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Abstract

China’s macadamia industry has expanded remarkably; however, a comprehensive un-
derstanding of the interaction between cultivar and geographical origin in shaping oil
quality remains limited. This gap constrains the development of high-value products.
To address this, we conducted a systematic and comparative evaluation of macadamia
nuts and their pressed oils from 15 representative cultivars across Yunnan, Guangxi, and
Guangdong. Our analysis encompassed physicochemical properties, fatty acid profiles, key
minor components (tocopherols, squalene, and polyphenols), and antioxidant activities.
Oleic acid (56.66—62.75%) and palmitoleic acid (12.24-18.73%) were the dominant fatty
acids, with Yunnan oils exhibiting the highest unsaturated fatty acid content (80.86%).
Multivariate analyses revealed that geographical origin was a more dominant factor than
cultivar in shaping the overall compositional profile, particularly for the minor bioactive
components. A strong positive correlation was established between antioxidant capacity
and the contents of polyphenols, squalene, and tocopherols. The Guangxi A4 cultivar
emerged as the premier material due to its superior fatty acid profile, high bioactive content
(squalene: 329.01 mg/kg; tocopherols: 64.10 mg/kg), and potent antioxidant capacity.
Our findings provide a scientific foundation for the selective breeding and origin-based
standardization of premium macadamia oils in China.

Keywords: macadamia oil; cultivars; cultivation areas; minor constituents; antioxidant
capacity

1. Introduction

Macadamia (Macadamia integrifolia) is commonly known as the macadamia nut or
Queensland nut. It is an economically important cash crop grown in tropical and sub-
tropical regions [1]. Since its introduction in the 20th century, China’s industry has grown
significantly, establishing a major production belt in Yunnan, Guangxi and Guangdong
provinces [2]. The edible kernel is prized for its delicate crisp texture and rich nutritional
profile. Recognized as a premium woody oil crop, macadamia oils (MOs) are rich in un-
saturated fatty acids (UFAs, >80%), predominantly oleic acid (C18:1) and palmitoleic acid
(C16:1) [3]. The high monounsaturated fatty acid (MUFA) content of MOs is associated
with lipid-lowering, antioxidant, and anti-inflammatory effects, benefiting gut health, im-
munity, and skin health, including skin renewal, scar reduction, and protection against sun
damage [4,5].
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MO quality is governed by the combined effects of genetic factors and the growing
environment. At the molecular level, these phenotypic differences are underpinned by
distinct genetic architectures of lipid biosynthesis. M. integrifolia possesses the highest copy
number of Fata/FatB genes, which endows it with superior fatty acid synthesis capacity [6],
while the chromosome-level genome of M. tetraphylla has further identified 33 key en-
zymes involved in oil biosynthesis, providing genomic clues to the species’ extraordinarily
high oil content (up to 80%) [7]. However, environmental conditions are equally critical,
modulating both oil quality and accumulation processes. Temperature (15-25 °C) favors
uniform fruit development and lipid synthesis [8]; water availability affects ripening rate
and may accelerate or delay oil synthesis under stress, thereby altering fatty acid profiles;
and soil properties—optimal annual mean 19-23 °C, rainfall >1000 mm, altitude <1300 m,
and soil depth >1 m, pH 4.5-6.5—collectively shape the final product [9,10]. Moreover,
a significant genotype-by-environment (G x E) interaction exists: Shuai et al. demon-
strated that the same cultivar exhibits compositional variations under different ecological
conditions, particularly in lipid concomitants such as tocopherols and sterols, which are
significantly influenced by climate and soil [11,12]. Despite this recognition, current studies
often suffer from limited sample representativeness—some include cultivars from only
a single province or too few cross-regional varieties—thus limiting the generalizability
of findings. This knowledge gap not only impedes the formulation of region-specific
production standards and informed consumer choices but also constrains a mechanistic
understanding of the causes underlying regional MO variations.

This study systematically collected 15 representative macadamia cultivars from
Guangxi, Guangdong, and Yunnan. We conducted a comprehensive analysis of kernel
physicochemical properties and oil quality, including nutritional composition, risk factors,
and oxidative stability. We hypothesized that while cultivar defines the fundamental fatty
acid architecture, geographical origin would predominantly modulate the synthesis and ac-
cumulation of lipid-soluble antioxidants (e.g., tocopherols, squalene, and polyphenols) via
genotype-by-environment interactions, thereby ultimately determining the oil’s oxidative
stability and nutritional value. We aimed to identify superior varieties with comprehensive
quality suitable for the development of high-grade edible oil. Using hierarchical cluster
analysis (HCA) and principal component analysis (PCA), we elucidated the differential
characteristics and population similarities among oils from different varieties and regions.
The findings provide a solid data foundation for establishing a raw material selection
system for MO and offer a systematic scientific basis for promoting industrial application
and constructing a characteristic edible oil system.

2. Materials and Methods
2.1. Samples and Reagents

Fifteen kinds of Macadamia nuts produced in three main producing areas of Guangxi
(N 20°54'~26°24'; E 104°26'~112°04"), Guangdong (N 20°13'~25°31’; E 109°39'~117°19’)
and Yunnan (N 21°08'~29°15’; E 97°31'~106°11’) from September to October 2023 were
collected. The Guangxi cultivation area is primarily located in hilly terrain below 1200 m
in elevation, with annual rainfall exceeding 1000-2800 mm and sunshine duration over
1600 h. It features a rain-heat-synchronous climate and long frost-free periods. The Yunnan
production region, situated at altitudes of 600-1500 m, receives annual precipitation of
1200-1600 mm and sunshine duration of 20002800 h. It is characterized by a low-latitude
plateau climate with warm winters, cool summers, abundant sunlight, and generally low
wind speeds [13]. Orchards in Guangdong are distributed at elevations of 500-1000 m,
with annual rainfall ranging from 1500 to 2000 mm under a subtropical monsoon climate,
although detailed sunshine data remain insufficient [14].
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All samples were fresh and mature shelled fruits and then dried in a continuous plate
dryer at 25 °C, 35 °C, and 45 °C for 12 h at each temperature stage to reduce the moisture
content below 5.0%. The nuts were transported to the laboratory immediately and dehulled.
Subsequently, the shelled nuts were dried at 40 °C for 12 h until achieving a moisture
content below 2.0%. The samples were sealed in a polyethylene bag and stored in a cool
and dry place.

The standards of 37-fatty acid methyl esters, tocopherols («-,f-,7-,d-tocopherols,
purity > 95%), 1,1-diphenyl-2-picrylhydrazyl (DPPH, purity > 97%), 2,2"-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium cation (ABTS, purity > 98%), 2,4,6-tris
(2-pyridyl) triazine (TPTZ, purity > 99%), (£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (97%), and gallic acid (purity > 98%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Ammonium hydroxide, potassium hydroxide, ethyl acetate, isooc-
tane, methanol, glacial acetic acid, ether, soluble starch, chloroform and other analytical
grade reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Acetonitrile, methanol, and other analytical grade reagents were supplied by
Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).

2.2. Physiochemical Indexes of Macadamia Nut Kernel and MOs

A total of 500 g of nut kernels were crushed by a high-speed pulverizer (RHP-100,
Yongkang Ronghao Industry and Trade Co., Ltd., Yongkang, China), and the crude oil
was obtained by screw press (Z300, Yijiayi Machinery Equipment Co., Ltd., Anlu, China).
The crude oil was centrifuged at approximately 7900x g for 15 min, and the upper oil
phase was separated after standing to obtain the product oil. That yield was determined
gravimetrically based on the following formula:

o Aq
Lipid yield(%) = — x 100% (1)
A
where A; is the mass of MO (g) and A; is the mass of Macadamia nuts (g).

The moisture content of the Macadamia nuts was determined by desiccation in a
vacuum oven at 100 °C to a constant weight according to the ISO 662:2016 [15]. The fat
content was determined by Soxhlet extraction, according to the AOAC method 920.39. The
reducing sugar content was determined according to the GB 5009.7-2016 [16].

Acid value (AV) and peroxide value (POV) were evaluated according to the AOCS
official methods Cd 3d-63 and Cd 8b-90. The extinction coefficients at 232 nm (K232) and
268 nm (K268) were determined according to the ISO 3656:2011 [17] standard method. The
iodine value (IV) was determined by a calculation based on the fatty acid profile, following
the AOCS official method Cd 1c¢-85.

2.3. Fatty Acid Profile

The fatty acid profile was determined according to the ISO 12966-2:2017 [18], using an
Agilent 7890A gas chromatography (GC) system (7890A, Agilent, Santa Clara, CA, USA).
Briefly, 0.1 g of the sample was added to 2 mL of 0.5 mol/L KOH-methanol in a 10 mL
centrifuge tube and oscillated in a 60 °C water bath for 30 min. After adding 2 mL of boron
trifluoride solution and vortexing for 3 min, the mixture was sequentially treated with 2 mL
of saturated NaCl and 2 mL of n-hexane. Following 5 min of ultrasonic extraction (37 kHz,
300 W), the supernatant was filtered through a 0.22 pm organic membrane into a 1.5 mL
brown vial for analysis. The injector and detector temperatures were 270 °C and 280 °C,
respectively. The oven temperature program was: 100 °C for 13 min; raised at 10 °C/min
to 180 °C, held for 6 min; raised at 1 °C/min to 200 °C, held for 20 min; and raised at
4 °C/min to 230 °C, held for 10.5 min. High-purity nitrogen (99.999%) was used as the
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carrier gas at 1 mL/min with a 100:1 split ratio. Fatty acids were identified by comparison
with a 37-fatty acid methyl esters standard.

2.4. Minor Constituents

2.4.1. Tocopherol Content

The tocopherol content was determined according to ISO 9936:2016 [19], using a
reversed-phase high-performance liquid chromatography (HPLC) system (1260, Agilent,
Santa Clara, CA, USA) equipped with an ultraviolet detector. The 1.0 g oil sample was
placed in a 25 mL brown centrifuge tube and dissolved in 10 mL of ammonium hydroxide to
oscillate. Then, the mobile phase was diluted to the scale and continued to oscillate evenly.
It was passed through a 0.22 pm organic filter membrane to a 1.5 mL brown sample bottle
for testing. Separation was carried out on a Nucifera Si 60 column (4.6 mm x 250 mm,
5 um, Hanbon, Huaian, China) at 30 °C. The mobile phase consisted of n-hexane and
isopropanol (98.5:1.5, v:v), with a flow rate of 1 mL/min. Absorbance was measured at
295 nm, and concentrations were calculated using the standards. Results were expressed
in mg/kg.

2.4.2. Squalene Content

Squalene contents were determined using a GC system equipped with a HP-5 capillary
column (0.25 pm, 30 m x 0.32 mm) and an FID (Agilent 7890A, Agilent Technologies, Santa
Clara, CA, USA). Briefly, 0.2 g of oil was saponified with 50 mL of KOH-ethanol solution
at 80 °C for 50 min. After cooling, the mixture was transferred to a separatory funnel
and extracted with 150 mL of petroleum ether. The upper organic layer was collected,
washed with 25 mL of 10% ethanol until neutral, and then dehydrated by passing through
anhydrous sodium sulfate. The extract was concentrated to near dryness in a 40 °C water
bath, reconstituted in chromatographic n-hexane, and diluted to 10 mL. The solution
was filtered through a 0.22 pum organic membrane prior to GC analysis. Separation was
performed on an HP-5 capillary column (30 m x 0.32 mm x 0.25 um, Agilent, Santa Clara,
CA, USA) with an injector temperature of 250 °C. The oven temperature program was as
follows: 160 °C to 220 °C at 20 °C/min, then to 280 °C at 5 °C/min (hold 20 min), and
finally to 300 °C. Helium was used as the carrier gas with a split ratio of 10:1. Detection
was carried out using an FID with hydrogen and air flow rates set at 40 mL/min and
450 mL/min, respectively. The concentrations were calculated using the standards and
results were expressed in mg/kg.

2.4.3. Polyphenol Content

A total of 2.0 g of MO was dissolved with 6 mL of n-hexane in a 15 mL centrifuge
tube. The solid phase extraction column (SPE, Agela Technologies, Tianjin, China) was
activated with 10 mL n-hexane and 10 mL methanol in turn, and the sample flow rate was
controlled at 1.0 mL/min. After the sample was loaded, it was eluted with 10 mL methanol
twice, and the eluent was collected for later use. The 5 mL eluent was mixed with 0.5 mL
Folin—Ciocalteu reagent, and the reaction was carried out in the dark for 3 min. Then, 1 mL
7.5% sodium carbonate solution was added, and the solution was diluted to 10 mL with
methanol, and the reaction was continued in dark for 2 h. The absorbance was measured at
760 nm wavelength with distilled water as blank control. The results were expressed as mg
of the gallic acid equivalent of per kg MO sample (mg/kg).

2.5. Free Radical Scavenging Capacity
2.5.1. Oxidative Stability Index (OSI)

OSI was evaluated according to ISO 6886:2016 [20]. Using the ultrapure water ultra-
sonic treatment experimental tool with conductivity < 0.25 ps/cm, a 3.0 g oil sample was
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put into the sample tube, heated at 120 °C, and the inlet air flow was controlled at a speed
of 20 L/h.

2.5.2. DPPH Assay

The DPPH assay analyzed the ability to reduce the stable radical through determi-
nation of the decrease in absorbance. The DPPH assay was conducted according to the
method described in our previous study [21].

Polar DPPH free radical scavenging ability: a 3.0 g oil sample was mixed with 5 mL
methanol in a 10 mL brown bottle. A vortex oscillator was used to fully oscillate at
2000 r/min for 15 min, and stood in the dark to collect the supernatant after stratification.
The above extraction operation was repeated 3 times, and all the supernatant was combined
as a polar extract for later use. The mixture was allowed to react in the dark at room
temperature for 2 h, and the absorbance was then measured at 517 nm using a methanol
blank as the reference.

Nonpolar and whole oil DPPH free radical scavenging ability: 0.15 g of each sample
was diluted in 10 mL of ethyl acetate. Subsequently, 2.0 mL of the diluted solution was
mixed with 2 mL of DPPH-ethyl acetate solution, incubated in the dark at room temperature
for 2 h, and the absorbance was recorded at 517 nm against an ethyl acetate blank. A
standard curve was constructed using Trolox concentration versus scavenging rate, the
antioxidant activity was expressed as pmol Trolox equivalents (TE)/kg, and the scavenging
rate (R) was calculated as follows:

R= (1 - AZ_A3> x 100% )
Ay

where Al is 2 mL DPPH-methanol solution/DPPH-EA solution + 2 mL methanol/EA
solution; A2 is 2 mL DPPH-methanol solution/DPPH-EA solution + 2 mL oil sample
methanol extract/oil sample EA diluent solution; and A3 is 2 mL oil sample methanol
extract/oil sample EA diluent + 2 mL methanol/EA solution.

2.5.3. FRAP Assay

A polar extract of macadamia nut oil samples was prepared by dissolving 300 uL
of the polar extract in 5 mL of methanol and mixing thoroughly to obtain the diluted
solution. Then, 2 mL of the FRAP reagent and 2 mL of the diluted oil sample were added
to a 10 mL centrifuge tube, followed by dilution to the mark with distilled water. After
standing at room temperature in the dark for 10 min, the mixture was centrifuged at
10,000 r/min for 10 min. Using methanol as the blank, the absorbance was measured at
593 nm. The antioxidant capacity was expressed in Trolox equivalents (TE), with the unit
being umol TE/kg.

2.5.4. ABTS Assay

The ABTS stock solution was diluted with methanol to an absorbance of 0.700 £ 0.020
before determination. Then, 100 uL of polar extract was mixed with 4 mL of methanol,
and then 2 mL of methanol diluent of oil sample was mixed with 2 mL of ABTS working
solution and placed in the dark at room temperature for 20 min for determination. The
detection wavelength was 734 nm, and methanol solution was used as a blank control. The
antioxidant activity was expressed as pmol Trolox equivalents (TE)/kg, and the scavenging
rate (R) was calculated as follows:

R= (‘M) x 100% (3)
Ap
where Al is 2 mL ABTS working solution + 2 mL oil sample methanol diluent and A2 is
2 mL ABTS working solution.
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2.6. Hazardous Substances

The content of 3-monochloropropane-1,2-diol esters (3-MCPDE) and Aflatoxins B1
and B2 were determined by ISO 18363-4: 2021 [22] and ISO 16050:2003 [23].

Benzo(a)pyrene (BaP) content was determined following the BS EN 16619:2015 [24],
with slight modifications. In brief, 0.4 g of the MO sample was added to 5 mL of n-hexane
to prepare the test solution by vortex mixing. The solid phase extraction column (SPE,
Biocomma, Shenzhen, China) was activated with 5 mL dichloromethane and 5 mL n-
hexane in turn. Then, 10 mL n-hexane was used to remove impurities, and then 5 mL
dichloromethane was used to elute the target. The eluent was concentrated to dryness by
nitrogen blowing at 40 °C, redissolved with 1 mL acetonitrile, filtered by 0.22 pm organic
filter membrane and injected for analysis. Chromatographic conditions: InertSustain-C18
reversed-phase chromatographic column (4.6 mm x 250 mm, 5 pm, Shimadzu, Beijing,
China), mobile phase of acetonitrile-water (88:12, v/v), flow rate of 1.0 mL/min; the
parameters of water’s 2475 fluorescence detectors were set as excitation wavelength of
384 nm and emission wavelength of 406 nm, respectively, and the injection volume was
20 uL.

2.7. Data Statistics and Analysis

All experiments were performed in triplicate, and data are presented as mean =+ standard
deviation. Data organization was carried out using Microsoft Excel (Microsoft, Redmond,
WA, USA). All the experimental data were standardized using Statistical Product and
Service Solutions (SPSS) 23.0 (IBM, Armonk, NY, USA). Statistical analysis was performed
using Origin 2024 (OriginLab, Northampton, MA, USA) and SPSS 27 (IBM, Armonk,
NY, USA). The correlations were calculated by multiple linear regression analysis using
a stepwise method. The use probability of F values, P-to-enter new variables into and
P-to-remove new variables from the statistical model, was p < 0.05 and > 0.10, respectively.
In this study, HCA was applied to comprehensively evaluate physicochemical indices,
nutritional components, hazardous substances, and fatty acid profiles. Data similarities and
differences were systematically analyzed using dual clustering algorithms: cosine-based
clustering and centroid-based clustering.

3. Results and Discussion
3.1. Physicochemical Properties of Macadamia Nut Kernels

The basic physical and chemical indexes of 15 kinds of macadamia nut kernels such
as moisture, crude protein, crude fat, and reducing sugar are shown in Table 1. Moisture
content significantly impacts the storage stability of macadamia nuts, potentially altering
the texture, color, flavor, aroma, shelf life, and consumer acceptability of both processed
and raw nuts [25]. As summarized in Table 1, the moisture content of Macadamia nuts
from all producing areas and varieties is stable at the level of 1%, which meets the quality
standard requirements of MOs. Significant differences in the contents of major nutritional
components were observed among different macadamia varieties. Crude fat content
was generally high, ranging from 65.93% (Guangxi Guire-1) to 72.38% (Guangxi A16),
representing the most abundant component in the kernel. Crude protein content ranked
second, exhibiting a wide range of variation, from 4.54% in Guangdong Guirui-1 to 12.97%
in Guangxi A16. Reducing sugar content was the lowest overall, ranging from only
2.11% (Guangxi Guire-1) to 4.86% (Yunnan 788). The highest iodine value was found
in Yunnan 791 (87.46 g /100 g) and the lowest in Guangxi OC (84.72 g /100 g), with
Yunnan A4 (85.74 g/100 g) slightly lower than Guangxi A4 (86.45 g/100 g), and the greater
variation in Yunnan samples indicates that genetic and climatic factors significantly affect oil
unsaturation. Among the tested varieties, Guangxi A16 demonstrated the most outstanding
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nutritional quality, with the highest levels of both crude fat and crude protein, followed
by Guangxi A4, which reached 71.15% and 11.79%, respectively. In terms of regional
comparison, the average crude protein content of macadamia nuts from Guangxi (11.12%)
was significantly higher than that from Guangdong (8.80%) and Yunnan (4.60%). This
superiority may be attributed to the warm, humid, and sunlit climate of Guangxi, which
extends the plant-growing period and promotes protein synthesis [26]. Macadamia nuts
from Guangdong ranked first in average reducing sugar content (3.81%). This is likely
because perennial high temperature and humid climatic conditions in Guangdong may
accelerate the photosynthesis of plants, which is conducive to the accumulation of sugar,

thereby increasing the content of reducing sugar [27].

Table 1. Basic information of 15 types of macadamia nut and MOs.

Macadamia Nut Macadamia Oil
Cultivars Moisture Crude Crude Fat Reducing 0Oil Yield POV
%) Protein (%) %) Sugar (%) %) AVmgle)  (molkg IV (©/1008) K232 K268

. 0.824+0.27 11.794+020 71.15+£254 3.10£0.35 29.64 +2.30 0.09 +0.01 0.26 +0.03 86.45+0.02  0.80+0.02 0.07 +0.00

GuangX1 A4 c a a b abc efgh a c ab b
Guangxi 1.06 £0.09 1297 +£090 7238 +2.68  2.37+0.05 3252+1.78 0.10 £0.01 0.17 +0.02 85.57 +£0.01  0.83+0.02 0.11 £ 0.00

Al6 abc a a c a defg bed fg a a
. 1.07 £0.11 9.21 +£0.01 66.70+1.13  2.62+0.14 28.34 +1.57 0.05+0.03 0.18 +0.02 84.78+0.04 0.78 £0.02 0.07 +0.00

Guangxi OC abe o a be abe h bed jk ab b
. 1.14 £0.09 9.54 £ 0.09 70.50 £3.67 246 £0.11 29.69 = 3.42 0.11 £0.01 0.28 £ 0.00 85.21+£0.03  0.79 £0.02 0.08 = 0.00

Guangxi 695 a be a be abe de a hi ab b
Guangxi 1.05+0.08 1210 +£0.14 6593 £3.41 211+0.32 26.09 +1.09 0.09 £ 0.02 0.24+0.01 85.37+0.11  0.78£0.02 0.07 +0.00

Guire-1 abc a a c be efgh ab gh ab b
0.81+0.05 8.41+1.26 71.92+0.68 2154+0.38 29.77 +1.06 0.134+0.01 0.16 + 0.00 85.744+0.04 0.78+0.01 0.07 +0.00

Yunnan A4 c od a c abc od od ef ab b
0.96 £+ 0.03 11.55+0.10 6831+273 2354045 28.73 +£1.37 0.07 £0.01 0.23 +£0.01 85.124+0.00 0.83£0.01 0.08 = 0.00

Yunnan OC abc ab a c abc fgh ab hi ab b
0.87 +0.05 9.62 +0.08 70.92+123  2.3140.38 28.14+1.25 0.15+0.02 0.21+0.02 84.75+0.02 0.78+0.03 0.07 +0.00

Yunnan 246 abc be a c abc be abc ik a b
0.89 £0.16 9.68 +0.01 66.53 +5.15 4.21+0.57 28.28 +2.05 0.10 £ 0.02 0.13 £0.01 84.72 £0.51 0.80 £0.01 0.07 £ 0.00

Yunnan 344 abe b a a abe def d k ab b
0.90 +£0.18 8.84 +0.36 7128 £3.36  4.77+0.72 30.14 +1.39 0.09 +0.01 0.16 + 0.03 85.52+0.01  0.79 £0.03 0.07 = 0.00

Yunnan 660 abc cd a a ab def be fg ab b
1.01 +0.03 7.18 +0.95 71.09+1.73  4474+0.26 32.334+2.35 0.07 +0.01 0.11+0.01 86.91+0.21 0.81£0.01 0.07 +0.00

Yunnan 695 abe d a a be gh d b b b
0.85+0.19 7.66 £1.17 67.21 +1.85 4.86 + 0.59 26.78 £ 1.01 0.1540.02 0.11+0.01 85.95+0.03  0.74 £0.02 0.06 = 0.00

Yunnan 788 be cd a a a be d d ab b
1.10+0.07 7.41+1.00 68.46 296  4.69+£0.41 25.43+1.29 0.124+0.01 0.11+0.01 87.46+0.02 0.78+0.01 0.07 +0.00

Yunnan 791 ab d a a c od d a ab b
Guangdong 0.88 £0.15 4.66 +0.13 70.87 £5.04 4.49+£0.15 30.34 £ 1.60 0.21 £0.01 0.13 £ 0.01 85.14+0.00 0.77£0.01 0.07 £ 0.00

695 abc e a a ab a d hi ab b
Guangdong  0.84 4+ 0.26 454 £0.25 71.56 £0.61  3.12+0.34 30.55+3.18 0.16 £ 0.02 0.14+0.01 84.994+0.04 0.77£0.02 0.06 = 0.00

Guire-1 abc e a b ab b d ij ab b
. 1.03 £0.04 11.12+£023  69.33 £2.94 253 £0.11 29.26 - 2.45 0.09 £0.01 0.23 £0.01 85.48 £0.01  0.79+0.02 0.08 £ 0.00

Guangxi abe ab a ¢ abe def ab s ab b
0.92 +0.03 8.80 +£0.12 69.47+£3.03  3.73+0.12 28.95+1.63 0.11£0.02 0.15+0.02 85.774+0.10  0.7940.01 0.07 +0.00

Yunnan abc cd a a abc od od ef ab b
0.86 +0.12 4.60£0.32 7122 +348 3.81+0.14 29.20 +3.02 0.19 +£0.01 0.13+0.01 85.07+0.02 0.77+0.03 0.07 +0.00

Guangdong abc e a a abc ab d i ab b

All data represents the mean of three replications (Mean £ SD). The superscript letters indicate the statistical
difference in rows at a significance level of 5%.

3.2. Physicochemical Properties

The oil yield, AV, POV, K232, and K268 of 15 different varieties of MO are shown in
Table 1. Although the average oil yield of macadamia nuts from Guangxi (29.26%), Yunnan
(28.95%), and Guangdong (29.20%) were comparable, there was considerable variation
among individual cultivars. Specifically, the Guangxi A4 (32.52%) and Yunnan 695 (32.33%)
cultivars demonstrated exceptional performance, with significantly higher oil yields than
other varieties. This indicates the importance of selecting and breeding high-yielding
cultivars. AV and POV serve as critical indicators for evaluating hydrolytic rancidity in
nuts and peroxide formation during lipid oxidation. These parameters are also considered
essential markers for predicting the shelf-life stability of edible oils [28]. It can be seen from
the table that the AV and POV ranges of MOs are 0.05-0.21 mg/g and 0.11-0.28 mmol/kg,
respectively, which are significantly lower than the ISO 660:2020 [29] limits (AV < 4.0 mg/g,
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POV < 15 mmol/kg). It is worth noting that the AV and POV values of Guangdong 695
and Guangxi 695 samples are relatively high. This observation could be attributed to the
unique chemical composition or physiological characteristics of 695 varieties, which makes
it easier to form higher AV and POV values under specific environmental conditions, but
its specific mechanism of action still needs to be further explored. Furthermore, K232
and K268, associated with conjugated dienes and conjugated trienes, respectively, are
suitable parameters for the evaluation of the oxidative deterioration of the oil [30]. Table 1
shows that the K232 value of MO ranges from 0.74 to 0.83, and the K268 value is between
0.06 and 0.11. The results showed that the oxidation of MO was mainly in the primary
oxidation stage, which was characterized by the accumulation of conjugated dynes, while
the secondary oxidation reaction had not yet occurred obviously. This phenomenon may be
attributed to the high unsaturated fatty acid content and the presence of natural antioxidant
compounds in MOs [31].

3.3. Fatty Acid Profile of MOs

The fatty acid profile of MOs from different origins and varieties is summarized
in Table2. MOs are predominantly composed of C18:1 (56.66-62.75%) and C16:1
(12.24-18.73%), which together account for over 75% of the total fatty acids. Substantial
amounts of saturated fatty acids are also present, primarily palmitic acid (C16:0, 4.77-6.69%)
and stearic acid (C18:0, 2.84-6.78%), consistent with previous findings [12]. Notably, MOs
contain an exceptionally high proportion of C16:1, significantly exceeding that of most
other edible oils. This fatty acid has been associated with beneficial biological functions,
including reduced diabetes risk and improved insulin sensitivity [32,33]. Therefore, MO
can be regarded as a healthy cooking oil with potential metabolic benefits. Comparative
analysis of the A4 cultivar across growing regions revealed distinct compositional differ-
ences: the Guangxi sample contained 14.36% C16:1 and 61.85% C18:1, while the Yunnan
sample showed 15.76% C16:1 and 61.08% C18:1. These variations underscore the significant
influence of geographical origin on the MO lipid profile, even within the same cultivar.
The observed regional differences likely stem from environmental regulation of key biosyn-
thetic genes and enzymes. For instance, the warm, rain—heat-synchronous climate with
long frost-free periods in Guangxi and the low-latitude plateau climate with warm winters
and cool summers in Yunnan [14] may differentially modulate the activity of fatty acid
desaturases, explaining the variations in the desaturation index (e.g., C18:1/C18:0 ratio).
Factors such as these climatic variations, soil nutrients, and light intensity can influence
the expression of enzymes including acetyl-CoA carboxylase, fatty acid synthase, and fatty
acid desaturase, thereby shaping the final fatty acid profiles [34].

Simultaneously, SFA content of macadamia nut oils from Guangxi ranged from
8.39% to 13.55%, which was generally higher than that of Yunnan samples (10.04-10.97%).
For the same cultivar A4, the SFA level in Guangxi (12.68%) exceeded that in Yunnan
(10.04%) by 2.64 percentage points. In contrast, MUFA contents exhibited an opposite trend,
with Yunnan samples (78.76-81.83%) consistently surpassing their Guangxi counterparts
(75.75-80.06%); likewise, Yunnan A4 (81.21%) showed a higher MUFA proportion than
Guangxi A4 (80.06%). PUFA accounted for the smallest fraction among the three cate-
gories, ranging from 5.82% to 8.55%. Although Guangxi samples displayed slightly higher
PUFA levels than most Yunnan samples on average, the exceptionally elevated values
observed in Yunnan 695 (8.55%) and Yunnan 791 (7.88%) suggest that cultivar-specific
genetic effects may outweigh geographical influences in determining PUFA accumulation.
Collectively, UFA content in Yunnan samples (86.15-89.38%) surpassed that in Guangxi
samples (84.24-87.32%). This compositional discrepancy aligns with the distinct climatic
regimes of the two regions: the warm and humid conditions prevailing in Guangxi likely fa-
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cilitate SFA biosynthesis, whereas the cool summer climate characteristic of the low-latitude
Yunnan Plateau appears more conducive to MUFA enrichment. Ultimately, the interplay
between cultivar genetic predisposition and local environmental factors synergistically
shapes the distinctive fatty acid profiles of macadamia nut oils originating from different
production areas.

3.4. Minor Constituents of MOs

As summarized in Table 3, the contents of tocopherols, squalene, and polyphenols
varied considerably among MOs from different producing areas and varieties. a-Tocopherol
was detected in all samples, ranging from 23.46 to 64.92 mg/kg, and constituted over 80%
of the total tocopherols present. The highest a-tocopherol content was observed in Guangxi
A16 (64.92 mg/kg), followed by Guangxi A4 (64.10 mg/kg). y-Tocopherol was only found
in Guangxi 695, Yunnan 660, and Guangdong Guire 1, while 8-tocopherol was absent
in samples such as Guangxi A4, Yunnan 344, Yunnan 788, Yunnan 791, and Guangdong
Guire 1. The average total tocopherol content was significantly higher in Guangxi MOs
(50.44 mg/kg) than in those from Yunnan (38.49 mg/kg) and Guangdong (45.72 mg/kg).
These results confirm notable regional and varietal differences in tocopherol composition,
consistent with previous reports that MOs contain limited phenolic compounds [5].

Squalene content ranged widely from 66.93 to 329.01 mg/kg, substantially higher
than reported in Brazilian MO (22.9 mg/kg) [35]. Regionally, Guangxi samples showed
the highest average squalene content (224.60 mg/kg), followed by Yunnan (174.48 mg/kg)
and Guangdong (95.89 mg/kg). Varietal differences were also evident: Yunnan 695 had the
highest squalene content in its group (151.03 mg/kg), whereas Guangxi OC and A4 varieties
exhibited the highest overall values (207.43 mg/kg and 329.01 mg/kg, respectively). The
remarkable accumulation of squalene in Guangxi samples, particularly in A4, could be
an adaptive response to environmental stressors prevalent in the region, such as high
temperature and strong solar irradiance. Such conditions are reported to upregulate the
mevalonate pathway and the key enzyme squalene synthase, leading to enhanced synthesis
of this isoprenoid antioxidant as part of the plant’s defense system [36,37].

Polyphenol content also showed significant varietal differences. Yunnan OC had
the highest level (30.27 mg/kg), followed by A4 (26.23 mg/kg), while the 695 cultivar
had the lowest (10.05 mg/kg). Regionally, the average polyphenol content decreased
in the following order: Guangxi (20.42 mg/kg) > Yunnan (19.82 mg/kg) > Guangdong
(17.36 mg/kg). The pronounced accumulation of polyphenols in specific varieties like
Yunnan OC and A4, despite the regional average being lower, highlights a strong genetic
predisposition for polyphenol synthesis that can be fully expressed under conducive
environmental conditions. This underscores the potential for targeted breeding of these
high-performing genotypes in optimal environments to maximize the health-promoting
properties of the oil.

3.5. Antioxidant Capacity Assays of MOs

In this study, the antioxidant capacity of MOs from different origins and varieties
was systematically evaluated using OSI, DPPH, FRAP, and ABTS methods. The OSI is
a key metric for assessing oil stability during storage and processing, where a higher
value indicates stronger oxidative stability [38]. As shown in Table 4, Guangxi A4 MO
exhibited the strongest overall antioxidant performance, with the highest OSI (18.16 h),
DPPH (118.86 umol TE/kg), FRAP (493.47 umol TE/kg), and ABTS (825.11 umol TE/kg)
values among all samples. It also stood out in oxidation stability, far exceeding that of
Yunnan 660, which had the lowest OSI (11.60 h). Regionally, MOs from Guangxi showed
the highest average OSI (14.99 h), which was slightly better than those from Guangdong
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(14.82 h) and Yunnan (14.15 h). Notably, for shared varieties such as A4, 695, OC, and Guire
No.1, Guangxi samples consistently outperformed those from other regions in OSI, further
supporting the superior oxidative stability of Guangxi MOs. In broader comparisons, MOs
demonstrated significantly higher OSI values than walnut oil (2.63 h) [39] and peanut
oil (6.02-13.93 h) [40], reaffirming their excellent antioxidant properties. These results
collectively highlight notable regional differences in MO antioxidant capacity, with Guangxi
A4 showing particularly remarkable free radical scavenging ability.

3.6. Potentially Hazardous Contaminants of MOs

Aflatoxins, BaP, and 3-MCPDE are highly hazardous food contaminants known for
their carcinogenic, organ toxic, and immunosuppressive effects, posing serious risks to
human health and food safety [41-44]. Aflatoxins, as highly carcinogenic mycotoxins
produced by molds, can be quantified with an LOQ of 0.5 pg/kg, as specified in ISO
16050:2003 [23]. BaP, as a representative substance of polycyclic aromatic hydrocarbons,
is classified as a Group 1 carcinogen and is primarily generated during high-temperature
processing of oils and fats or during grilling processes. Regulation (EC) No 333/2007 of the
European Commission requires its limit of detection (LOD) to be below 0.3 ug/kg. None
of the samples contained detectable levels of these contaminants, as their contents were
below the detection limits. 3-MCPDE is a process contaminant formed during oil refining
and heating processes, posing potential health risks. According to ISO 18363-3:2024 [45],
its LOD and LOQ are set at 30 pg/kg and 100 pg/kg, respectively [46]. Although the
processing method used in this study did not involve high-temperature refining, trace
amounts of 3-MCPDE may still be generated during oil extraction or storage, likely due to
the reaction of chlorides naturally present in the nut raw materials with triglycerides [47].
The detected 3-MCPDE content in the macadamia oils ranged from 0.07 to 4.86 ug/kg,
which is substantially below the safety limit of 1250 pug/kg (Table 3), indicating that the
associated risk is within a controllable range. Nevertheless, further optimization of the
production process is recommended to minimize 3-MCPDE formation.

3.7. HCA

Clustering analysis based on cosine and centroid methods clearly grouped the MOs
by geographical origin (Figure 1a). At a distance threshold of 25, the samples separated
into two primary clusters: A and B. Cluster B consisted solely of the Guangxi A4 sample,
distinguishing it due to its exceptionally high MUFA, polyphenol, and squalene content,
along with superior antioxidant capacity (DPPH, ABTS). Further subdivision of Cluster A
at a threshold of 20 yielded Cluster C (Yunnan and Guangdong samples) and Cluster D
(containing all other Guangxi samples, which generally shared higher protein, tocopherol,
and squalene levels). At a threshold of 15, Cluster C split into Cluster E (predominantly
Yunnan varieties, often characterized by higher UFA and reducing sugar content) and
Cluster F (predominantly Guangdong varieties). This clear regional clustering reflects
significant differences in the physicochemical properties, nutrient composition, and fatty
acid profiles of MOs.

3.8. Multivariate Linear Regression (MLR)

MLR was utilized to investigate the relationships between the antioxidant capacity (de-
pendent variable Y) of MOs and their minor components (independent variables X). The gen-
eral form of the linear model is expressed as Y = My + M1 X; + MpXy + M3aX3 + ... + Mp Xy,
where Y is the predicted response, My is the constant term, M; to M, are the partial
regression coefficients, and Xj to X, represent the content of each minor component.
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Table 2. Fatty acid profiles (%) of MOs.

Sample C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:1 C24:0 SFA MUFA PUFA UFA
Guangxi Ad 0.31 :{: 0.00 6.65 :li: 0.00 14.36;: 0.02 595 4 0.01f 61.853: 0.00 278 4 000f 448+ 001°¢ 3.85 :li: 0.03 0.46 ;E 0.00 12.683: 0.00 80.063: 0.02 796+ 0,011 87.323: 0.01
th;?égxi 0.32 :1|<: 0.00 5.69 :}Il: 0.00 1375 1:i: 0.05 5.68 :cli: 0.03 60.213: 0.05 3474 001¢ 448-+004¢ 37440001 0.48 :g: 0.01 12.17f:|: 0.01 77.70g:t 0.03 795 :cll: 0.02 85.65;: 0.03
Guangxi OC 0.40 :é: 0.00 639 4 0.02 < 14.02;!: 0.08 5.6 :;: 0.06 59.72 e:i: 0.03 279 4+ 0.01f 4.57 i.il: 0.05 4144004 05240012 12.46 e:I: 0.02 77.87;6!: 0.05 7.36 :}Il: 0.03 85.243: 0.04
Guangxi 695 0.42 f 0.00 5.72 éc 0.00 12.35Li 0.02 6.78 4 0.01 2 60,18di 0.01 355 f 0.01 4864 000¢ 357+ 000 0.42 die 0.00 13.43bi 0.00 76.10 li 0.01 841 4 0.01°¢ 84.51 li 0.01
Cél;ai?egji 03840000 594+ 001¢ 12.61 ki 0.01 6.24 % 0.01  59.19 fi 0.07 326 f 0.00 523 4 0.00 2 3.94 g 0.01 0.53 - 0.00 2 13.09 Ci 0.00 75.75 ]i 0.03 849 % 0.00 84.24 ]i 0.02
Yunnan A4 0.36 & 0.00 5.74 ? 0.02 15.769i 0.01 356 i 0.01  61.08 Ci 0.05 327 ? 0.00 3.47 % 0.01 4.37 f 0.01 OL’)Sgih 0.01 10.04ki 0.01 81.21 bi 0.02 674 + 001 87.95b2AL 0.01
Yunnan OC 0.39 % 0.00 548 + 0001 17.34bi 0.01 420 4+ 0,00 60.30§t 0.04 199 it 0.00 38240011 416+ 004° 0.39 fig 0.00 1046 li 0.00 81.80 ai 0.03 582 f 0.01 87.6ZCdi 0.02
Yunnan 246 0.52 :i: 0.00 6.04 + 0.00 € 18.733: 0.02 456+ 0011 56.66}:3: 0.00 218 4+ 0.00] 4.18 igt 0.02 4.40 d:i; 0.01 0.41 j? 0.00 11.52g:|: 0.00 79‘793: 0.01 6.36 i: 0.01  86.15 f:i: 0.01
Yunnan 344 0.71 :}i: 0.00 6.04 4 0.02°€ 16.743: 0.05 421 4002 59.13 f:i: 0.02 244 :}i: 0.01 384 4 0.021 4.63 :Ii: 0.03 0.37 :gt 0.01 10.95}?: 0.01 80.50 C:i: 013  6.28 :]E: 0.01 86.783: 0.07
Yunnan 660 0.81 ::1: 0.00 5.25 :li: 0.00 17.02 C:t 0.00 395 :1|<: 0.00 60.303: 0.03 2394000 37340000 452+ 001¢ 0.38 ;I}:\ 0.00 1038 1:I: 0.00 81.83 a:t 0.02 612 i 0.00 87.94b:C|: 0.01
Yunnan 695 0.46 :<|1: 0.00 539 4 0.00 12.24nz]|: 0.04 471 :klf 0.02 6211 tft 0.17 457 4 0.022 3.99 i\t 0.01 442 (:iE 0.05 0.42 (:12 0.00 10.97}?: 0.01 78.76 3: 0.09 8.55 4 0.02 2 87.31 c:li: 0.05
Yunnan 788 0.52 % 0.00 5.70 f 0.01 1578 ei 0.00  3.69 % 0.01 61.23 Ci 0.04 317 4 0.00 € 3.53 it 0.01 4.47 Cﬂé 0.00 0.38 ;E 0.00 10.28ji 0.01 81.48abi 0.01 6.70 4 0.01 88.18bi 0.01
Yunnan 791 0.46 éc 0.00 477 % 0.00 1296 ]i 0.00 2.84 f 0.00 6275 ai 0.06 456 + 0.01 2 3.32 i 0.00 57940070 033+ 0021 8.39 % 0.00 81.50aﬂbc 0.04 7.88 4+ 0.00 € 89.38 ai 0.02
Guargg;long 0.46 fdc 0.00 6.25 di 0.01 1553 fi 0.03 559 4001 ¢ 58.91 fi 0.01 3184 001¢ 430+ 002f 3.69+0021 0.39 é 0.02 12.69di 0.01 7813 fi 0.02 748 :gt 0.01 85.61gi 0.01
Gtg;\ggjng 041+000f 6.69+0002 15.56 fj: 0.01 6.01 +0.02°¢ 57.49;: 0.00 256 é: 0.00 511 i: 0.01 371+ 0001 0.44 ég 0.00 13‘553: 0.00 76.76}?: 0.00 767 4 0.01f 84.43 l:i: 0.01
Guangxi A4 036+ 0001 608+ 0.00¢ 13.42 1i 0.01 582 1: 0.00 60.23§t 0.03 3174000 472 +001°¢ 3.85 :gt 0.00 0.48 :li: 0.00 12.77dj: 0.01 77‘50;: 0.11 789 4+ 0.01 € 85.39§t 0.02
Yunnan 0.53 :i: 0.00 5.55 :}ll: 0.01 1582 e:i: 0.02  3.96 :1|<: 0.00 60.443: 0.05 3074001¢ 374+ 000 4.60 :Ii: 0.00 0.38;}:‘ 0.00 10.37i:|: 0.01 80.863: 0.12 6.80 & 0.00] 87.66;}: 0.02
Guangdong 043 :i: 0.00 6.47 + 0.01 < 15.54 f:i: 0.02 5.80 :é: 0.00 5820 f:I: 0.07 2874 000f 4714001¢ 370+ 0001 0.42 3? 0.00 13.12e:|: 0.01 77.45g:|: 0.07 757 4 0.01f 85.02;!: 0.01

All data represents the mean of three replications (Mean + SD). The superscript letters indicate the statistical difference in rows at a significance level of 5%. SFA (C14:0 + C16:0 + C18:0 +
C24:0), MUFA (C16:1 + C18:1 + C20:1), PUFA (C18:2 + C18:3), UFA (C16:1 + C18:1 + C20:1 + C18:2 + C18:3).
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Table 3. The minor constituents (mg/kg) and hazardous substances (ug/kg) of MOs.

Sample «-Tocopherol y-Tocopherol J-Tocopherol TocTo(l)atliclerol Polyphenol Squalene 3-MCPDE
Guangxi A4 64.10 £5.342 / / 64.10 £ 534" 21'79§ 019 329'01ai 015 911+ 0.00¢
Guangxi A16  64.92 4+7.092 / 8.85+0.65° 73.77 +4.362 21‘53Cdi 217 185'O6fi 007" 518+ 0.00¢
Guangxi OC 28.24d§ 0.61 / 511 4011 33.35}3: 0.54 15.58;: 0.19 207.43fﬂ: 366 (19 + 0,004
Guangxi 695 2346 £3.018 510+£0.05% 10.2240.16° 38'7251 226 18'90d§ 062 9314011k 48640020

Guangxi 32.87d§ 1.56 / 9.35 - 0.25 422%& 0.85 24.32&; 1.31 306.48bi 0.14 141 4 000

Guire-1 g
Yunnan A4 36'34635 191 / 936 +002° P '71013; 137 2623+ 0620 185'37; 4.58 /
Yunnan OC 38'811,35 076 / 7.77 £0.114 46'58@% 065 302742722 19743} 01 307+ 0050
Yunnan 246 30‘5313; 323 / 7.03 £ 0.39 de 37‘58fg:1f 189 2587+ 006" 277'01Ci 121 916+ 0.00¢
Vunnan 344 26.51fgﬁ: 1.64 / / 2651 + 1647 20.89;;: 1.69 138.89iﬁ: 037 4 09 4 0,00
Vunnan 660 32.59& 324 0 o1ab 1129 4 0.08° 48.48“;1& 2.45 19.3odei 0.60 159.77; 048 1154 000e
Vunnan 695 30.823; 7.91 / 556 4 001 36‘435 559 10054+ 0418 151.03hi 0.05 074 0.00¢
Yunnan 788 2493; 046 / / 2493+ 0461 1075+0518 09 Li 010 /
unnan 791 41.68b;ct 2.95 / / 41.6533; 295 o i110f 219.46di 0.55 /
Guagggglong 4499 +0.63° / 634+056¢ 5134+011¢ 1097£02 110'76;[ 0.02 /
GuGalrlli%S—cing 35.46c 3; 129 4 oq9b / 40.1251 0.78 15.74;: 037 ol 3+002i /

Guangxi 42'72;5 245 51041127 838+0.13¢ 5044 +£2.13° 20'42§ 0-54 224'60di 124 115+ 0000

Yunnan 32.79d§ 325 4 0 io08b 8204 045¢ 38‘49&; 2.03 19.82d§ 0.23 174.48fi 345 i 4o001b
Guangdong 40'231,? 302 4 64+003b  6344020¢ 45'7%;5 3.24 17'36d§ 016 9589 + 304 /

All data represents the mean of three replications (Mean + SD). The superscript letters indicate the statistical
difference in rows at a significance level of 5%. “/” represents “not detected”.
Table 4. OSI (h) and antioxidant capacity (umol TE/kg) of MOs.
Sample OSI Nz:;’g;r DPPH-Oil DPPH-Polar FRAP ABTS
Guangxi A4 18.16 +0.08 @ 177'65[ 098 1381642467 11886412172 49347 +030% 82511 +7.512
Guangxi A16  13.10 + 0.08 def 168'761)35 127 10716+ 4600 6803 +426% 813854+131° 15535+ 19.53f
GuangxiOC 1444 +001cde  19900E99 5 00 0600 740241099 64643 +352¢  OB70E942
Guangxi 695  13.62 4 0.22 def 189'905,[ 2450 11876+092°  6321+1.021 56424 + 2489 295'035 4.94
%‘:ﬁ?f’f 1738 £ 02400 MOS0 LITAS 0 e i pgabe 78114100 79814+ 9qpab 41920 L1683
Yunnan A4 14.56 + 0.13 cde 146'53; 338 129874239 10334+ 1501 406'Of7ghi 383 3394?5 899
Yunnan OC  16.64 & 0.182P¢  204.64 + 5322 12361 +1.86°4 8509 +854°d 490,92 4 531 de 353'7de 202
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Table 4. Cont.

Sample 0SI legg;r DPPH-Oil DPPH-Polar FRAP ABTS
Yunnan 246 15.64 + 0.03bcd 9942 +13.87h 10829 +1.23f  82.09 + 2.77 cde 411'793};? 2.69 342'6§dei 230
Yunnan 344 12.16 & 0.41 ¢f 127'37;}5 1324 11100+153f 756043799 33851 +261h 450'4851[ 10.26
Yunnan 660 11.60 + 0.07 f 127'6ng 652 11655+ 156° 6618+ 492% 70871+ 1.03" 362'33‘335 1474
Yunnan695 12324034 OIZELS 0644005 531045198 earoze1are 2H40E20
Yunnan 788 1442 £0.13°d 12872 4+2.778 11063 £ 031 7822+ 4.24cdef 36937 +2498M 48680+ 6.20 €
Yunnan 791 15.8:;3;l 0.06 175.18Cdi 279 087 Lassde 9241 4 748 b 449.4%;& 2.19 338.321012& 3.47

Guangdong 695  12.26 4 0.06 ¢f 136'28% 2488 o500+ 124P 310244350 3520840520 47830 & 1.58°
G‘gggg_‘;ng 1562+ 01654 11413 +7938h  119.89 + 0.629¢ 67204218 38013 +1988h 20270 £1645

Guangxi 14.99 + 0.10 <de 168'58CGT 357 12934+235h 6288420178  663.23+353¢ 404'635;': 0-52

Yunnan 14.15 £ 0.12 cde 143'23; 402 115194135¢ 7959+ 1.79<def 477,00 + 2,85 de 374'415 1.34
Guangdong 14.82 £ 0114 12520423718 12291 +£1.029¢  93.034+1.58P¢  366.20 4 4.53 8h 380'59(12'[ 126

All data represents the mean of three replications (Mean £ SD). The superscript letters indicate the statistical
difference in rows at a significance level of 5%.
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Figure 1. Hierarchical cluster analysis and PCA loading plot of MOs. (a) Hierarchical cluster analysis
(HCA) dendrogram of 15 macadamia oil samples based on cosine and centroid methods. Different
uppercase letters (A, B, C, etc.) on the branches indicate the sample groups identified by the analysis.
(b) Principal component analysis (PCA) loading plot illustrating the contribution of different variables
to the first three principal components (PC1, PC2, and PC3).

As summarized in Table 5, stepwise MLR analysis identified four key components
significantly correlated with antioxidant capacity: polyphenols, squalene, tocopherol, and
C18:1. The regression model based on the OSI showed excellent predictive accuracy, with
an adjusted R? value of 0.970. Analysis of the standardized coefficients across different
antioxidant models revealed distinct contribution patterns: squalene had the strongest
positive effect in both the OSI (coefficient = 1.990) and FRAP (157.683) models; polyphenols
contributed most significantly to the DPPH model (11.233) and showed positive effects in
all models; and tocopherol exerted the most notable influence in the ABTS model (137.727).
In contrast, C18:1 consistently demonstrated a negative correlation across all models, most
prominently in the OSI model (—0.107). Overall, squalene, polyphenols, and tocopherol
were established as the primary positive contributors to antioxidant activity, whereas C18:1
exhibited a consistent inhibitory effect.
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Table 5. Multiple linear regression analysis of MO and fat adjuncts.
Dependent Variable  Adjusted R? Variable R Equation
(Constant) 75.814
polyphenols 11.233 y =75.814 + 11.233 (polyphenols) + 9.433
DPPH 0.943 tocopherol 9.433 (tocopherol) — 0.483 (C18:1) + 0.275
C18:1 —0.483 (squalene)
squalene 0.275
(Constant) 385.819
polyphenols 0.129 y =385.819 + 0.129 (polyphenols) + 137.727
ABTS 0.863 tocopherol 137.727 (tocopherol) — 0.160 (C18:1) + 0.468
C18:1 —0.160 (squalene)
squalene 0.468
(Constant) 524.301
polyphenols 0.138 y =524.301 + 0.138 (polyphenols) + 0.041
FRAP 0.947 tocopherol 0.041 (tocopherol) — 0.154 (C18:1) + 157.683
C18:1 —0.154 (squalene)
squalene 157.683
(Constant) 14.517
polyphenols 0.231 y =14.517 + 0.231 (polyphenols) + 0.065
OsI 0.970 tocopherol 0.065 (tocopherol) — 0.107 (C18:1) + 1.990
C18:1 —0.107 (squalene)
squalene 1.990

The positive contributions of these bioactive components can be attributed to their
distinct antioxidant mechanisms. Polyphenols act by donating hydrogen atoms from their
phenolic hydroxyl groups to terminate free-radical chain reactions. Squalene scavenges
reactive oxygen species and decomposes lipid hydroperoxides through its conjugated
double-bond system. Tocopherols inhibit the propagation of lipid peroxidation by stabiliz-
ing peroxyl radicals and forming stable tocopherylquinone derivatives. Conversely, the
consistent negative correlation of oleic acid (C18:1) with antioxidant metrics, despite its
MUFA nature, underscores a crucial distinction: while MUFAs are more stable than PUFAs,
they are not antioxidants themselves. The high abundance of C18:1 dilutes the effective con-
centration of natural antioxidants in the oil matrix and provides a substantial substrate pool
for oxidation once the antioxidant defense is overwhelmed, thereby negatively impacting
the overall oxidative stability. Based on these findings, future breeding and selection strate-
gies for macadamia should prioritize varieties with high levels of polyphenols, tocopherols,
and squalene to develop high-value industrial oils with superior oxidative stability.

3.9. Principal Component Analysis (PCA)

PCA was applied to assess the relationships among 11 quantitative indicators of MOs
from three producing areas (Figure 1b). The first four principal components collectively
accounted for 78.77% of the total variance, with individual contributions of 32.64% (PC1),
21.63% (PC2), 15.64% (PC3), and 8.87% (PC4), indicating that these components sufficiently
captured the overall variability of the samples. The loading analysis showed that PC1 was
predominantly associated with OSI and squalene content, while PC2 was closely related to
AV, fatty acid profiles, polyphenols, and antioxidant capacity assays. The clear separation of
samples from different regions in the PCA score plot, combined with these distinct loading
profiles, visually reinforces the conclusion that geographical origin is a key driver of the
overall compositional and stability differences in MOs. These orthogonal components
collectively reflect the dual characteristics of MOs: a nutrient-dense profile rich in MUFAs
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and tocopherols, alongside inherent oxidation vulnerability due to the high proportion of
unsaturated bonds.

The PCA-based quality ranking of the 15 MO samples revealed clear gradations
(Table 6). The Guangxi A4 cultivar achieved the highest composite score, indicating superior
overall quality, followed by Guangxi A16 and Guangxi OC. The leading position of Guangxi
A4 was attributed to its high MUFA content (including C16:1 and C18:1), strong antioxidant
capacity, and excellent safety profile. These physicochemical advantages suggest that
Guangxi A4 is an ideal material for premium edible oil applications, particularly where
thermal stability and health benefits are prioritized.

Table 6. Ranking of the principal component analysis scores of MOs.

Cultivar F1 F2 F3 F4 F Sequence
Guangxi A4 0.96 0.06 0.32 0.15 0.37 1
Guangxi A16 0.07 —0.35 —0.34 0.16 —0.12 11
Guangxi OC 0.03 —0.24 —0.02 -0.17 —0.10 10
Guangxi 695 —0.08 —0.19 —0.11 —0.02 —0.10 10
Guangxi Guire-1 0.55 —0.16 —-0.13 —0.05 0.05 4
Yunnan A4 0.14 0.16 0.06 0.01 0.09 3
Yunnan OC 0.41 0.18 —0.12 —0.09 0.10 2
Yunnan 246 0.16 0.53 —0.20 —0.08 0.10 2
Yunnan 344 —0.30 0.22 0.07 —0.13 —0.04 8
Yunnan 660 —0.14 —0.12 —0.15 0.00 —0.10 10
Yunnan 695 —0.38 —0.50 0.11 —0.04 —0.20 12
Yunnan 788 —-0.47 0.10 0.34 —0.03 —0.02 6
Yunnan 791 0.01 —0.18 0.29 0.03 0.04 5
Guangdong 695 —0.57 0.25 —0.07 0.25 —0.03 7
Guangdong 039 024 —0.04 0.01 ~0.05 9

Guire-1

4. Conclusions

This study presents a systematic evaluation of the quality characteristics of macadamia
nuts and their corresponding pressed oils across 15 major cultivars from three primary
producing regions in China—Guangxi, Yunnan, and Guangdong. The results demonstrate
that both cultivar and geographical origin significantly influence the physicochemical prop-
erties, nutritional composition, and antioxidant capacity of macadamia oil; however, their
relative contributions differ. Geographical origin exerts a stronger influence on the overall
quality profile, particularly with regard to minor bioactive components, whereas genetic
background plays a more critical role in determining the fundamental fatty acid profile.
This differential influence can be attributed to the regulatory effects of environmental
factors—such as light, temperature, and precipitation—on the biosynthesis and accumula-
tion of plant secondary metabolites (e.g., polyphenols and squalene), as well as to inherent
differences among cultivars in the expression of genes involved in lipid biosynthesis.

The nut kernels exhibited high oil content (65.93-72.38%), and the pressed oils were
rich in unsaturated fatty acids (84.24-87.95%), predominantly oleic acid and palmitoleic
acid. Notably, the Guangxi A4 cultivar was identified as a superior cultivar, character-
ized by a high proportion of monounsaturated fatty acids (80.06%), substantial levels of
polyphenols (21.79 mg/kg) and squalene (329.01 mg/kg), and exceptional antioxidant
activity. The outstanding performance of this cultivar can be understood as the combined
result of its genetic constitution and the favorable climatic conditions of Guangxi (warm,
humid, and with ample sunlight): its genetic background likely underpins the efficient
expression of enzymes involved in oleic acid biosynthesis, while the region-specific en-
vironmental conditions may have moderately induced secondary metabolic pathways,
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thereby promoting the accumulation of phenolic compounds and squalene. All analyzed
oils exhibited a satisfactory safety profile. Multivariate statistical analysis further confirmed
that geographical origin is a key determinant of oil quality. These findings provide a sci-
entific basis for raw material selection, origin traceability, and the potential establishment
of geographical indication systems, thereby contributing to industrial standardization, en-
hanced market competitiveness, and greater consumer confidence in Chinese macadamia
oil. The identification of the Guangxi A4 cultivar as a premier raw material also paves the
way for the development of high-value edible oils, cosmetic products, and nutraceuticals.
Despite these contributions, limitations include finite sample coverage, a lack of
dynamic monitoring of quality changes during processing, and insufficient validation
of the bioactivity of functional components. Future research should expand sampling,
integrate molecular biology techniques to elucidate oil synthesis regulation, optimize
processing strategies, and further substantiate the health-promoting properties of MO.

Author Contributions: Conceptualization, P.G.; methodology, ].L.; formal analysis, Y.L.; resources,
J.Y.; data curation, X.Z.; writing—original draft preparation, C.Y.; writing—review and editing, P.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Key R&D Program of China (No. 2023YFD2200705)
and Open Research Project of the National Market Supervision Key Laboratory (NO. SYYKF202302
and SYYKF202309).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conlflicts of Interest: The authors confirm that they have no conflicts of interest with respect to the
work described in this manuscript.

References

1. Prasannath, K,; Shivas, R.G.; Galea, V.J.; Akinsanmi, O.A. Neopestalotiopsis species associated with flower diseases of macadamia
integrifolia in australia. J. Fungi 2021, 7, 771. [CrossRef] [PubMed]

2. Tu, X.; Wu, B;; Xie, Y,; Xu, S.; Wu, Z,; Lv, X.; Wei, F,; Du, L.Q.; Chen, H. A comprehensive study of raw and roasted macadamia
nuts: Lipid profile, physicochemical, nutritional, and sensory properties. Food Sci. Nutr. 2021, 9, 1688-1697. [CrossRef] [PubMed]

3.  O'Hare, TJ.; Hong, H.T.; Pun, S.; Liu, D.; Torrisi, C.; Mai, T.; Russell, D.; Topp, B. Macadamia nuts—good fats, bad fats, and
biofortification. Acta Hortic. 2020, 1292, 377-381. [CrossRef]

4.  Richards, T.E.; Kaemper, W.; Trueman, S.J.; Wallace, H.M.; Ogbourne, S.M.; Brooks, P.R.; Nichols, J.; Bai, S.H. Relationships
between nut size, kernel quality, nutritional composition and levels of outcrossing in three macadamia cultivars. Plants 2020, 9,
228. [CrossRef] [PubMed]

5. Kaseke, T.; Fawole, O.A.; Opara, U.L. Chemistry and Functionality of Cold-Pressed Macadamia Nut Oil. Processes 2022, 10, 56.
[CrossRef]

6.  Priyanka, S.; Ardashir, KM.; Lena, C.; Bruce, T.; Agnelo, F,; Robert, ] H. Genome sequences to support conservation and breeding
of Macadamia. Trop. Plants 2024, 3, e035. [CrossRef]

7. Niu, Y.F; Li, G.H.; Ni, S.B,; He, X.Y.; Zheng, C.; Liu, Z.Y.; Gong, L.D.; Kong, G.H.; Li, W,; Liu, J. The Chromosome-Scale Reference
Genome of Macadamia tetraphylla Provides Insights Into Fatty Acid Biosynthesis. Front. Genet. 2022, 13, 835363. [CrossRef]
[PubMed]

8.  Birch, J.; Yap, K,; Silcock, P. Compositional analysis and roasting behaviour of gevuina and macadamia nuts. Int. |. Food Sci.
Technol. 2010, 45, 81-86. [CrossRef]

9. Tan, QJ.; Zhou, C.H; Xu, P; Huang, X.Y; Pan, Z.Z.; Wei, Y.R.; Wang, W.L.; Wang, L.F. Effects of Substrate Composition on the
Growth Traits of Grafted Seedling in Macadamia (Macadamia integrifolia) Nuts. Plants 2024, 13, 1700. [CrossRef] [PubMed]

10. Rogiers, S.Y.; Quinlan, K.P.; Bright, J.D. Challenges to optimal macadamia (Macadamia spp.) kernel quality in a changing climate.

Funct. Plant Biol. 2025, 52, FP24218. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/foods15152596


https://doi.org/10.3390/jof7090771
https://www.ncbi.nlm.nih.gov/pubmed/34575809
https://doi.org/10.1002/fsn3.2143
https://www.ncbi.nlm.nih.gov/pubmed/33747479
https://doi.org/10.17660/actahortic.2020.1292.50
https://doi.org/10.3390/plants9020228
https://www.ncbi.nlm.nih.gov/pubmed/32053871
https://doi.org/10.3390/pr10010056
https://doi.org/10.48130/tp-0024-0029
https://doi.org/10.3389/fgene.2022.835363
https://www.ncbi.nlm.nih.gov/pubmed/35281801
https://doi.org/10.1111/j.1365-2621.2009.02106.x
https://doi.org/10.3390/plants13121700
https://www.ncbi.nlm.nih.gov/pubmed/38931133
https://doi.org/10.1071/FP24218
https://www.ncbi.nlm.nih.gov/pubmed/40163427
https://doi.org/10.3390/foods15152596

Foods 2026, 15, 2596 17 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shuai, X.X.; Dai, T.T.; Chen, M.S.; Liang, R.H.; Du, L.Q.; Chen, J.; Liu, C.M. Comparative study of chemical compositions
and antioxidant capacities of oils obtained from 15 macadamia (Macadamia integrifolia) cultivars in China. Foods 2021, 10, 1031.
[CrossRef] [PubMed]

Shuai, X.X.; Dai, T.T.; Chen, M.S,; Liu, C.M.; Ruan, R,; Liu, Y.H.; Chen, J. Characterization of lipid compositions, minor components
and antioxidant capacities in macadamia (Macadamia integrifolia) oil from four major areas in China. Food Biosci. 2022, 50, 102009.
[CrossRef]

Chen, Y.S; Kipkulei, HK,; Xie, Z.Q.; Sieber, S. Assessment of agricultural sustainability performance in Dali Prefecture, China
using the DPSIR Model. Int. J. Agric. Sustain. 2022, 22, 2401201. [CrossRef]

Cui, L.H.; Tang, WW.; Zheng, S.; Singh, R.P. Ecological protection alone is not enough to conserve ecosystem carbon storage:
Evidence from Guangdong, China. Land 2023, 12, 111. [CrossRef]

ISO 662:2016; Animal and Vegetable Fats and Oils—Determination of Moisture and Volatile Matter Content. International
Organization for Standardization: Geneva, Switzerland, 2016.

GB 5009.7-2016; National Food Safety Standard—Determination of Reducing Sugar in Foods. National Health and Family
Planning Commission: Beijing, China, 2016.

ISO 3656:2011; Animal and Vegetable Fats and Oils—Determination of Ultraviolet Absorbance Expressed as Specific UV Extinction.
International Organization for Standardization: Geneva, Switzerland, 2011.

ISO 12966-2:2017; Animal and Vegetable Fats and Oils—Gas Chromatography of Fatty Acid Methyl Esters—Part 2: Preparation
of Methyl Esters of Fatty Acids. International Organization for Standardization: Geneva, Switzerland, 2017.

ISO 9936:2016; Animal and Vegetable Fats and Oils—Determination of Tocopherol and Tocotrienol Contents by High-Performance
Liquid Chromatography. International Organization for Standardization: Geneva, Switzerland, 2016.

ISO 6886:2016; Animal and Vegetable Fats and Oils—Determination of Oxidative Stability (Accelerated Oxidation Test). Interna-
tional Organization for Standardization: Geneva, Switzerland, 2016.

Gao, P; Liu, R; Jin, Q.; Wang, X.G. Effects of processing methods on the chemical composition and antioxidant capacity of walnut
(Juglans regia L.) oil. LWT 2021, 135, 109958. [CrossRef]

ISO 18363-4:2021; Animal and Vegetable Fats and Oils—Determination of Fatty-Acid-Bound Chloropropanediols (MCPDs) and
Glycidol by GC/MS—Part 4: Method Using Fast Alkaline Transesterification and Measurement for 2-MCPD, 3-MCPD and
Glycidol by GC-MS/MS. International Organization for Standardization: Geneva, Switzerland, 2021.

ISO 16050:2003; Foodstuffs—Determination of Aflatoxin B1, and the Total Content of Aflatoxins B1, B2, G1 and G2 in Cereals, Nuts
and Derived Products—High-Performance Liquid Chromatographic Method. International Organization for Standardization:
Geneva, Switzerland, 2003.

BS EN 16619:2015; Food Analysis—Determination of Benzo[a]pyrene, Benz[a]anthracene, Chrysene and Benzo[b]fluoranthene in
Foodstuffs by Gas Chromatography Mass Spectrometry (GC-MS). British Standards Institution: London, UK, 2015.

Aruwajoye, N.N.; Buthelezi, N.M.D.; Mditshwa, A.; Tesfay, S.Z.; Magwaza, L.S. Assessing the Impact of Roasting Temperatures
on Biochemical and Sensory Quality of Macadamia Nuts (Macadamia integrifolia). Foods 2023, 12, 2116. [CrossRef] [PubMed]
Romero, RM.L.; Poehls, J.; Kirilenko, A.; Richter, D.; Jumel, T.; Shevchenko, A.; Toth-Petroczy, A. Environment modulates protein
heterogeneity through transcriptional and translational stop codon readthrough. Nat. Commun. 2024, 15, 4446. [CrossRef]
[PubMed]

Luo, J.; Pan, Y.B,; Xu, L.P; Grisham, M.P.; Zhang, H.; Que, Y.X. Rational regional distribution of sugarcane cultivars in China. Sci.
Rep. 2015, 5, 15721. [CrossRef] [PubMed]

Sun, X.W.; Li, Q.Y.; Wu, HJ.; Zhou, Z.H.; Feng, S.Y.; Deng, P.C.; Zou, HW,;, Tian, D.; Lu, C.H. Sustainable starch/lignin
nanoparticle composites biofilms for food packaging applications. Polymers 2023, 15, 1959. [CrossRef] [PubMed]

ISO 660:2020; Animal and Vegetable Fats and Oils—Determination of Acid Value and Acidity. International Organization for
Standardization: Geneva, Switzerland, 2020.

Kurek, M.; S¢etar, M.; Nuskol, M.; Janéi, T.; Tanksoi¢, M.; Klepac, D.; Caki¢ Semencié, M.; Gali¢, K. Assessment of Chitosan/Gelatin
Blend Enriched with Natural Antioxidants for Antioxidant Packaging of Fish Oil. Antioxidants 2024, 13, 707. [CrossRef] [PubMed]
Shi, R;; Bai, H.D.; Li, B,; Liu, C.; Ying, Z.P; Xiong, Z.; Wang, W.L. Combined transcriptome and lipidomic analyses of lipid
biosynthesis in Macadamia ternifolia nuts. Life 2021, 11, 1431. [CrossRef] [PubMed]

Soliman, T.N.; Nasser, S.A. Characterization of carotenoids double-encapsulated and incorporate in functional stirred yogurt.
Front. Sustain. Food Syst. 2022, 6, 979252. [CrossRef]

Castor, K.; Dawlaty, J.; Arakaki, X.; Gross, N.; Woldeamanuel, Y.W.; Harrington, M.G.; Cowan, R.P.,; Fonteh, A.N. Plasma Lipolysis
and Changes in Plasma and Cerebrospinal Fluid Signaling Lipids Reveal Abnormal Lipid Metabolism in Chronic Migraine. Front.
Mol. Neurosci. 2021, 14, 691733. [CrossRef] [PubMed]

Zhou, L.X;; Wu, Q.F; Yang, Y.D.; Li, Q.H.; Li, R.; Ye, ].Q. Regulation of oil biosynthesis and genetic improvement in plants:
Advances and prospects. Genes 2024, 15, 1125. [CrossRef] [PubMed]

https://doi.org/10.3390/foods15152596


https://doi.org/10.3390/foods10051031
https://www.ncbi.nlm.nih.gov/pubmed/34068556
https://doi.org/10.1016/j.fbio.2022.102009
https://doi.org/10.1080/14735903.2024.2401201
https://doi.org/10.3390/land12010111
https://doi.org/10.1016/j.lwt.2020.109958
https://doi.org/10.3390/foods12112116
https://www.ncbi.nlm.nih.gov/pubmed/37297359
https://doi.org/10.1038/s41467-024-48387-x
https://www.ncbi.nlm.nih.gov/pubmed/38789441
https://doi.org/10.1038/srep15721
https://www.ncbi.nlm.nih.gov/pubmed/26499905
https://doi.org/10.3390/polym15081959
https://www.ncbi.nlm.nih.gov/pubmed/37112108
https://doi.org/10.3390/antiox13060707
https://www.ncbi.nlm.nih.gov/pubmed/38929146
https://doi.org/10.3390/life11121431
https://www.ncbi.nlm.nih.gov/pubmed/34947962
https://doi.org/10.3389/fsufs.2022.979252
https://doi.org/10.3389/fnmol.2021.691733
https://www.ncbi.nlm.nih.gov/pubmed/34531722
https://doi.org/10.3390/genes15091125
https://www.ncbi.nlm.nih.gov/pubmed/39336716
https://doi.org/10.3390/foods15152596

Foods 2026, 15, 2596 18 of 18

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

Cicero, N.; Albergamo, A.; Salvo, A.; Bua, G.D.; Bartolomeo, G.; Mangano, V,; Bella, G.D.; Dugo, G. Chemical characterization of a
variety of cold-pressed gourmet oils available on the Brazilian market. Food Res. Int. 2018, 109, 517-525. [CrossRef] [PubMed]
Sahin, G.; Telli, M.; Unlu, E.S.; Pehlivan, K.E. Effects of moderate high temperature and UV-B on accumulation of withanolides
and relative expression of the squalene synthase gene in Physalis peruviana. Turk. . Biol. 2020, 44, 295-303. [CrossRef] [PubMed]
Schuette, L.; Hanisch, P.G.; Scheler, N.; Haboeck, K.C.; Huber, R.; Ersoy, F.; Berger, R.G. Squalene production under oxygen
limitation by Schizochytrium sp. S31 in different cultivation systems. Appl. Microbiol. Biotechnol. 2024, 108, 201. [CrossRef]
[PubMed]

Rahim, M.A,; Imran, M.; Khan, M.K.; Ahmad, M.H.; Nadeem, M.; Afifi, M.M.; AL-Farga, A.; Khalid, W.; Aljobair, M.O. Omega-3
fatty acid retention and oxidative stability of spray-dried chia—fish-oil-prepared microcapsules. Processes 2022, 10, 2184. [CrossRef]
Gao, P; Ding, Y.P; Chen, Z.; Zhou, Z.T.; Zhong, W.; Hu, C.R.; He, D.P.,; Wang, X.G. Characteristics and antioxidant activity of
walnut oil using various pretreatment and processing technologies. Foods 2022, 11, 1698. [CrossRef] [PubMed]

Li, X.J.; Guo, M.M,; Xue, Y.L.; Duan, Z.Q. Effect of extraction methods on the physicochemical properties, chemical composition,
and antioxidant activities of samara oil. Foods 2023, 12, 3163. [CrossRef] [PubMed]

Debela, A.; Samuel, M. Public health impact of aflatoxin. J. Bacteriol. Mycol. 2023, 11, 34-39. [CrossRef]

Chen, X.X,; Liao, Y.X,; Lin, B.W.; He, X,; Li, S.B.; Zhong, C.H.; Li, S.F,; Zhou, Y.; Fan, L.Y. The Concentration of Benzo[a]pyrene in
Food Cooked by Air Fryer and Oven: A Comparison Study. Toxics 2024, 12, 416. [CrossRef] [PubMed]

Arris, FEA,; Thai, V.T.S.; Manan, W.N.; Sajab, M.S. A Revisit to the Formation and Mitigation of 3-Chloropropane-1,2-Diol in Palm
QOil Production. Foods 2020, 9, 1769. [CrossRef] [PubMed]

Yildiz, K.; Ozdikicierler, O.; Giing, E.P. The trend in mitigation strategies of 3-monochloropropane-1,2-diol and glycidyl esters in
edible vegetable oils: Today and tomorrow. Food Technol. Biotechnol. 2024, 62, 326-345. [CrossRef] [PubMed]

ISO 18363-3:2024; Animal and Vegetable Fats and Oils—Determination of Fatty-Acid-Bound Chloropropanediols (MCPDs) and
Glycidol by GC/MS—Part 3: Method Using Acid Transesterification and Measurement for 2-MCPD, 3-MCPD and Glycidol.
International Organization for Standardization: Geneva, Switzerland, 2024.

Ji, YG,; Lan, D.M.; Wang, W.E,; Goh, K.M.; Tan, C.P.; Wang, Y.H. The formation of 3-monochloropropanediol esters and glycidyl
esters during heat-induced processing using an olive-based edible oil. Foods 2022, 11, 4073. [CrossRef] [PubMed]

Destaillats, F.; Craft, B.D.; Sandoz, L.; Nagy, K. Formation mechanisms of Monochloropropanediol (MCPD) fatty acid diesters in
refined palm (Elaeis guineensis) oil and related fractions. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2012, 29,
29-37. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods15152596


https://doi.org/10.1016/j.foodres.2018.04.064
https://www.ncbi.nlm.nih.gov/pubmed/29803478
https://doi.org/10.3906/biy-2002-69
https://www.ncbi.nlm.nih.gov/pubmed/33110367
https://doi.org/10.1007/s00253-024-13051-3
https://www.ncbi.nlm.nih.gov/pubmed/38349390
https://doi.org/10.3390/pr10112184
https://doi.org/10.3390/foods11121698
https://www.ncbi.nlm.nih.gov/pubmed/35741896
https://doi.org/10.3390/foods12173163
https://www.ncbi.nlm.nih.gov/pubmed/37685096
https://doi.org/10.15406/jbmoa.2023.11.00340
https://doi.org/10.3390/toxics12060416
https://www.ncbi.nlm.nih.gov/pubmed/38922096
https://doi.org/10.3390/foods9121769
https://www.ncbi.nlm.nih.gov/pubmed/33260330
https://doi.org/10.17113/ftb.62.03.24.8260
https://www.ncbi.nlm.nih.gov/pubmed/39497694
https://doi.org/10.3390/foods11244073
https://www.ncbi.nlm.nih.gov/pubmed/36553815
https://doi.org/10.1080/19440049.2011.633493
https://www.ncbi.nlm.nih.gov/pubmed/22129209
https://doi.org/10.3390/foods15152596

	Introduction 
	Materials and Methods 
	Samples and Reagents 
	Physiochemical Indexes of Macadamia Nut Kernel and MOs 
	Fatty Acid Profile 
	Minor Constituents 
	Tocopherol Content 
	Squalene Content 
	Polyphenol Content 

	Free Radical Scavenging Capacity 
	Oxidative Stability Index (OSI) 
	DPPH Assay 
	FRAP Assay 
	ABTS Assay 

	Hazardous Substances 
	Data Statistics and Analysis 

	Results and Discussion 
	Physicochemical Properties of Macadamia Nut Kernels 
	Physicochemical Properties 
	Fatty Acid Profile of MOs 
	Minor Constituents of MOs 
	Antioxidant Capacity Assays of MOs 
	Potentially Hazardous Contaminants of MOs 
	HCA 
	Multivariate Linear Regression (MLR) 
	Principal Component Analysis (PCA) 

	Conclusions 
	References

