions needed to maintain seed quality upon storage and transport
while minimizing the energy requirements needed. It is thus necessary
to determine the equilibrium RH at which peanuts can be safely stored
under hermetic conditions without the risk of anaerobic respiration and
concomitant negative effects on metabolite profile. When using viable
seeds, the obtained information can also be used to model the effect of
aw during hermetic storage on the germination potential of the peanuts,
essential for producing a new crop.
Here we report on experiments where we stored viable peanuts
hermetically at different aw levels with either air or after flushing with
nitrogen gas (anoxia). After almost a three month storage period at a
fixed temperature, the oxygen consumption of the air-stored samples
was determined as an indicator of respiration activity, while the FFA
content and germination performance were determined as the seed
quality parameters. To get deeper insights into potential differences in
metabolic composition of the peanuts due to differential aw or oxygen
levels during storage, we also performed untargeted metabolomics on a
selection of the samples, by profiling both volatile organic compounds
(VOCs) using headspace GCMS, and lipid-soluble compounds by using
accurate mass LCMS of organic extracts.
2. Material and methods
2.1. Plant material and storage conditions
Peanut seeds (standard oleic acid variety Georgia 06G) were pro
vided by Mars (Georgia, Georgia, USA) and transported by air to the
Netherlands, in an insulated box. The seeds with skins (testa) had a
quality suitable for propagation material, thus ensuring a high initial
quality, and had a low initial FFA content. Their fatty acid composition
was 19% saturated, 56% monounsaturated and 25% polyunsaturated
(data provided by Mars USA). Upon arrival at Wageningen University &
Research (Wageningen, The Netherlands), the aw of the seeds was 0.60
(equivalent to an equilibrium RH of 60 %). The seed moisture content
upon arrival was measured using the constant temperature oven method
(17 h at 103 ± 1 ◦ C), and determined to be 6.3 % on a dry weight basis.
The amounts of water, to add or lose in order to create 11 different aw
levels ranging between 0.45 and 0.90, were estimated based on the
Cromarty equation (Cromarty, Ellis, & Roberts, 1982 (revised 1990)). To
achieve aw levels below 0.6, the seeds were dried in a cabinet at 40 % RH
with circulating air. For aw levels above 0.6, a calculated amount of
water was mixed with the seeds and left overnight in a closed plastic bag
to equilibrate. The final aw and seed moisture contents of all samples
were measured again at the end of the storage experiment.
After the weight was corrected for the added or removed water,
around 270 g peanuts was transferred to 700 ml transparent glass jars,
with a metal lid and plastisol lining. A hole (3 mm) was made in the lid,
through which the jars could be flushed with nitrogen gas and which
could also be used for volatile sampling at the end of storage. The hole
was closed using sticky aluminium tape (Griffon, Goes, The Netherlands)
and a rubber septum (PDSR400, Handelsonderneming PD, Wijchen, The
Netherlands) which was attached to the upper side of the tape. Four
empty jars were similarly prepared as controls. Half of the jars (the air
treatment), was closed containing ambient air (21% oxygen). The other
half (the nitrogen treatment) was flushed with nitrogen gas (5.0, Linde
Gas, Schiedam, The Netherlands), for two minutes at a flow of 0.5 L
min− 1 to create near anoxia conditions, prior to closing the lids.
An oxygen sensor dot (PreSens Precision Sensing GmbH, Regens
burg, Germany) had been attached to the inside of each glass jar,
allowing external oxygen readings without the need for headspace
2
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sampling. All samples were placed in duplicate in a room conditioned at
20 ◦ C. Using the sensor spot, oxygen levels were analyzed weekly. An
alyses of the jars flushed with nitrogen gas showed that oxygen had not
been fully depleted and that they actually still contained around 1%
oxygen and no leakages were observed.

Mülheim a.d. Ruhr, Germany) and were then transferred to the analyt
ical column (ZB-5MS, 30 m, 0.25 mm, i.d., 1.0 mm film thickness
(Phenomenex, Torrance, California, USA)) by ballistic heating of the CIS
to 275 ◦ C for 4 min using a split flow of 10 ml min− 1. The temperature of
the GC oven (Agilent 7890A, Agilent, Palo Alto, California, USA) was
initially set to 45 ◦ C for 3 min and was then ramped up with 10 ◦ C min− 1
to 280 ◦ C, with a 2 min hold, at a constant helium flow of 1 ml min− 1.
The column effluent was ionized by electron impact at 70 eV and mass
spectra were acquired on an Agilent 5978C quadruple MS (Agilent, Palo
Alto, California, USA), scanning from m/z 33–350. A solvent delay was
set to 3 min.
For analysis of lipid-soluble compounds, the peanuts were ground in
liquid nitrogen and stored at − 80 ◦ C until analysis. The lipid-soluble
compounds were extracted from 20 mg fine powder using 1.8 ml of a
methanol : chloroform mixture 1:1 (volume basis) containing 0.1 %
butylated hydroxytoluene (BHT) as an antioxidant. The organic phase
was dried under a gentle stream of nitrogen gas and compounds were redissolved in 1 ml 96% ethanol. These lipid extracts were then subjected
to unbiased (untargeted) LCMS-based lipidomics profiling, as described
previously for microalgae (Remmers, D’Adamo, Martens, de Vos,
Mumm, America, et al., 2018). In short, compounds present in the ex
tracts were separated by an Acquity UPLC (Waters Chromatography B.
V., Etten-Leur, The Netherlands), an Acquity HSS T3 column (1.8 µm
particles; 2.1 × 150 mm, Waters Chromatography B.V., Etten-Leur, The
Netherlands) maintained at 55 ◦ C, and a solvent gradient of wateracetonitrile-isopropanol containing 10 mM ammonium acetate and
0.1% formic acid at a flow rate of 200 µl min− 1. Eluting compounds were
detected by an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo
Scientific, Waltham, USA) at a mass resolution of 60,000 (FWHM),
positive electrospray ionization mode and a mass range of m/z
112–1400.
Both GCMS and LCMS raw data files were processed using an
untargeted metabolomics workflow centred around the software tools
MetAlign (Lommen, 2009) and MSClust (Tikunov, Laptenok, Hall, Bovy,
& de Vos, 2012) as described by (Lopez-Sanchez, de Vos, Jonker,
Mumm, Hall, Bialek, et al., 2015). This resulted in relative intensity
values and extracted mass spectra of 224 volatile compounds and 514
lipid soluble compounds for each sample. Data of the detected lipidsoluble and volatile compounds were analysed by multivariate statisti
cal techniques including unsupervised Principal Components Analysis
(PCA) and supervised Orthogonal to Projection of Latent Structure
Discriminant Analysis (OPLS-DA) using SIMCA software (version 15.0.2,
Sartorius Stedim Data Analytics AB, Umeå, Sweden), and Self Orga
nizing Maps using GeneMaths XT software (Applied Maths, SintMartens-Latem, Belgium). Prior to analysis, data were log-transformed
and auto-scaled. The significance of latent variables was determined
by cross validation. Selected VOCs were tentatively identified by
comparing their observed mass spectra and retention indices with those
of commercial and in-house libraries (NIST17, https://chemdata.nist.
gov). Retention indices were calculated based on a series of alkanes
(C7-C22). Selected lipid-soluble compounds were annotated by matching
the observed accurate masses of the H+ or NH4+ -adducts with available
lipid databases, including LipidMaps (https://www.lipidmaps.org) and
oxidized wheat lipids reported in (Wiebach, Nagel, Börner, Altmann, &
Riewe, 2020), allowing a maximum mass deviation of 3 ppm.

2.2. Sampling for oxygen, ethanol and volatile organic compounds
The storage experiment was ended after 87 days, when oxygen levels
(air treatment) became depleted in the peanuts at the highest aw levels.
The headspace was then sampled to quantify oxygen levels using an
Oxybaby (Witt-Gasetechnik GmbH, Witten, Germany) and ethanol
levels using a modified breath analyser (Dräger, Lübeck, Germany) ac
cording to (Kodde, Buckley, de Groot, Retiere, Zamora, & Groot, 2012).
Volatile organic compounds (VOCs) emitted by the differently stored
peanuts were then also collected using a dynamic headspace trapping
technique similar to that described by (Cordovez, Mommer, Moisan,
Lucas-Barbosa, Pierik, Mumm, et al., 2017). For this, the headspace of
the peanuts was collected through the rubber septum using custom
made needle inlets and outlets. Sampling was done by purging air
through glass cartridges filled with 80 mg Tenax TA (20/35 mesh,
Camsco, Houston, Texas, USA) for 30 min with a constant flow of 50 ml
min− 1. After sampling, the cartridges were then purged with a gentle
flow of helium (≥5.0, Linde Gas, Schiedam, The Netherlands) for 10 min
to remove oxygen and moisture and were then sealed until analysis. An
empty jar functioned as a control.
2.3. Analysis of water activity, moisture content, FFA and seed
germinability
At the end of the experiment the jars were opened and samples were
taken to measure their equilibrium RH using an aw meter (Rotronic,
Bassersdorf, Switzerland). The equilibrium RH was considered equal to
the measured aw. Peanut samples were also sent to a certified analytical
company (Dr. A. Verwey B.V., Oosterhout, The Netherlands) for FFA
analyses, and to determine also the moisture content using a drying
temperature of 103 ◦ C. To measure the FFA content, peanut samples
were ground to a powder and the oil was extracted using petroleum
ether, filtered under vacuum, and then evaporated using a rotary
evaporator. The oil obtained was dissolved in a mix of ethanol : diethyl
ether 1:1 (volume basis) and a 1% phenolphthalein indicator solution
was added (Frankel & Tarassuk, 1955). The extract was then titrated
with 0.1 M NaOH to determine the petroleum ether acids, which mostly
consist of FFAs. The percentage (% w w-1) of FFA was calculated as oleic
acid. All samples were analysed in duplicate.
The germination test was performed using four replicates of 50 seeds
based on the protocol provided by Ye Chu (Institute of Plant Breeding,
University of Georgia, Athens, Georgia, USA). Prior to the test, the
peanut seeds were mixed in a plastic bag with 0.2 % Thiram as fungicide.
The seeds were sown on wet thick blotting paper, covered with a layer of
thin germination paper and incubated at 25 ◦ C in the dark. Germination
was initially scored daily and maximum germination (Gmax) was
recorded after 10 days. The germination speed, expressed as the time
(T50) to reach 50% total germination, was calculated using germination
curve fitting with the Excel-based program Germinator (Joosen, Kodde,
Willems, Ligterink, van der Plas, & Hilhorst, 2010).

3. Results

2.4. Metabolomics

3.1. Water activity and moisture content

Based on the oxygen consumption and FFA levels, untargeted
metabolomics analyses were performed on a selected subset of samples.
The VOCs trapped from the jars were analysed by Thermodesorption Gas
Chromatography-Mass Spectrometry (TDGC-MS). These VOCs were
desorbed from the Tenax at 250 ◦ C for 5 min (Gerstel TDU, Mülheim an
der Ruhr, Germany) with a helium flow of 30 ml min− 1. Analytes were
focused at 0 ◦ C on a cooled sorbent trap filled with Tenax TA (Gerstel,

The seed aw and moisture content levels, measured at the end of the
experiment, showed some variation between the duplicates, but were
seen to follow an isotherm pattern as expected for seeds. There was no
significant difference between the samples stored under nitrogen gas or
air (Fig. 1A). The slight variations between replicates is likely due to
differences in moisture level after wetting the peanuts at the start of the
3
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Fig. 1. Characteristics of peanut seed samples after hermetic storage for 87 days under initially air (blue dots) or nitrogen gas (open green squares) at different water
activity (aw) levels. All analyses were performed at the end of the storage period. A. Moisture content on dry weight basis; B. Headspace oxygen levels in the storage
jars; C. Ethanol levels in the headspace, as determined by a breath analyser; D. Free fatty acid levels on dry weight basis; E. Maximum germination of the seed
samples; F. Rate of germination of the seed samples, given in hours needed to reach 50% of the final germination. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

storage and equilibration within individual jars during storage. Fungal
growth during storage was only observed on a few peanuts in jars con
taining air at the highest aw level. As this was not a main topic in the
study and the occurrence was rather low, the level of fungal contami
nation was not further quantified.

0.78 (Fig. 1C). However, above this aw level, seeds started to produce
ethanol, in both the nitrogen-flushed and the initially air-containing
jars.

3.2. Oxygen consumption

Under conditions with an aw of 0.46 up to 0.70, the FFA level after
87 days storage was more or less constant at around 0.2% (g g− 1), which
was close to the initial pre-storage level of 0.1%. Under anoxia condi
tions (nitrogen flushed jars) this low level remained largely unchanged,
even at the higher aw levels (Fig. 1D). In contrast, for peanuts stored in
air, the FFA levels markedly increased, by up to almost 10 fold, when aw
levels were above 0.73.

3.4. Free fatty acid (FFA) content

For the peanuts initially stored in air and at the highest aw levels, a
decline of oxygen levels in the headspace was already detected after
three days. At the lowest aw level a significant decline was only seen
after approximately one month (Supplemental Fig. S1). At the end of the
experiment, i.e. after 87 days of storage, oxygen had been completely
depleted in the samples initially stored with air at an aw of 0.77 or higher
(Fig. 1B). The samples stored below an aw 0.70 showed oxygen levels
that had decreased by only 3–4 % compared to the initial concentration
(21 %). The samples with aw between 0.70 and 0.75 showed an inter
mediate level of oxygen consumption. In the nitrogen-flushed jars the
oxygen levels were, as expected, zero or close to zero after 87 days of
storage, indicating that jars remained hermetically closed during the
entire storage period.

3.5. Metabolite analyses of peanut samples
To get deeper insights into whether the changes in FFA content and
oxygen consumption at aw levels higher than 0.73 coincided with other
clear biochemical changes, a subset of ten samples was selected for
metabolomics analyses of both VOCs and lipid-soluble compounds
(Supplemental Table S1). These peanut samples were selected to enable
comparison of the two different initial oxygen levels (air versus
nitrogen-flushed jars) at varying water activities: four samples (2, 3, 14
and 16) had been stored at aw levels below the inflection point of oxygen
consumption and FFA/ethanol formation (Fig. 1B, 1C and 1D), while the
other four samples (29, 38, 31 and 40) had been stored at water

3.3. Ethanol production
The headspace ethanol levels, as indicated by the breath analyser,
were close to the detection threshold in peanut samples stored below aw
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activities above this inflection point. Two samples (25 and 35) repre
sented jars with an actual seed aw closest to this critical level.

3.6. Lipid-soluble compounds
The lipid-soluble extracts of the selected peanut samples were sub
jected to unbiased (untargeted) lipidomics profiling using UPLC

Fig. 2. Heatmap showing the relative abundances (red is relatively high, green is relatively low) of various oxidized lipids in peanut samples hermetically stored at
increasing water activities (aw; values indicated on top) in glass jars for 87 days after flushing with nitrogen gas (green squares) or with air without flushing (blue
dots). The putative identifications of compounds is provided as triacylglyceride (TAG) or diacylglyceride (DAG) species with an indicated total number of chain
carbons, unsaturated bonds and number of oxygen atoms incorporated (e.g. 56:3_1 O). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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separation with a high mass-resolution FTMS detector. Processing of the
raw data using a dedicated in-house workflow resulted in relative
abundance levels of 514 putative compounds in each sample (Supple
mental Table S2). We used Self-Organizing Maps, as a trained unsu
pervised technique to compare the intensity patterns between lipids in
response to increasing seed aw content, resulting in 24 set clusters of
profile patterns. Two out of these clusters (marked with a yellow box in
Supplemental Fig. S2) contained a number of lipid-soluble compounds
showing both an aw and oxygen-dependent pattern. The levels of these
specific lipid compounds were relatively high in the air-exposed peanuts
stored at both aw 0.46 and aw 0.61 and were lower after storage at higher
aw. Their levels in the peanuts from nitrogen-flushed jars remained
relatively low at all water activities. Several lipids that were located in
these two clusters were tentatively identified as di- and triacylglycerides
containing one or more (per)oxidized fatty acid chains (Fig. 2). An
example of the relative levels of such an oxidized lipid is depicted in
Fig. 3 - in this case, a triacylglyceride (TAG) with 52 carbons and 2
unsaturated bonds in its fatty acid chains (e.g. 18:1 / 18:1 / 16:0) to
which 1 oxygen atom has been incorporated (oxidation). Similar pat
terns across samples were observed for e.g. 52:3, 54:4, 54:3, 56:4 and
56:3 TAGs in which 1 or 2 oxygen atoms were incorporated (Fig. 2).

alkenes with typically a C5-C8 backbone were more abundant in samples
stored under air than under nitrogen, with their relative intensities
depending on the seed aw. Some VOCs including 1-hexanol, were spe
cifically high abundant in peanuts stored under air at aw 0.46 and aw
0.61 (Fig. 5). These are the same samples which contained relatively
high levels of oxidized lipids (Fig. 2). Interestingly, seeds stored under
anoxia emitted more terpenoids, including alpha-phellandrene. At
higher water activities an emission of dimethyl disulfide (DMDS) in both
ambient air and nitrogen-stored peanuts was observed (Fig. 5E), This is
often an indication of microbial activity.
3.8. Germination performance
The germination performance of the stored peanut seeds was
generally high, with a maximum germination rate between 94 and 100%
(Fig. 1E). However, above an aw of 0.76, the germination capacity
decreased to a minimum of ca.70% in the samples stored at the highest
aw. For these samples, germination was also slowed down, as shown by
an increase in T50, the time taken to reach 50% final germination
(Fig. 1F). Both a decrease in maximum germination frequency and a
slower germination speed are indicators of seed quality loss. This
reduction in seed quality observed upon storage at high aw levels was
not affected by replacing oxygen (air) by nitrogen (anoxia) in the storage
jars.

3.7. Analysis of volatile organic compounds
Headspace samples of the same selection of peanut samples (Sup
plemental Table S1) stored for 87 days at different moisture levels and
oxygen (air vs nitrogen) regimes were collected and analysed by ther
modesorption GCMS. Gaseous samples from empty jars were taken as
controls. Unfortunately, two samples (16, 31) proved unreliable due to
technical issues and were discarded from further analysis. Untargeted
processing of the raw data resulted in relative abundance levels for 224
VOCs (Supplemental Table S2). Principal Components Analysis (PCA)
based on these 224 compounds revealed that the VOC profiles of the jars
containing peanuts, as expected, clearly differed from the empty jars
(Fig. 4). The first PC, explaining ca. 50 % of the total variation separated
the VOC profiles of samples with an aw of 0.45 from those having higher
water activities.
Subsequently we applied OPLS-DA to identify which VOCs specif
ically differ due to the contrasting oxygen regime during storage. In the
OPLS-DA model, 1 significant predictive (R2X 0.19, R2Y 0.99, Q2 0.48)
and 1 orthogonal component (R2X 0.12) were determined by cross
validation. A selection of VOCs having significant loadings (95% con
fidence) and showing interesting patterns with respect to the treatments
applied is given in Fig. 5. As a general observation, VOCs related to the
breakdown of fatty acids such as aldehydes, alcohols, ketones and

4. Discussion
In this study we aimed to investigate the effect of water activity on
the physiological and chemical quality of peanuts following hermetic
storage either in the presence or absence of oxygen. The peanuts used in
the experiment were living seeds of initial high quality. Our results
demonstrate that the aw of peanuts during storage and transport, in
combination with the presence or absence of oxygen can have a pro
found effect upon the physiological activity of the seeds (Fig. 1), and
their metabolic profiles (Figs. 2, 3 and 5).
Seed viability, as assessed through germination tests, dropped by up
to 30% when seeds were stored at an aw above 0.73 (Fig. 1E), indicating
that deteriorative processes had been initiated resulting in an overall
lower seed viability. It should also be noted that with the air samples
stored at high aw levels, oxygen was depleted within a few weeks of
storage. Ethanol production, an indicator of fermentation processes,
concomitantly increased thus suggesting an oxygen shortage for oxygendependent metabolic processes like aerobic respiration. The accumula
tion of ethanol, due to anaerobic respiration, in jars with peanuts at an
aw above 0.73, was quite similar between the air-closed (initially aero
bic) and nitrogen-flushed (continuously anaerobic) containers. This is in
agreement with the observation that, at the higher aw levels, the oxygen
initially present was rapidly consumed after the start of the experiment.
These observations with peanuts are also in line with previous data from
soybean. Analyses of respiration activity with soybean seeds stored at
different aw levels, showed that aerobic respiration activity was only
clearly detectible in seeds stored at 75% RH (aw 0.75) and not, for
example, at 68 % RH (Zhang, Yoshiyama, Nagashima, Nakagawa,
Yoshioka, & Esashi, 1995). These authors also observed a low acetal
dehyde production in soybean seeds stored at 33% RH or higher, indi
cating that alcohol dehydrogenase (ADH) enzymes are present and still
slightly active in dry soybean seeds (Zhang et al., 1995). At 60% RH the
ADH activity is higher, since acetaldehyde is among the main volatiles
emitted by peanuts stored at that moisture level (Pattee, Singleton, &
Johns, 1971).
In our peanut experiment, a seed aw of ca. 0.75 turned out to be
critical for the accumulation of FFAs, a key parameter in peanut (oil)
quality. However, in contrast to ethanol accumulation, this increase in
FFAs particularly occurred in the jars initially containing oxygen. This
result is in line with previous research where hermetic storage of pea
nuts under a carbon dioxide atmosphere at 7 or 8% moisture content did

Fig. 3. Relative levels of a TAG 52:2 (e.g. 16:0/18:0/18:2) with 1 oxygen atom
incorporated, as an example of the relative level of an oxidized lipid species in
stored peanuts in relation to their water activity (aw), in jars that were her
metically closed containing either air (closed blue circles) or nitrogen gas (open
green squares). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Principal components analysis (PCA) score plot based on the relative abundance of 224 VOCs detected in the headspace of peanuts stored in jars under
nitrogen (open green squares) or initial air conditions (blue dots) for 87 days. Samples are labelled according to the water activities measured after the storage period.
Samples of empty jars were included as controls (Con). The explained variance of the first two principal components is shown close to the axes in parenthesis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Relative abundances of selected Volatile Organic Compounds (VOCs) in the headspace of peanuts with different water activities stored in hermetically closed
jars under nitrogen (green bars) or air (blue bars) are shown. VOCs were tentatively identified as: A: 1-Hexanol, B: 1-Octene, C: alpha-Phellandrene, D: 1-Hexene, E:
Dimethyl disulphide, F: Hexanoic acid. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

not result in an increase in FFA levels, in contrast to peanuts stored in
woven bags (Navarro et al., 2012). Although lipase-mediated release of
FFA from storage or membrane lipids does itself not require oxygen, the
presence of oxygen may stimulate germination-associated processes

such as an increase in lipase activity in the living and more humid (aw >
0.73) peanut seeds. Since our data were determined as total FFA, the
precise composition of these released free fatty acids remains to be
investigated. The observed increase in FAA, under initially aerobic
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conditions (Fig. 1D), may be due to germination-related mobilization of
oil triacylglycerides (TAGs) initiated by lipase activity, for use as an
energy source for respiration and/or as molecular building blocks. This
TAG-mobilization was complemented by the increased release of VOCs
typically associated with the breakdown of fatty acids, including alde
hydes, alcohols, ketones and alkenes in air-stored samples at the higher
aw values (Fig. 5). FFAs may at least partly also originate from oxidized
TAGs or membrane lipids, which are known to slowly accumulate dur
ing natural seed ageing (Wiebach, Nagel, Börner, Altmann, & Riewe,
2020). Using lipidomics we identified several oxidized TAG structures at
relatively high levels in peanuts when stored both with oxygen and at an
aw lower than 0.73 (Figs. 2 and 3). We hypothesise that these oxidized
lipids are actually formed in all samples stored with air (oxygen), as a
result of natural (auto)oxidation processes, while the (enzyme-medi
ated?) release of the FFAs from lipids, including both oxidized and nonoxidized TAGs and their further breakdown products, only occurs at an
aw above ca. 0.73. Hence, the oxidized lipids were only detected at
relatively high levels in the air-stored samples at lower water activities.
It has previously been observed in peanuts that glyoxysomal lipase ac
tivity hydrolyses only monoacylglycerides, while lipases associated with
the mitochondria and (non-defined) membrane fractions can hydrolyse
both mono-, di- and triacylglycerides (Huang & Moreau, 1978). Taken
together, our data suggest that peanut lipases are active at all tested aw
levels, releasing limited amounts of FFA’s at low aw conditions while the
high FFA levels observed above an aw of ca. 0.73 are mainly due to
aerobic metabolic processes related to the initiation of germination
including energy mobilization from storage lipids, which requires the
availability of both sufficient water and oxygen.
The emission of the volatile DMDS in both ambient air and nitrogenstored peanuts was observed at higher water activities (≥0.80) and
might indicate microbial activity in the jars (Lemfack, Nickel, Dunkel,
Preissner, & Piechulla, 2013). Indeed, a small amount of fungal growth
was observed on the peanuts in these jars. The presence of DMDS as well
as some of the other volatile lipid breakdown products can cause offnotes which can considerably lower the sensory quality of the raw
peanuts, although some sulphides can also be produced during any
subsequent roasting process (Ho, Lee, & Chang, 1982; Neta, Sanders, &
Drake, 2010).
Our experiments show that for the storage and transport of peanuts
under anoxia conditions, an aw below 0.70 is optimal to maintain the
best peanut quality, both with respect to organoleptic properties and
seed viability. However, it should also be borne in mind that the levels of
oxidized lipids and FFAs depend also on the history of the seed lot. It is
known that peanut cultivation conditions, as well as the conditions
during post-harvest processing and initial storage can have a significant
effect later on the FFA level in the seeds (M.-J. van Litsenburg personal
communications). This was also evident from our experiment with
peanuts maintained under initial aerobic conditions and these results
demonstrate that an increase of FFA levels during storage and transport
can be limited by storing peanuts at low oxygen levels.
To keep low oxygen levels during storage and transport, it is advised
to use bags with a low oxygen transmission rate, rather than the
currently, most commonly-used woven polypropylene bags, in combi
nation with an aw below 0.7. While lipid oxidation is mainly initiated by
the enzyme lipoxygenase (Shahidi, 2000), it can also occur through an
autocatalytic process mediated by reactive oxygen species (ROS). Stor
age of peanuts under low oxygen or anoxia has the additional advantage
that tocopherol levels (vitamin E, a lipid-soluble antioxidant) also
become less depleted (Bakkalbaşi, Menteş Yilmaz, Poyrazoğlu, & Artik,
2014; Chun, Lee, & Eitenmiller, 2005). A reduced lipid oxidation (Figs. 2
and 3) by low oxygen storage and maintenance of vitamin E levels, both
aid consumer health benefits upon consumption of peanuts (Griel, Eis
senstat, Juturu, Hsieh, & Kris-Etherton, 2004).
During overseas transport, the RH in shipping containers can in
crease, especially when transported from a warm (sub)tropical origin to
the cooler harbours, e.g. in Europe. Moreover, when the temperature

gradient between cargo and the container wall is too steep, this will
result in the movement of humidity to the upper inner surface of the
container (BMT Netherlands B.V., 2020; Gesamtverband der Deutschen
Versicherungswirtschaft e.V., 2003). This will in turn locally increase
the moisture level in the top layer of the bag. As a consequence, those
peanuts in the upper layer, even when they are initially packed at an aw
below 0.7, may still reach a much higher aw. This can then still result in
an increased metabolic activity and indeed, even germination in the
affected nuts (Butts, Dorner, Lamb, Sorensen, & Sanders, 2008).
Futhermore, it is occasionally also observed that bags with peanuts
arriving at the ports of Rotterdam (The Netherlands) and Saint Peters
burg (Russia) show mould growth specifically in this top layer (M.-J. van
Litsenburg, unpublished data). Preferably, this should be avoided but
whether a comparable aw fluctuation would also occur during transport
in hermetically closed bags remains to be investigated.
5. Conclusions and recommendations
Storage of peanuts under low oxygen or anoxia conditions reduces
the oxidation of lipids and production and release of lipid-oxidation
related volatile organic compounds. To avoid damaging metabolic ac
tivity during storage and transport of peanut seeds, the aw should be kept
below 0.7. With some safety margins related to the effect of temperature
fluctuations and its effect on moisture migration, an aw of 0.6 is rec
ommended as being the maximum acceptable level to maintain high
quality during storage and transport of peanuts.
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