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Acceleration of lipid oxidation in raw stored
almond kernels in response to postharvest
moisture exposure
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Abstract

BACKGROUND: Almonds are an important crop in California, and increased yields necessitate that dried in-hull almonds are
stored in the field for longer periods, increasing the potential for postharvest moisture exposure (e.g., rain, fog). Processors
are increasingly drying these ‘wet’ almonds to a moisture content of <6% using low heat before the hulling and shelling process
in order to reduce mechanical damage to the nutmeat. To date, there is no information on the impact that moisture exposure
and drying prior to hulling and shelling has on lipid oxidation and storage shelf life of raw almonds.

RESULTS: Raw almonds exposed to <8% moisture and subsequently dried (MEx) and almonds not exposed to moisture expo-
sure (<4% moisture; control) were stored under accelerated shelf life conditions and evaluated monthly over 12 months for free
fatty acid (FFA) value, peroxide value (PV), and headspace volatiles. At 12 months of accelerated storage, MEx almonds have 1.4
times higher FFA and 3.5 times higher PV than the control, indicating significant oxidative damage. MEx almonds also demon-
strated higher levels of headspace volatile compounds related to lipid oxidation (i.e., hexanal, octanal, hexanoic acid) through-
out storage.

CONCLUSION: Drying almonds exposed to postharvest moisture prior to storage results in a higher degree of lipid oxidation
during storage and a significant reduction in shelf life.

© 2021 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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exposure to postharvest moisture (e.g., rain, fog) can negatively
impact the quality and shelf life of almonds.

Unsaturated fatty acids are susceptible to lipid oxidation and
the development of rancidity in foods. Almonds contain 44-61%
lipid by weight, the majority of which are the unsaturated fatty
acids oleic acid (70-80%) and linoleic acid (10-20%)."° Lipid
oxidation is initiated and accelerated by oxygen, heat, enzyme
activity (e.g., lipases), moisture, and UV radiation exposure. Lipid

INTRODUCTION

Climate change is causing extreme and less predictable weather
patterns around the world and is significantly affecting agriculture.'?
California, which grows ~80% of the world's supply of almonds, is
experiencing more extreme seasonal drought (summer) and heavy
rain events (fall and winter), and is predicted to have higher annual
rainfall with larger storm events during the next century.> Aimonds

in California are harvested from July through September, depending
on variety. At hull-split, almonds are shaken from the tree, dried, then
swept into windrows in the orchard for additional moisture reduc-
tion.* After drying in windrows, almonds are cleaned of debris and
stored in stockpiles prior to processing (i.e, hulling and shelling)
and final kernel storage* California almond production has
increased by ~50% over the past 10 years, fueled by consumer
demand as almonds are a good alternative to animal protein, dairy
and wheat flour, and are considered an excellent source of
vitamin E.>° Production now exceeds processing capabilities, and
almonds are frequently left in stockpiles for longer periods, where
they are more susceptible to changes in the environment. The mois-
ture content of almonds is a critical parameter in determining opti-
mum conditions for their handling, processing and storage, and

oxidation initiates the degradation of lipids and formation of
volatile compounds, which result in the unpleasant ‘rancid’
aroma/flavor that is the primary determinant of shelf life."
Common ways to evaluate the shelf life of lipid-rich foods include
measuring primary lipid oxidation markers, such as peroxide
values (PV) and free fatty acid (FFA) values, and/or measuring
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volatile compounds that are secondary or tertiary lipid oxidation
products. PV measures the lipid hydroperoxides that are formed
early in the oxidation process and represent the amount of active
oxygen present in fat and oil.'”> APV < 0.5 mEq kg™ (milliequiva-
lents of peroxide per kilogram of oil) is used by the almond indus-
try to establish product acceptability. FFA values reflect the
amount of fatty acids hydrolyzed from triglycerides and is a useful
marker of hydrolytic rancidity. FFAs are generally considered
more susceptible to lipid oxidation than triglyceride-bound fatty
acids. FFA values of <1.5% are used by the almond industry to
establish product acceptability. Secondary and tertiary lipid oxida-
tion compounds (i.e., volatile organic compounds) are the 7- to
9-carbon aldehydes and alcohols, and/or the 5- to 9-carbon
organic acids that are associated with rancidity flavor/aroma
and are frequently used to monitor oxidative rancidity in lipid-rich
foods.'"'* All these measurements have been used to monitor
the shelf life of almonds and in some cases correlated with the
sensory attributes of almonds.”>"*

Postharvest moisture exposure is reported to cause kernel
browning in almonds, macadamia nuts, pecans, and hazel-
nuts.”>"” Kernel browning is an undesirable attribute that is fre-
quently associated with off-flavors and consumer rejection of
nut products.'® Rogel-Castillo et al.'® reported that almonds with
kernel browning have higher levels of volatile organic com-
pounds related to lipid peroxidation and amino acid degradation.
In macadamia nuts, the kernel browning appears at high moisture
content and elevated temperature, affecting ~1% of macadamia
nuts and costing the Australian macadamia industry around AU
$2 million annually.'®'® In hazelnuts, kernel browning occurs in
the inner layer; which has significantly higher amounts of oil
and sugar, and lower amounts of protein relative to the outer
layer."” The kernel browning found in nuts is linked to the Maillard
reaction and/or enzymatic browning.'® In hazelnuts, enzymatic
hydrolysis provides reducing sugars for the Maillard reaction."”
In these lipid-rich nuts, lipid oxidation byproducts (e.g., carbonyl
compounds) may also contribute to the Maillard reaction.'®%°

Postharvest moisture exposure (rewetting) is shown to promote
the hydrolysis of proteins, carbohydrates and lipids, and increases
levels of lipid oxidation products in almond kernels.?'? Earlier
studies have shown that almond kernels exposed to a moisture
content of <8% and subsequently heated at high temperatures
(e.g., roasting) form dark-brown centers.'®*? This phenomenon
is termed ‘concealed damage’ as the discoloration appears only
after heating. The dark discoloration is related to increased prod-
ucts formed via the Maillard reaction.*'®

When stockpiled dried in-hull almonds are exposed to posthar-
vest, the current industry practice is to dry these almonds to a
moisture content of <6% by applying low heat (40-50 °C), as this
reduces nutmeat damage during the hulling and shelling process
(i.e., chipping and splitting).* This practice has the added benefit
of reducing concealed damage in thermally processed almonds.'®
Although this practice reduces cosmetic damage to the nutmeat
during processing, it is not understood if the initial moisture expo-
sure increases FFAs and/or induces lipid oxidation in these nuts,
which could result in decrease product shelf life.

Under controlled conditions and proper packaging (i.e., <10 °C
and <65% relative humidity and/or vacuum packaging), raw
almond kernels can be stored up to 2 years without experiencing
the lipid oxidation that leads to consumer rejection.'* Nonethe-
less, various lots of almonds, stored under optimal conditions,
have a shortened shelf life, the reason for which is not always
understood. In this study, we hypothesize that almonds exposed

to postharvest moisture, and dried prior to kernel storage, may
have a shortened shelf life due to the initiation of triglyceride
hydrolysis and lipid oxidation during the rewetting phase. Under-
standing how this increasing practice influences product shelf life
is critical towards improving inventory control and decreasing
product loss and, importantly, food waste.

MATERIALS AND METHODS

Almond samples and storage

Raw Nonpareil almond kernels (from 2015 harvest year) not
exposed to postharvest moisture were obtained from Blue
Diamond Growers (Sacramento, CA, USA). Moisture content was
measured gravimetrically at ~4% upon receiving. Almonds were
then separated into a control group and a moisture-exposed
group (MEx). The MEx group was exposed to moisture by incubat-
ing kernels in a KMF 240 Constant Climate Control Chamber
(Binder Inc., Bohemia, NY, USA) at 38 °C and 90 + 1% relative
humidity (% RH) for 36 h. Once the moisture content of the MEx
almonds was increased to 8%, the almonds were subsequently
dried in a R-4 Harvest Saver Dehydrator (Commercial Dehydrator
System Inc., Eugene, OR, USA) at 50 + 1 °C for 12 h to reduce
the moisture content back to 4%. MEx almonds represent crops
that have been exposed to moisture (i.e., rained on) and undergo
drying prior to processing. The control almonds maintained a
moisture content of ~4% and did not undergo drying prior to pro-
cessing. Both the control and MEx group were divided into paper
bags containing 460 g each, placed in the climate control cham-
berat39 + 1 °Cand 15 + 1% RH and stored for up to 12 months.
Samples were randomized and analyzed every month. Triplicate
sampling was made for each group at each time point.

Chemicals

Acetic acid (high-performance liquid chromatography (HPLC)
grade), chloroform (HPLC grade), hydrochloric acid (American
Chemical Society (ACS) grade), potassium iodide (99.9%), sodium
hydroxide (analytical grade), sodium thiosulfate (99%), and
2,2, 4-trimethylpentane (HPLC grade) were purchased from
Sigma-Aldrich (St Louis, MO, USA) or Fisher Scientific (Hampton,
NH, USA). Authentic volatile standards (95-99%) used for identifica-
tion were purchased from Sigma-Aldrich. Stable isotope internal
standards n-hexyl-d;3 alcohol, octanal-d;s, and 2-methylpyrazine-
de were purchased from C/D/N Isotopes Inc. (Pointe-Claire, QC,
Canada).

Analysis of conjugated dienes, free fatty acids, and

peroxide value

Whole almond kernels were crushed and ground for three 1s
pulses using a laboratory mill (Waring Laboratory Equipment, Tor-
rington, CT, USA). The oil was extracted from the ground almonds
using a 12-ton Carver manual oil press (Carver Inc.,, Wabash, IN,
USA), collected into an amber vial, and stored at —20 °C until ana-
lyzed. FFA levels and PVs were measured in the extracted almond
oil according to American Oil Chemists' Society (AOCS) official
methods Cd 3d-63% and Cd 8-53,> respectively.

Solid-phase microextraction (SPME) headspace volatile
analysis

Almonds were ground with a laboratory mill and sieved with a
size 20 Tyler sieve. An aliquot of 5 + 0.02 g of the sieved almonds
was weighed into an amber headspace vial, capped, and
equilibrated at room temperature (23 + 2 °C) for at least 4 h.
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Table 1. Average value of free fatty acids and peroxide values in almonds exposed to moisture and subsequently dried (MEx) and almonds with no
moisture exposure (control) over 12 months of accelerated storage
Free fatty acids Peroxide value
Storage month Treatment (% oleic acid) (mEq kg™")
0 Control 0.09 + 0.0a n.d.
MEx 0.09 + 0.02ab n.d.
1 Control 0.09 + 0.01ab 0.34 + 0.05ab
MEx 0.10 + 0.07abc 052 +0.21a
2 Control 0.11 + 0.00abcd 0.46 + 0.09ab
MEx 0.09 + 0.00ab 0.64 + 0.00ab
3 Control 0.12 + 0.00abcd 0.55 + 0.05ab
MEx 0.12 + 0.00abcd 1.46 + 0.15fgh
4 Control 0.09 + 0.00ab 0.50 + 0.10ab
MEx 0.12 + 0.00abcd 1.58 + 0.10h
5 Control 0.12 + 0.00abcd 0.76 + 0.11bcd
MEx 0.13 + 0.0Tbcdef 2.01 = 0.11i
6 Control 0.12 + 0.00abcde 0.50 + 0.00ab
MEx 0.15 + 0.02edfg 1.10 + 0.00de
7 Control 0.11 + 0.0Tabcd 1.35 + 0.10efgh
MEx 0.14 + 0.00cdefg 1.22 + 0.06efg
8 Control 0.11 + 0.00abcd 1.39 + 0.09efgh
MEx 0.22 + 0.01h 1.06 + 0.06cde
9 Control 0.12 + 0.01abcde 0.76 + 0.12bcd
MEx 0.17 + 0.00fg 1.39 + 0.27efgh
10 Control 0.13 + 0.01abcdef 0.73 + 0.06bc
MEx 0.15 + 0.01defg 1.13 + 0.15defg
1 Control 0.11 + 0.01abcd 0.56 + 0.11ab
MEx 0.18 + 0.06gh 0.73 + 0.06bc
12 Control 0.12 + 0.00abcd 0.43 + 0.06ab
MEx 0.17 £ 0.07efg 1.53 + 0.06gh
Entries followed by the same letter within a column (treatment) indicate no significant differences under Tukey's post hoc test (P < 0.05); n.d., not
detected.

The headspace volatiles were measured and analyzed according
to Luo et al.*® Briefly, the volatiles were extracted with a 1 cm
30/50 pm StableFlex divinylbenzene/carboxen/polydimethylsi-
loxane fiber (Supelco Inc., Bellefonte, PA, USA) attached to an
Agilent GC injector 80 (Agilent Technologies, Santa Clara, CA, USA).
The volatiles were separated on a 30 m X 0.25 mm X 0.25 pm
DB-Wax Ul column using an Agilent 7890A gas chromatograph
coupled to an Agilent 5975C mass selective detector. An external
instrument standard was used to provide a response factor to correct
for instrument and fiber variation. The external instrument standard
contained a mixture of n-hexyl-d;s alcohol, octanal-ds, and
2-methylpyrazine-dg in de-volatilized ground almonds capped in a
20 mL amber headspace vial. The headspace volatile profiles were
collected in scan mode (m/z range 30-300). Tentative identifications
were made through NIST v.17 Mass Spectral Library Search Program.
Identification was further confirmed using retention index calcula-
tion or authentic standards when available. Relative concentrations
of volatiles with confirmed identification were calculated as
described by Franklin et al."’

Statistical analyses

Statistical analyses were performed using two-way analysis of var-
iance (ANOVA), including treatment and storage month interac-
tion. Statistically significant differences were considered when
P < 0.05. Tukey's post hoc test was employed to reveal the group-
ing for the chemical measurements. Principal component analysis

(PCA) was performed on the 48 volatiles that were significantly
different (P < 0.05) from ANOVA results to visualize the clustering
formation among samples and the relationship between volatile
compounds with the samples. Agglomerative hierarchical cluster-
ing (AHC) was performed after the PCA to cluster the samples
based on dissimilarity with data centered and reduced. All statis-
tical analyses were performed using Addinsoft XLSTAT statistical
and data analysis solution (version 2020.3).

RESULTS AND DISCUSSION

Lipid oxidation is a dynamic processes and multiple markers are
usually used to estimate the extent of oxidation in almonds. FFA
values reflect hydrolytic rancidity as FFAs are released from tri-
glycerides by lipases in the presence of moisture. Although we
expected an increase in FFA levels in MEx almonds due to hydro-
lysis, no significant difference was observed between the MEx and
control samples for the first 7 months of accelerated storage
(Table 1). This suggests that significant hydrolysis of triglycerides
does not occur with short moisture exposure (here it was 36 h).
Almonds typically require 48 h of soaking in water to break dor-
mancy and another 3-5 months to germinate.?® Interestingly,
FFAs increased significantly in MEx almonds at 8, 9, 11, and
12 months of storage relative to the controls. This may result from
the additional drying step these almonds underwent as com-
pared with controls. Drying (i.e., dehydration with heat) has been

J Sci Food Agric 2022; 102: 1155-1164

© 2021 The Authors.

wileyonlinelibrary.com/jsfa

Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



http://wileyonlinelibrary.com/jsfa

O )

where science
meets business

KK Luo, G Huang, AE Mitchell

WWW.S0Ci.org

S6'0 F CO'SL ¥T0 F80°L YLEF LETL LT0F9Y0 STLF058 100 + SO0 100 + 200 100 F 200 ueanjoipAyenanifing-z
86'L ¥ ¥6'LT T F 056l ¥9'T ¥ 09CL SLZF 618 69°0 F €79 6€0 F 09°€ €T0F96°L LL'0F98'L ueinyfuad-z
€L0F9EY LSO F ¥OY €80 F €0°€ 890 ¥ 50T EE0F T L SL'0FSL0 €00 F €€0 00 + 220 ueinyfing-u-g
supin4
970 ¥ 0€'€ €00 + 820 L0+ v9'L €00 F€L0 90°0 ¥ 90 100 + SO0 100 F ¥00 200 F900 [eua33Q-z-(2)
€00 ¥ 0TT 600 F7S0 870 F £L610 00 ¥ L0 o+ 8Tl 200 F L0 ¢00 ¥ 0T0 800 ¥ 0T0 [eUSUON-Z-(3)
LIOF LLY L00F LLT 870 F 9¢'E Zro+ole EL0F €8°L €00 F £LL'L 600 F £S'L 00 F6TL apAysplezuag
8/°0 F 6CCL ¥T0 F8CC €L F 209 600 F €60 L1'0 ¥ 860 700 ¥ 670 S00 F £T0 LI'0F LEO |euedsq
9L'0F Tl'8lL €S0 F €T SY'CF8l'6 LY0FILT 990 ¥ L9V 600 F 9.0 100 ¥ 020 €00 F8L0 [eus1>0-Z-(3)
9/L'SL F 8T¥TT €8'8L + L618 Y9'LT F 69°SCL Sl'L F889¢C €5°C + 8999 88'L + V6L ¥8'T F €81 LE9F9ELL |eueuoN
L6'L FT0L8L LEEF 01T 99'9C F ¥8¥LL 0STF ¥6'S €5TF 60T 600 F LSO €00F €10 Y00 F €10 |euedQ
GS'6 F TE08L LTV F8Y'TT CTETF TLOLL ELTF LY 08'€ F 7€0€ 900 F 6C'L SO0 F ¥'0 800 F L¥'0 |euerday
€9VS F €9°€/S 6L°€L F 1806 L8'€L F 8566€ Y9vL F 00°GE LL'9€ F LT'L8C Yo F LES 10 F 0¥'0 L1'0F 190 leuexsH
£1°TS F 9599€ 890 F €6'€€ L8'8V F 6LTLT S9T F 8yl 95'ST F 0TSLL ¥T0F 9Tl SLI'0F LEO0 700 F ST0 |euejusd
sapAyaply
LS50 F 818l 00 F ¥€9 86'L ¥ 6£6 LL0F 96T 6v'0 F St'v €10 F 00'L 200 ¥ 00 00 F ££0 audIpexay-¢’ L-|AYIdW-Z-|AY13-€
ST9 F ¥'8E 916 F TTSE S6'EL F T6'0C '8 F S9'LT 999 ¥ €091 Ov'€ F €8°EL 60'8 F ¥9'6€ S6'C F SO'6Y *oueddQg
VL0 F €LY €S°LFSTY 86'L F €¥'Yy CETF 0SS vL0 F ov'y €8'L F8TS €8°L F08TL YTTF6€LL xduerday-jAyiswelusd-9'9'y'z’z
SU0QID20IPAH
€00 FTL0 oLoFe€L 700 F €80 S0'0 F 660 SO0 FSLL 900 F6T'L €€0F L9°€E 0E0F €LV Jouedoud-1-010]YD-Z
S8'S F 65°0CL 0Ty F L6'LET PL'SL F €8'GEL S6'L FT98LL 6EL F0LT9L €9 F £9°50C 79'SE F 9TT8Y €0'CS F 99069 |ouedoid-z-010]yD-L
0L'0 ¥ 980 €00 ¥ 050 000 ¥ S50 100 ¥ 620 L00 ¥ 6€0 100 F £L'0 L00 F Z¥'0 00 FLL0 loyodje |Ay1ajhuayd
¥0'0 ¥ 6€0 200 F LTO ¢0'0 ¥ 0T0 100 FZL'0 LO0F2TL0 000 ¥ 900 ¥0'0 F €£0 800 F 810 |oyodye [Azuag
TTo F 6£0L 780F6L9 SS'0F €0V L0'0 F0CTT £0°0 ¥ S6'0 6v'0 F 0T'L 6C0F ¥/ L 6L0F S0 |OUBUON-L
€20 +9L0 870 F 160 €L'0 ¥ 990 LLI'0F €£0 Y00 F ¥€0 Y00 F LV'0 €00 ¥ 8C0 910 F 78T |oipauedoid-g’|-33e19dy-1
T7T0 F L60Y €50 F8lElL Sr'EF Sl6L 9L0F LTV 670 F 88'€ ZLIo0F oLl L0'0 ¥ 00 100 F €€0 |oueQ-1
T00 F LEO0 100 F 810 LO'0F0L0 000 900 000 ¥ ¥0°0 000 F €00 100 F+ S00 100 + ¥0'0 |oUBUON-Z
STTF vrolLL LTTF0CTSE 9G'LL F €009 LECF20€L STLF STyl 870 F 0EY 700 ¥ €0C €00 F LE'L |oueidan-1
STLF8E9L 960 ¥ 8¥'6 €v'L F 999 8€0 F LT€ 0€'0 F S0°€E clroF Ll L0'0 ¥ 0€°0 100 ¥ 8€0 |0-€-U3100-L
9L'LL F 006901 80601 F SE'L86 ¥¥'98 ¥ 00TLS 0£00L F SO'LES €T8L F L6°€6T 000T F S6'SSC LEEF 5989 6v'C F 19'8S |ouexaH-1
070 F €¥'C STOoF8EL LE0F S0 €U0 F 0 00F 610 €00F LTO 90°0 ¥ 870 200 F0T0 jouelday-z
€1'6T F 09T LLSTF v1'S8L 90'6L F 68LEL 0cvL F L0998 SS9 F91'S8 SLTFLLLY €ELF LSTL 00'L FSLLL |ouejusd-L
LS'L F S99 780 F LL'€T 90°'L F66/LL TTo F 65T IL0F €T LL YE0F LT8 ST0F06T 6L0F ¥LT |oueing-|
S F vroe LE'8 F 88'€E LSy + 18'LT 699 F 96'9C 99°€ ¥ 88/C €L'S F 08've S8l +T8sl 950 F 06V xloueng-L-|Ay1aN-€
71’9 F 8SLE LT6 F 0€°LE L6y F 78'TC 98'L ¥ 90°0€ L'y F £80€ s FeLLE YT F 6£6L ¥9'0 F S9'S xloueng-|-|Ay1a -z
S0'0 ¥ 080 6L0F0L'L 800 F LLO Lo F eT’L SL'0F00'L LZ0F96'L £L00 F ¥L0 €00 F ¥€0 louedoud-|-[AY1aN-Z
sjoyody
90°'L ¥ 9€9 L0 F L0 190 F 0L'L 000 ¥ 100 L00 ¥ €00 000 ¥ 100 L00 F €00 100 + 200 pioe dioueiday
€6'0€ F90°CCC oL's F 678l SETL F€9/8 SO'LF 18T LI0FTTE 000 F 610 €00 F 810 00 + 020 pioe djouexay
L0'e ¥ Ov'ce £80 F LSS 95'L F 66€L 910 F €90 £1°0 ¥ 080 €00F LLO 000 ¥ €00 L00 ¥ €00 pioe Slouejusd
or'0 ¥ L¥'9 200 F 2o 6v'0 F LY'E 700 ¥ 600 6L0F LLO 100 + 200 100 F ¥0'0 100 + 200 apupAyue ‘pide dloueuad-|KYIsp-¢
S0'0 F 260 00 F ¥20 S0'0 F 6£0 200 800 ¥0'0 ¥ £00 200 F ¥00 000 ¥ £00 L0'0 + 600 p1oe djoueing
S8l F 8EVL S9'L FTT6 €6'0 F YOl 60 FCL'E LS50 F vPT 600 + 660 600 F LSO 900 ¥ LSO pioe dnady
spip o1upbbio
X3 |onuod XJW |onuod peln] |ouod XJW |o1u0D usWIeaI | sse|d [esjwayD
yiuow

ab6eI0)s pajela|PdIe JO SYowW 7|
pue ‘0L ‘8 ‘9 ‘¥ ‘T ‘0 8 SPUOWIE MBI [0JJUOD PUB P3LP PUE Pasodxa ainislow Ul painseaw (puowie 6y brf) suonenuaduod 3jinejon sdedspeay (JNdS) uondenxaoniw aseyd pijos sbessay  °z ajqeL

1155-1164

J Sci Food Agric 2022; 102

© 2021 The Authors.

wileyonlinelibrary.com/jsfa

Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/jsfa

SCI

where science

meets business

WWW.S0Ci.org

Moisture exposure and lipid oxidation in almonds

LT0 F 698l €0'L 606 SL'CF 488l LTl F 056 YOTF LLSL L80F 66'L |OUBUON-|
910 ¥ S80 ¥0'0 F 50 200 F 2¢¥'0 00 ¥ £S0 200 TS0 200 ¥ 880 |oipauedoid-z’|-21e190y-|
€9'L F ¥T9S 66'€ F 7661 008 ¥ 585 90t F €9'TC SS9 F ELES YL'E F 08l |oueQ-1
€U0 F ¥EL 600 ¥ 750 SO0 F LO'L 600 F S¥'0 S00 F 190 €00 F 0€°0 |oueUoON-z
809 F 6¥'6€EL €6'6 F CE £8°0T F ¥8'9¢€L SL'LLFS8PS LEIL FOLOVL 0’8 F 8¥'St [oueday-|
0€0 F 5581 SYTF v9EL 09T ¥ £9°8L 6LTFILYL SY'CT F 706l SOLFSOLL |0-€-U3DO-1
TLULS F0S0opLL 80'€EVL + 95058 YELEL F ¥LOVOL 6v'69L F LL'¥LOL SL'6LL +8/'8€0L 8L'ETL F 19°LL6 |ouexaH-|
LEO0F 199 LLOF¥6C 880 F L6V 680 F ¥6'C 950 F €¥'E o F vTT Jouerday-z
9v'8T F S9°L0€ €59 F 6€°08L YTy F L8EVT 06'v¥ F T0TLT 00°'LE F ¥¥'9ST S6'LE F S6'T8L |oueluad-1
oLz + LOLY SOC F T8l ECLF LYLT LELFPL8L €60 F 98°0C SL'L F9g6l |oueing-|
LLY + 8TSE C0'S F €0°€T LL'S ¥ ¥6'8C LS9 F 05'8¢C TS'E F 89T L6'S F ¥6'7T sloueing- LAy N-€
90°S ¥ S6'SE 98y F 81T vL'S ¥ T00€ 65, F 85°0€ S6'€ F S1'9C 6€9 F 90'8C xloueing-L-Ay1B -z
9TOFTULL L0 F ¥80 710 ¥ 990 0¥'0 + ¥S0 S0'0 F 050 8L'0 F ¥/0 |ouedoid-|-[Ay1aN-T
sjoyody
9Tl FSELL 700 F €70 €6'S F LIVL €70 F €90 660 F 0001 600 F ZE0 pioe dlouelday
9E'LE F 8¥LST SL'V F 86'ST OL'€9 F T¥'T9C L9V F T6VY Y6'TE F 6£°69C L8'LL F LL'8C pide SlouexsH
£0'9 F S6'9F Loz F6lL 0€0L F S8'tY 65T F 766 6€'S F L0'SY L6TF 8E'8 pide dlouejusd
o F L9€E 800 ¥ LTO 96'0 F £L6T ¥Z0 ¥ 6€0 S6'0 F 00'S GE0 F 90 apupAyue ‘pide djoueiusd-|Ay1d -2
LL'0OF 9L 900 ¥ 670 6L0FCEL 00 F ¥€0 800 F6L°L 900 ¥ 9€0 pioe >loueing
0S°L + 88°0C 050 F €TL 680 F90°LL 6v°0 FSLL 0S50 F LLLL 99°0 ¥ 06'L pide dnady
spip d1upbio
X3 |o1uod X3 jo1u0dD peln |o1uod juswieal] sse|d [ediwayD
Yauow
[4) oL 8
¥0'0 ¥ S9°0 000 F 610 €00 F TE0 100 F 600 100 ¥ 600 000 ¥ €00 100 F 100 100 + 200 auo-z-ueikd-Hz-|Aydw-9-01pAyena |
90 ¥ LO'S 200 F 160 o F vTT ¥0°0 + 820 €00 F €€0 100 F SO0 000 ¥ ¥0°0 000 200 auoueIN-(HE)Z-04pAYIPIAING-S
600 F CC'C L0'0 F ¥S°0 S1'0F 660 700+ 810 L00 ¥ L0 000 + ¥0°0 000 900 000 * ¥0°0 suouein)-(He)z-|Adoud-g-01pAyiq
SY'0 F 66'€L 00 FEL'S S6'0 F €0°L 670 F 80T 6L°0F 96'L 200 F S50 700 F L0 100 F LT0 suoueINy-(HE)Z-0IpAYIPIAYIZ-S
€TCOF YO'L SL'0F €90 €10 F 180 S00 F T¥'0 200 ¥ 60 200 F ST0 €00 F 840 €00 F £SO suoldejoiking
sauopDo7]
8TLF6CC 690 F 9L 080 F €€°€ (NVESVAN] TE0 F veEe 800 F LSO £L00 ¥ 1S0 SO0 F v'0 ul03dY
L1'0F90°L 00 F €80 790 F €8T 900 F £1'0 €00 F 810 L0'0 + 900 L00 F €00 100 F SO0 suouedsg-¢
€L F 98T [80 F ¥ETL 66'L F LEOL €60 F LSV 6€0 F SEV Lo F 08’1 100 ¥ £00 700 F LEO 9UO0-Z-Ua10-¢
LE0 F60TC 8T0F LLT 0L'T+ 206 810 F LSO £L0°0 ¥ ¥5°0 200 ¥ 600 900 ¥ 210 C00F L0 SUOUBUON-
LSLFSLLL LOL F£99 96'L ¥ 908 VL0 F9LT 8Y'0 F LLS SO0 F 0Ll ¢00 ¥ TT0 600 F 870 3UO-£-Ud1O-1L
LEOFTEL 0T0 F £5°L SY'0F €8°L 10 F €60 EL0OFSLL EL0OF LLL 800 ¥ 7LT LT0 F 88T suouedoid-g-AxoIpAH-L
'L F ¥86l L0 F LSE LTTF9T8 LTOF8O'L SLOForL 00 ¥ L0 700 ¥ S90 100 F0L'0 |uouenQ-¢
$aU033Y
6L0F £6L S00F 10T LI'0OF8€L 800 F TT'L S0'0 ¥ 00'L 900 ¥ 680 LO0F 210 100 F0L'0 xouIzeikd-|Ayra
auizoifd
8L'LF €6/ 8.0 F €9°€ 660 F 8L'E 8E0 FvL'L €70 F ¥ST ¥0°0 + 870 100 F+ S00 200 F0L0 suelxo-|Auad
2UDIIXO
X3 |ouod pen Jonuod XN jo11u0D pen jo11u0D 1UdWIedI | sse|d [ediwayd
Yiuow
14 0

panunuod  ‘z ajqel

£
(%]
<
€
o
9
>
2
©
o
2
©
£
I=
o
>
L
2

-
=]
w
>
©
£
©
2
£
9]
<
(9]
S
S
>
2
g
1%
o
(%]
S
S
w
(1]
<
[
el
c
S
hel
-
-
w
c
o
(%3]
S
>
2
c
<
[S)
9
PN
ke
el
[}
=
2
o
>
a
N
5]
k=
S
2
by
S
<<
he]
<
S
B~
8
e
N
S
[\5)
O
IS
L
O
(%]
2
~
S
S
=
S
S
S
S
2

© 2021 The Authors.

J Sci Food Agric 2022; 102: 1155-1164


http://wileyonlinelibrary.com/jsfa

O

SCI

where science

KK Luo, G Huang, AE Mitchell

WWW.S0Ci.org

meets business

"JUJayIp Apuedyiubis 10N

90°0 + 08°0 900 ¥ LT0 9L'0 ¥ 940 S00 F ¥T0 0L'0F£L0 £0°0 F STO auo-g-uelkd-Hz-|Ay1w-9-o1pAyens
€€0FOL'8 SE0F S9L 9L F LT8 0’0 F ¥9'L 90'L ¥ 599 8€0 F 6T L auouelny-(H€)z-01pAyIp|AIng-g
L0 F €8¢ 810 880 00 F L8'€E 070 ¥ 680 LVOF LLE 8L'0 F ¥£0 auoueiny-(Hg)z-|Adoid-g-01pAyig
€9'0 ¥ 8991 CELF VLS SETF oYYl YL F LS9 68'L F LESL S¥'L F9€9 SuoueINy-(HE)Z-0IPAYIPIAYII-§
¥Z0 F v9'L ¥0'0 F L¥'0 S0'0 ¥ 080 £L0°0 F S0 L0'0 ¥ €80 2700 950 auoye|olfing
sauo0D7]
or'0 F €9°L 200 F 8¥'0 £0°0 ¥ 960 ZL0F ¥S0 LOOF LL'L €70 F 980 ui039dy
86'0 F 08'LL L90 F S¥'L 86'C F SLEL 050 F8SL ELTF9ETL 8¥'0 + 8¢€'L suouedsd-z
00'L F¥l'Le YL F86LL e FSLET 8LTF ¥E9L 8¥'€ F ¥¥'9C CETF LLYL 9UO-Z-Us1dO-¢
T F vL0€E Sl F EEY SSLF ¥99€ 99'L ¥ 9¢'S 67°9 F 05'9¢ L9'L ¥ 89t SUOUBUON-T
90'L + 8¥°0L 8L+ €99 Lr'e + STl T +1798 LLTFTELL LETFV¥9L 9UO-g-Ua1dO-1
LV'0 F €81 S0'0 F £SO 8L'0 F 00 600 F 0£0 SO0 F £610 800 F £S'L suouedoud-z-Ax0IpAH-1
9T F 097 9L F€9€ £V'S F 98'ST 6L FLES 87'S F7L8C L6'L F S¥'S |uoueQ-g
sauojay
€00 F0L'L 6L0F STL TTO0 F ¥EL 870 F S€'L LTOF ¥S'L lToOF€L'L xduizelhd-|Ayro
auIzpIAd
€90 F 68°S LO'L Fzee oTL FTr'S SLF vy 'L FvSL 60'L F €8¢ suelixo-|Auad
aUDIIXO
8C0F€LT 8L'0 F L¥'0 €S0 F T6°€ 990 F LEL €S0+ 618 8%°0 + 980 ueinjoipAyensyhing-z
0T'L ¥ 16'0C v9'e F Tyl 0Ty F0S°CC ST FvLLL 8Ev F 98'€T 8TY F 618l ueinyjfyusd-z
0£0 F 6C€ 690 F ¥0'CT 86'0 F 06'€ ¥6'0 F 88°C 80'L ¥ ¥9v €0'L F LGE ueanyifing-u-g
supin4
710 F 65L £00 ¥ TTO ¥S'0 F SS°C 0L'0 F8€0 S0 F EV'E L0 F T€0 [eua33Qg-z-(2)
EL0F S6'L €L'0F0L0 050 F0LT 870 FSL0 LE0F98T 10 ¥ 050 |eUSUON-Z-(3)
0L'0 F0L€ 8L'0F ¥8'L €0 ¥ 09°€ 0€0 F 9¢C YE0F 6L€ SE0F8LT apAysp|ezuag
750 F8l'6 or'o + 1Sl LETFEOEL 650 F 9€C T FCSYL 890 F €¥'C |euedsqd
050 ¥ 89/ S6'0 F €€°€ L0C F ¥S0L 0€'L ¥ S0'S YETF 1891 o'l F LTV [eua1>0-2-(3)
SEEF GLGEL LS'6L F ¥P'E6 68'vC F LLTTT ESF 1T6L €6'0L F 8'EET S6'6 F €8/ |eueuoN
0’6 + LT'86 L09 F €6CL LSLEF VL8YL 606 F LL'VT 81'ST + 88'681 69'CL F 789C |eueldQ
96'LL F 6996 209 ¥ 8961 ¥’z F 00CEL LLI'0L ¥86'LC L99T F 6T6LL YTrlL F ¥59C Jeueyday
8€'8T F 9161 6L9L F8L°LE €V’ LS F ILVET ¥8'0€ F LT'6S 0T'LS F OF'v6€ 610 F 0€°9L |euexsH
S LT F 60791 €0LF €99 L'9¢ F LSESL 68'L F 796l LE'GL F 0€'6CC TLSLFTSET |leuejuad
sapAyaply
€0°'L F0S°TL LTLFSLY LSCF 6Tl L1 F0€9 STFOILL 85'L ¥ 909 sualpexay-¢’L-|Ayow-g-Ay3-¢
wLFsSLy 90'LT F ¥L'EY S8'ST F 001 8€TT F ¥8'6€ 89'CL F 08'¥C 18'0C F 6%°0S xoued3q
£00 F 150 €€LF €001 e 789 VLS F0LL VL0 F vl SgsF8lLol xduelday-jAylaweiuad-9'9'y'z'e
SU0QID20IPAH
800 ¥ €80 800 F 0L0 600 F ¥¥'0 LL'0 ¥ 0L0 S0'0 ¥ 050 £00 F S6°0 Jouedoid-|-010]YyD-Z
YSTFCLELL 668 F LEV6 65'S F 5679 €5°0L F 6966 00 F L£69 L9 F LO6EL |ouedoud-z-010]yD-L
vZO0 F LTL 800 F 160 600 F 9¢'L Y10 F S0 80°0 ¥ 80°L €00 F 590 |oyodye |AyaejAusyg
L0'0 ¥ S¥'0 700 F £LTO 2700 ¥ 0v'0 700 F L€0 €00 F S€0 €00 ¥ 0€0 |oyodje |Azuag
XJW |013u0) XJW |011u0) pell] |o13u0) Juswileal | sse|d |edjwiay)
Yyiuow

[4)

ol

panunuod  ‘z ajqel

1155-1164

J Sci Food Agric 2022; 102

© 2021 The Authors.

wileyonlinelibrary.com/jsfa

Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/jsfa

Moisture exposure and lipid oxidation in almonds

where science
meets business

WWW.SOCi.org

Control MEx
mHydnocarbons 4000 4000
JR—
w Lactone 3500 2300 - B
mPyrazine ;‘:‘7 2000 :‘:" Aol i
=4
&, )
= Organic Acid 250 E450
=
; -2 2000 -2 2000
Oximane £ g
| ]
o 1500
mFuran 2 é 1300
(=3
O 1000 8 1000
mKetone
500
m Alcohol . I o0
. o HE
® Aldehyde 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Storage Month Storage Month

Figure 1. Concentration sum of each headspace chemical classes shown in Table 2 measured in control and MEx (exposed to moisture and subsequently
dried Osamples at storage month 0, 2, 4, 6, 8, 10, and 12. 1-Chloro-2-propanol and 2-chloro-1-propanol were excluded from the alcohol concentration sum.
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Figure 2. Biplot of principal component analysis (PCA) on 46 headspace volatile compounds determined by headspace solid-phase microextraction gas
chromatography-mass spectrometry for almonds that were exposed to moisture and subsequently dried (MEx) and control almonds, stored up to
12 months of accelerated storage. The first two dimensions describe 84.24% of the variables.

shown to change the microstructure of almonds, creating extra-
cellular pores that allow oxygen exposure and increasing lipase
contact with oleosomes.?” The increase of FFAs after 7 months
of storage in MEx almonds correlates with an increase in organic
acids (i.e., hexanoic acid, heptanoic acid, and pentanoic acid) from
secondary lipid oxidation (Table 2). Over 12 months of storage,
FFAs never exceeded the industry rejection standard of 1.5%.

PV is a common marker used to monitor oxidative rancidity in
the nut and oil industries. The PV values were consistently higher

in the MEx almonds relative to the controls beginning at 1 month
(Table 1). The PVs did not exceed the industry rejection standard
of 5 mEq kg™ for either control or MEx samples throughout the
12 months of storage. The PVs reach maximum levels at 5 months
of storage for MEx almonds (2.01 + 0.11 mEq kg™') and 8 months
of storage for the control (1.39 + 0.09 mEq kg™"). A decrease in
PVs results from the decomposition of hydroperoxides into sec-
ondary lipid oxidation products (i.e., aldehydes).?® MEx almonds
have higher PVs and earlier maximum values, suggesting an
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Figure 3. Dendrogram obtained from cluster analysis using the 46 headspace volatile compounds in PCA on the moisture-exposed sample and control,

with the numbers indicating storage month.

acceleration of lipid oxidation with respect to controls. Although
moisture exposure has been shown to increase lipoxygenase
activity and lead to an increase of linoleic hydroperoxide
formation,? this effect was not observed herein as the initial
PVs were below the limit of detection for both MEx and control
almonds. It is more likely that the increase in PV observed in the
MEx almonds is due to low heat-induced disruption of the micro-
structure of almond kernels.?” The PVs measured were compara-
ble with other studies of raw almonds stored under different
temperatures and relative humidity, with a PV ranging between
0.5 and 2 mEq kg™ during 1 year of storage.**'

These results suggest that the drying step — an industry practice
after moisture exposure — has the greatest influence on lipid oxi-
dation in almonds. Although the mechanical drying of ‘wet’
almonds can improve processing and decrease concealed dam-
age in roasted almond products,*'® the process accelerates lipid
oxidation and decreases raw almond shelf life. Pleasance et al.'*
proposed a consumer assessment prediction model for raw

almonds using lipid oxidation markers. The model reported that
PVs and FFAs are negatively associated with the overall assess-
ment.'* The higher level of PVs and FFAs in MEx almonds suggest
that these almonds will have a shorter shelf life than the control.
However, both control and MEx almonds have lipid oxidation
measurements below industry thresholds, indicating shelf stabil-
ity up to 12 months in this study.

SPME headspace volatiles

A total of 53 volatile compounds belonging to the chemical clas-
ses of organic acids, alcohols, hydrocarbons, aldehydes, furans,
oxirane, pyrazine, ketones, and lactones were identified in the
headspace (Table 2). Two chlorinated alcohols (1-chloro-2-propanol
and 2-chloro-1-propanol) were identified in the headspace in both
treatments (Table 2). These propylene chlorohydrins are often
present in foods that have undergone propylene oxide pasteuriza-
tion such as almonds.>** These propylene chlorohydrins are not
considered genotoxic and have been observed in other studies of

wileyonlinelibrary.com/jsfa
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almonds, with levels highest at the start of storage and decreasing
with time.'"*3> Hexanol, which has been reported to be a major
headspace volatile detected in Nonpareil almonds,*® had the highest
concentration in the headspace. The hexanol concentration found in
MEx almonds was higher (P > 0.05) than controls when comparing
within each month (Table 2). Levels of benzaldehyde, a key contrib-
utor to raw almond aroma, were higher in the MEx almonds relative
to the controls. Benzaldehyde is a hydrolysis product of amygdalin,
which ranges from 2.16 to 157.44 mg kg™' in sweet commercial
almond varieties.>”*® Adding water to ground raw almonds during
extraction was shown to increase levels of benzaldehyde measured
in the headspace due to the hydrolysis of amygdalin.***” The post-
harvest moisture exposure may have contributed to the hydrolysis
of amygdalin and the higher concentration of benzaldehyde found
in MEx almonds. Hexanal is a common quality indicator of oils as it
results from the oxidation of linoleic acid and is associated with off-
flavor in almonds.® Hexanal levels were significantly higher in MEx
almonds than in control almonds at each month (Table 2), suggest-
ing a higher degree of linoleic oxidation. The summed concentration
of each class of volatile compound (e.g., organic acid, aldehyde) was
plotted over the storage time (Fig. 1). The propylene chlorohydrins
were not included in the summed data as they are an artifact from
the pasteurization process. MEx almonds display higher total volatile
concentrations relative to the control samples, with higher levels of
aldehydes, alcohols, and organic acids. Higher levels of aldehydes,
alcohols, and organic acids are associated with lipid oxidation and
are observed in almonds.'"**

To better understand the possible relationship between the
headspace volatiles developed during storage, a PCA analysis
was performed on 46 of the 53 volatile compounds measured.
ANOVA was performed on all the measured volatiles and indi-
cated that 2,2/4,6,6-heptane, decane, 2-methyl-1-butanol,
3-methyl-1-butanol, and methyl-pyrazine were not significantly
different between MEx almonds and controls (P > 0.05). Hence
all these volatiles were excluded from the PCA analysis.
1-Chloro-2-propanol and 2-chloro-1-propanol were also excluded
from the PCA analysis as they were considered artifacts generated
during pasteurization. Two principal components were obtained
which explain 84.24% of the variation (Fig. 2). Along PC1 (explain-
ing 74.29% of the variance), almond samples separate into two
major groups: all control samples and the 0- to 5-month MEx sam-
ples on the left, and 4- to 12-month MEx samples on the right,
which are mainly driven by lipid oxidation volatiles, including
2-octanone, 1-heptanol and 1-octanol. This grouping was sup-
ported by agglomerative hierarchical clustering (Fig. 3), revealing
two clusters based on dissimilarity of the headspace volatile pro-
files: cluster 1 (i.e., control 0-12 and MEx 0-5) and cluster 2
(i.e, MEx 6-12). Within cluster 1, control almonds after 6 months
of storage and MEx almonds between 3 and 5 months of storage
share similar headspace profiles. The similarity in headspace pro-
file reflects the similarity in lipid oxidation development, suggest-
ing that MEx almonds have a shorter shelf life than control. The
separation of cluster 2 is driven by the majority of the headspace
volatiles. Aldehydes found along PC1 (e.g., pentanal, heptanal,
octanal, nonanal, decanal, (E)-2-octenal, (2)-2-decenal) that corre-
lates with cluster 2 have been reported to be products formed
from the oxidation of oleic and linoleic acid through g-scission.>
Organic acids (i.e., butanoic acid, pentanoic acid, and hexanoic
acid) also correlated with cluster 2 along PC1. Most of these vola-
tiles have been reported to be tertiary lipid oxidation products of
the major unsaturated acids found in almonds.3° Control and MEx
samples separated along PC2 across storage time (Fig. 2), which is

driven by acetoin (i.e., 3-hydroxybutan-2-one) and hexanal.
Acetoin is a volatile formed through sugar degradation*°
and is reported as a Maillard reaction product found in
roasted almonds."'3*3% On the other hand, hexanal is a lipid
oxidation product of linoleic acid. The correlation between
higher levels of acetoin and hexanal found in MEx almonds
suggested that postharvest moisture exposure followed by
low-heat drying accelerates the Maillard reaction and lipid
oxidation in almonds.

CONCLUSIONS

Herein we demonstrate that short-term moisture exposure fol-
lowed by low-temperature drying increases markers of lipid
oxidation. Although mechanical drying can be used to improve
processing and decrease concealed damage in roasted almond
products, it accelerates lipid oxidation and significantly
decreases raw almond shelf life (up to 12 months). This infor-
mation can help processors better control inventories and tar-
get these nuts for shorter storage to reduce food waste and
product loss.
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