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A B S T R A C T   

Algae oil from Schizochytrium sp. is one of the major natural sources of ω-3 polyunsaturated fatty acids (PUFAs), 
but its applications in foods are limited because of its unpleasant odor. The complex composition of algae oil 
originates an odor profile that differs from that of its major PUFA, i.e. docosahexaenoic acid (DHA). The aim of 
this work was to explore the specific role of DHA oxidation in the odor profile of algae oil. According to the fatty 
acid composition and odor characteristics, oxidized sunflower oil was selected and combined with oxidized DHA 
to simulate the odor profile of algae oil. The recombination oil showed similar odor characteristics to the algae 
oil sample indicating that DHA oxidation was key in the formation of the unpleasant odor in algae oil and that 
oxidation of fatty acids other than DHA also made a contribution. The constructed off-flavor of algae oil was a 
consequence of a synthetic effect between odorants from oxidized DHA and oxidized oleic, linoleic and linolenic 
acid. This study provided a reference for the source research of volatile substances producing fishy odor in algae 
oil.   

1. Introduction 

Eicosapentaenoic acid (EPA, 20:5ω-3) and docosahexaenoic acid 
(DHA, 22:6ω-3) are important structural components in synaptic mem
branes of the brain and retina and crucial for a correct function of heart 
and the cardiovascular system. They must be provided through diet for 
effective incorporation into cell membranes (Marsol-Vall, Aitta, Guo, & 
Yang, 2021). Fish oil and algae oil are the major natural sources of these 
two long-chain ω-3 PUFAs. They can be supplied as oil capsules or be 
included in diet through fortified foods (Jamshidi, Cao, Xiao, & 
Simal-Gandara, 2020; Marsol-Vall et al., 2021). However, the use of fish 
or algae oil is a challenging task as they are highly susceptible to lipid 
oxidation and readily develop fishy smells and rancidity (Chang & Lee, 
2020; Chen et al., 2016; Güner, Yılmaz, & Yüceer, 2019). 

Numerous studies have been conducted to disclose the complex 
mechanism involved in fishy odor in different foods. A variety of 

volatiles have been associated with fishy malodor and the specific 
compounds involved seem to depend on the type of food. It has been 
reported that high concentration of trimethylamine in milk from cows 
on standard diets showed fishy off-flavor (Lundén, Gustafsson, Imhof, 
Gauch, & Bosset, 2002). Matheis and Granvogl (2019) identified tri
methylamine as the only odorant responsible for the fishy off-flavor in 
steam-treated rapeseed oil. Karahadian and Lindsay (1989) evaluated 
the compounds contributing to fishy flavors in fish oils, showing that (E, 
Z,Z)-2,4,7- and (E,E,Z)-2,4,7-decatrienal caused the distinct burnt/fishy 
flavors and (Z)-4-heptenal acted as a modifier of overall burnt/fishy 
flavors. Milo and Grosch (1993) investigated the odorant differences 
between freshly boiled trouts and trouts stored at − 13 ◦C, showing that 
(Z)-3-hexenal and (Z,Z)-3,6-nonadienal substantially contributed to the 
fatty, fishy off-flavor in stored trouts. Venkateshwarlu, Let, Meyer, and 
Jacobsen (2004) reported that (E,Z)-2,6-nonadienal and 1-penten-3-one 
can be used as markers for fishy and metallic off-flavors in a milk 
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emulsion. In addition, they found a compensatory effect of (Z)-4-hep
tenal and (E,E)-2,4-heptadienal, and a synergistic effect of (E,Z)-2, 
6-nonadienal and (Z)-4-heptenal in the formation of fishy off-flavor. 
Hexanal, nonanal and 1-octen-3-ol have been considered the main 
compounds contributing to the fishy flavor of silver carp products (Xue 
et al., 2021). The decrease of 1-octen-3-ol, 1-penten-3-ol, hexanal, 
heptanal, nonanal, decanal, (E)-2-octenal and 2,3-pentanedione con
tents in coating treated sea bass samples significantly lowered the fishy 
flavor (Li, Peng, Mei, & Xie, 2020). (E)-2-Octenal has been suggested to 
contribute to the unpleasant fishy and rancid off-flavors of sea bream, 
and heptanal, nonanal, hexanal or decanal presented a more charac
teristic fishy flavor (Parlapani, Verdos, Haroutounian, & Boziaris, 2015). 
The studies on algae oil or algae-oil containing foods are not numerous. 
In this respect, (Z)-heptenal, decanal, ethanone, and hexadecenoic acid 
have been related to fishy odors in algae oil-in-water nanoemulsions 
(Chen et al., 2016). Marsili and Laskonis (2014) reported odorant syn
ergy effects of heptanal and (E,Z)-3,5-octadien-2-one causing the fishy 
malodors in algal oils. 

Hammer and Schieberle (2013) tried to clarify the compounds 
responsible for fishy off-flavor using model ω-3 PUFAs, i.e. 
alpha-linolenic acid (ALA), EPA and DHA, which were oxidized by either 
copper(II) ions or lipoxygenase. They found that trans-4,5-epoxy-(E, 
Z)-2,7-decadienal, (Z)-1,5-octadien-3-one, (E,E,Z)-2,4,6-nonatrienal, (Z, 
Z)-2,5-octadienal, (Z,Z)-3,6-nonadienal, and (Z)-3-hexenal were the key 
odorants for fishy odor. Both the autoxidation and enzymatic oxidation 
of the three fatty acids produced the same odorants, but they exhibited 
different odor activities or flavor dilution factors depending on the fatty 
acid and/or the type of oxidation. These results suggested that a defined 
ratio of these odorants was necessary for fishy off-flavor. 

DHA is by far the major PUFA in algae oil from Schizochytrium sp. 
presenting levels that can range between 35% and 45% (Marsili & 
Laskonis, 2014). Other PUFAs are present in much lower contents, such 
as EPA (0.47%) and ALA (0.06%) (Ryckebosch et al., 2013). Because of 
its greater susceptibility to lipid oxidation and its much higher levels, it 
is reasonable to think that oxidation of DHA is the cause of fishy 
off-flavor in algae oil. During the present research we found however 
that the odor profile produced by oxidation of DHA (standard) was 
different from that of oxidized algae oil. To the best of our knowledge, 
no study has been addressed to evaluate the contribution of fatty acids 
other than DHA to the sensory profile of algae oil. 

The aim of this study was to determine the specific relationship be
tween the flavor of oxidized DHA and the flavor of algae oil and whether 
fatty acids other than DHA make a significant contribution. Towards this 
aim, besides DHA and algae oil from Schizochytrium sp. three vegetable 
oils with different fatty acid compositions, namely, camellia oil, sun
flower oil and linseed oil were also investigated. Apart from the absence 
of DHA or any other long-chain ω-3 PUFA, the selection of these vege
table oils were based upon their relative contents of oleic, linoleic and 
linolenic acids. Thus camellia and sunflower oils are rich in oleic (ω-9) 
and linoleic (ω-6) acid, respectively, whereas linseed oil contains sub
stantial levels of linolenic acid (ω-3). The four oils were purified by 
column classic chromatography to mainly obtain their triacylglycerols 
(TAG) and thereby eliminate the influence of impurities such as trime
thylamine. The purified oils and DHA were oxidized under controlled 
conditions to examine changes in odor profiles with the oxidation 
extent. The algae oil was compared to the vegetable oils and oxidized 
samples of DHA and sunflower oil were selected and combined to 
reproduce the off-flavor of algae oil. Such a combination allowed for 
determining the role of fatty acids other than DHA in the fishy malodor 
of algae oil. 

2. Materials and methods 

2.1. Standards and reagents 

Camellia oil, sunflower oil and linseed oil were all purchased from a 

local supermarket. Algae oil was provided by Qingdao Mingyuan 
Chemical Co., Ltd.. Activated clay and Notit-8015 activated charcoal 
was respectively purchased from Jiejingclay Co., Ltd. (Leping, Jiangxi, 
China) and Zhongji Chemicals Import & Export Co., Ltd. (Shanghai, 
China). A Na2S2O3 solution (0.100 moL/L) and p-anisidine were ac
quired from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, 
China). Deionized water was obtained from Millipore Milli-Q water 
purification system (Burlington, MA, USA). All other reagents were of 
analytical grade and purchased from Sinopharm Chemical Reagent Co., 
Ltd. (Qingdao, China). DHA standard (purity >99%) and a fatty acid 
methyl ester (FAME) blend of 37 components were acquired from 
ANPEL Laboratory Technologies Inc. (Shanghai, China). 

2.2. Oil purification 

The oils were purified following the method by Shimajiri, Shiota, 
Hosokawa, and Miyashita (2013) with some modifications. A chro
matographic column (50 × 4 cm i.d.) was packed sequentially with 
activated clay (20 g) and activated carbon (30 g). An amount of 50 g oil 
was passed through the column with n-hexane (1000 mL) for removing 
tocopherols and most pigments. Then the oil was further purified using a 
column (50 × 4 cm i.d.) packed with silica gel (200 g) and aluminum 
oxide (40 g). n-Hexane (500 mL) was used for elution followed by a 
mixture of n-hexane:chloroform (1:4, v/v). After 200 mL of this mixed 
solvent was eluted, other 1000 mL of the mixed solvent was used for the 
collection of the oil TAG. The solvent was removed at 35 ◦C for 60 min in 
a rotary evaporator. Furthermore, a nitrogen stream was also applied for 
2 h to remove the remaining solvent at room temperature. 

2.3. Oxidation of samples 

An amount of 120 g of purified oil was placed into a wide-mouth 
brown glass bottle (1000 mL) and then stored in an oven at 60 ◦C. Ali
quots of 20 g sample were taken out periodically. The sampling fre
quency depended on the oil stability. Thus the camellia and sunflower 
oils were sampled at 0.5, 1, 2, 4 and 6 days, linseed oil at 0.5, 1, 2 and 3 
days, and algae oil at 0.5, 1, 1.5 and 2 days of storage. The samples were 
coded using letters, one per each type of oil, followed by a number 
representing the order of sampling. Zero was given to the fresh samples. 
As to DHA, 350 mg of this standard substance was weighed into a 10-mL 
brown glass bottle and also oxidized in the oven at 60 ◦C for 2 days. All 
samples were protected with nitrogen and preserved at − 20 ◦C for not 
more than 1 day until analyses. 

2.4. Peroxide value and anisidine value 

The determinations of peroxide value and anisidine value were 
performed according to Wen et al. (2019). 

2.5. Fatty acid composition analysis 

The preparations of fatty acid methyl esters (FAMEs) were conducted 
according to Zhang et al. (2019) with some modification. About 20 mg 
of sample was weighed onto a tube and 10% H2SO4 in methanol was 
added. Then, the tube was filled with nitrogen and heated at 90 ◦C for 
90 min applying shaking every 20 min. After cooling, 1 mL of n-hexane 
was added to extract the FAMEs. According to the method by Mene
gazzo, Petenuci, and Fonseca (2014), the FAMEs were analyzed by 
GC-MS using an Agilent 7890a chromatograph equipped with an 
HP-5MS capillary column (30 m × 0.25 mm × 0.20 μm). The initial 
temperature was set at 80 ◦C, then it was increased to 200 ◦C at 
20 ◦C/min, and then to 280 ◦C at 5 ◦C/min. Finally, the temperature was 
increased to 300 ◦C at 10 ◦C/min and hold at 300 ◦C for 5 min. The mass 
spectrometer was operated in EI mode at 70 eV. The temperature of the 
ion source was set at 250 ◦C and the filament current was 25 μA. 
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2.6. Sensory assessment 

The sensory evaluation was conducted by ten assessors (8 female/2 
male, aged between 22 and 45 years) recruited from the Ocean Uni
versity of China (Qingdao, China). Intensive training for accurately 
recognizing the aroma of samples was performed for a week before the 
evaluation. The flavor vocabulary and attributes of oils were referred to 
a previous study (Hammer & Schieberle, 2013). The attributes included 
fishy, frying, metallic, rancid, grassy and painty. The specific de
scriptions of each attribute as well as their references were selected 
according to the standard practice for sensory evaluation of edible oils 
and fats (E18, 2012). Detailed information is presented in Table 1S. 
About 1 g oil was weighed in 50 mL covered glass vessels and the sensory 
analyses were carried out in a sensory panel room kept at 21 ± 1 ◦C. The 
intensity of each odor attribute was evaluated on a 0–10 point scale with 
0.5 steps. The flavor intensity represented by the score was: 0-not 
perceptible, 2-very slightly perceptible, 4-slightly perceptible, 6-consid
erably perceptible, 8-strongly perceptible and 10-very strongly percep
tible. Every sample was tested three times by each panelist and a 1-min 
break was required between each test for sensory recovery. 

2.7. HS-GC-IMS analyses of volatiles 

Volatile analyses were performed on a GC-IMS system manufactured 
by Gesellschaft für Analytische Sensorsysteme mbH (G.A.S., Dortmund, 
Germany) according to Guo et al. (Guo et al., 2018) with some modifi
cations. The GC was equipped with an autosampler (CTC Analytics AG, 
Zwingen, Switzerland) with a headspace sampling unit and a 1-mL 
gas-tight syringe (Gerstel GmbH, Mühlheim, Germany). An 
FS-SE-54-CB capillary column (15 m × 0.53 mm) was used for odorant 
separation. An amount of 1 g sample was transferred into a 20-mL vial 
and incubated at 40 ◦C for 30 min. After incubation, 0.5 mL of headspace 
was subsequently injected into the injector (80 ◦C) in splitless mode by a 
syringe heated at 50 ◦C. The analyses were run at 45 ◦C (isothermal 
conditions) using nitrogen (99.99% purity) at a programmed flow as 
follows: 2 mL/min for 5 min, 5 mL/min for 5 min, 10 mL/min for 5 min, 
20 mL/min for 5 min, 50 mL/min for 5 min, and 100 mL/min for 5 min. 
The analytes were firstly separated onto the capillary column and then 
ionized in the IMS ionization chamber by a 3H ionization source (300 
MBq activity) in a positive ion mode. The drift tube (9.8 cm) worked at a 
constant voltage (5 kV) at 45 ◦C with a nitrogen flow of 150 mL/min. For 
avoiding cross contamination, the syringe was automatically flushed 
with nitrogen (150 mL/min) for 0.5 min before and 3 min after each 
analysis. 

2.8. Recombination of oxidized DHA and oxidized purified sunflower oil 

The oxidized DHA and oxidized algae oil showed differences in odor. 
To explore these differences, oxidized DHA was recombined with 
oxidized sunflower oil and the recombinant was compared to oxidized 
algae oil. Specifically, 150 mg oxidized DHA was weighed into a brown 
glass bottle and blended with different proportions of oxidized sun
flower oil (B5). The amount of B5 was gradually increased until the odor 
of the recombined oil was similar to that of stored algae oil (D4). Finally, 
a total amount of 0.6 g of B5 was selected. Then, the recombined oil 
(referred to as DHA&B5) was used for analysis. 

2.9. Triangle test 

Triangle tests were used as a multi-purpose sensory test to identify 
one different sample out of three. This test was employed to determine 
overall sensory differences between two kinds of products. Two samples 
were identical and one was different. These three samples were coded 
with individual and random three-digit numbers and presented to the 
panelists at one time. The panelist was requested to identify the odd 
sample and each panelist had a 33% chance of guessing correctly. 

Discriminative sensory analysis was conducted at the Sensory Lab 
located at the department of Food Science and Technology of the Ocean 
University of China. A total of 16 untrained participants did the triangle 
test. They were given random coded samples, i.e. the recombinant oil 
and D4. Detailed codes for each sample, serving orders, results of this 
test and the p-value were all according to ISO:4120 (Available online: 
https://www.iso.org/standard/76666.html) (Table 2S). 

2.10. E-nose analysis 

An E-nose instrument (ISENSO INTELLIGENT, China) was used for 
the analysis of odorants in the recombination oil and D4 (algae oil) to 
determine differences in volatile compounds between the two oils. The 
intelligent bionic olfactory (E-nose) system comprised fourteen metal 
oxide semiconductors (MOS) of different chemical composition and 
thickness combined with pattern recognition algorithms (Kachele, 
Zhang, Gao, & Adhikari, 2017). The operating parameters applied were 
as indicated next: cleaning time-120s, sampling time-60s, gas flow-1 
L/min, initial responding value of MOS-less than 1.0. The samples 
were placed into a 10-mL headspace extraction vial at room temperature 
during the sampling of the e-nose. 

2.11. Statistical analysis 

Each oil was oxidized in a single bottle and only one aliquot was 
taken in each sampling. The oil samples were all analyzed in triplicate 
and results were provided as mean ± standard deviation (n = 3). For the 
aim of this study replication of the oxidation assays was found to be 
unnecessary. Apart from removal of impurities, the purification of oils 
was also useful to eliminate normal differences in quality between the 
oils. The recombination experiments were carried out using six repli
cations. LAV software version 2.2.1 was used for HS-GC-IMS data 
collection and fingerprint drawing. The HS-GC-IMS data were first 
visually checked by color for filtering out abnormal samples. Then, the 
data were normalized by using the SIMCA software (Version 16.0, 
Umetrics AB, Umeå, Sweden), and the normalized data were scaled 
using the type of Par. Unsupervised principal component analysis (PCA) 
was used to discriminate the samples from different groups and super
vised orthogonal partial least squares discriminant analysis (OPLS-DA) 
was applied to identify the substances that caused subtle differences in 
odor in the recombination experiments. The OPLS-DA was selected 
because it can screen out differential variables between groups more 
accurately than PLS-DA, especially when differences between groups are 
small and those within groups are large (Xu et al., 2020). SPSS 20.0 
software (SPSS Inc, Chicago, IL, USA) was also used for the statistical 
analysis of experimental data and the mean values were compared 
applying one-way ANOVA, followed by Dunnett’s test. The statistical 
tests were considered to be significant at p-values less than 0.05. Origin 
2017 (Northampton, MA, USA) was used for Fig. drawing. 

3. Results and discussion 

3.1. Oxidation of purified oils 

Four types of oils containing different fatty acid compositions, 
namely, camellia oil, sunflower oil, linseed oil and algae oil, were pu
rified by column chromatography to obtain their TAGs. Then these were 
stored at 60 ◦C to different oxidation extents and characterized. 

3.1.1. Peroxide value (POV) and p-anisidine value (AnV) 
As expected by the differences in their fatty acid compositions 

(Tables 3S–6S), the four oils reached different oxidation extents at the 
end of the assay. Algae oil showed the fastest growth rate of POV, fol
lowed by linseed oil, sunflower oil and camellia oil. As an example, the 
POV of camellia oil and sunflower oil increased respectively to 5.1 and 
34.1 mmol/kg on the sixth day of storage, whereas the linseed oil 
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showed 134 mmol/kg on the third day and the algae oil 156 mmol/kg in 
2 days of storage (Fig. 1S). Similarly, the AnV of camellia oil and sun
flower oil increased slowly, whereas linseed oil and algae oil exhibited 
values as high as 25.9 and 101.7, respectively, after 2 days of incubation 
(Fig. 2S). Therefore, the purified algae oil presented the lowest oxidative 
stability followed by the linseed, sunflower and camellia oil. In a similar 
study on purified oils, namely, fish, echium, linseed and soybean oil, 
results showed that the fish oil was the least stable oil, followed by 
echium, linseed and soybean oil (Shibata, Uemura, Hosokawa, & 
Miyashita, 2015). As reported elsewhere, DHA has shown the greatest 
oxidative susceptibility among typical PUFAs, followed by EPA, α-lino
lenic acid and methyl linoleate (Miyashita, Uemura, & Hosokawa, 
2018). DHA was the major PUFA in the algae oil (35.3%) of the present 
study, whereas α-linolenic acid was in linseed oil (22.1%). Therefore, 
the low oxidative stability of algae oil and linseed oil can be attributed to 
their respectively high contents of these two PUFAs. 

3.1.2. Changes in fatty acid composition 
Changes in the fatty acid composition during oxidation are given in 

Tables 3S–6S. Camellia oil showed very small but significant (p < 0.05) 
losses of C18:1ω9 and no significant changes were observed for 
C18:2ω6, which can be attributed to its very low global oxidation extent 
at the end of the oxidation assay as shown by the low POV (5.1 mmol/kg 
oil). The sunflower oil exhibited significant losses of C18:1ω9, C18:2ω6 
and C18:3ω3. The losses of C18:1ω9 and C18:2ω6 were comparable 
between each other and the very low content of C18:3ω3 eventually 
dropped below the detection limit. In linseed oil, C18:3ω3 decreased 
from 22.10% to 17.43%, whereas C18:1ω9 and C18:2ω6 changed 
respectively from 17.86% to 16.62% and from 33.49% to 31.40%, i.e. 
proportionally to a lower extent compared to C18:3ω3. As to the algae 
oil, DHA (C22:6ω3) significantly dropped from 35.31% to 31.61% and 

the low contents of C18:3ω3 and C20:5ω3 also decreased from 0.09% to 
0.03% and from 0.29% to 0.19%, respectively. Changes observed in 
C18:1ω9 were not significant and significant losses of C18:2ω6 were 
only detected at the end of the oxidation assay. In summary, the 
oxidation of fatty acids was dominated by DHA in the algae oil and by 
α-linolenic acid in the linseed oil. The oxidation of the sunflower oil was 
dominated by oleic and linoleic acid, and linolenic acid also participated 
in oxidation. Therefore, concomitant oxidation of unsaturated fatty 
acids occurred in the oils. Even though differences in the oxidation rates 
between fatty acids are considerably high when tested separately, their 
relative oxidation in blends depends on their relative proportions. 
Oxidation of those more stable can be influenced by the oxidation 
products of the more reactive fatty acids (Morales, Marmesat, Dobar
ganes, Márquez-Ruiz, & Velasco, 2012). 

3.1.3. Sensory evaluation and analysis of volatile substances 
Sensory odor profiles of the oils with different storage time are 

depicted in Fig. 1. The camellia oil elicited rancid smell that gradually 
increased to a score of 4.3 after 6 days of storage and therefore it was 
certainly perceptible. In addition, light frying and metallic odors with 
scores of 2.8 and 3.3, respectively, were also detected. The sunflower oil 
showed clear rancid smell (score of 5.5) after 6 days of storage. Unlike 
the camellia oil, a painty smell was also perceived (score of 2.9) at the 
end of the assay. The linseed oil, which was stored for only 3 days, 
presented strong painty smell with a score of 7.6. Additionally, distinct 
odor of rancid and grassy were also detected, but not fishy. The smell of 
algae oil was unacceptable after 2 days of storage and the fishy smell was 
the most prominent. The score of the fishy smell increased rapidly from 
0.63 to 6.75. At the same time, painty, grassy and rancid smells were 
clearly perceived, reaching values of 5.00, 4.29 and 4.17, respectively. 
Therefore, the marked differences in the fatty acid compositions of the 

Fig. 1. Sensory odor profiles of camellia oil (A), sunflower oil (B), linseed oil (C) and algae oil (D) during storage at 60 ◦C. Numbers in sample codes refer to sampling 
order during the storage assay. The intensity values for each odor attribute were: 0-not perceptible, 2-very slightly perceptible, 4-slightly perceptible, 6-considerably 
perceptible, 8-strongly perceptible and 10-very strongly perceptible. 
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four oils gave rise to different odor deterioration rates and odor profiles 
that changed with the incubation time. 

The volatile substances in the four oils were detected along the 
oxidation time using HS-GC-IMS. The fingerprints of volatile substances 
are shown in Fig. 2. Each point represents a volatile compound and color 
provides information on the content of the volatile in such a way that 
different colors express different contents. During the oxidation of 
camellia oil and sunflower oil, 39 and 53 compounds were detected, 
respectively. In a recent report 30 volatile compounds have been found 

in camellia oil and hydrocarbons and aldehydes were the predominant 
compounds detected (He, Wu, Zhou, & Chen, 2021). Linseed oil and 
algae oil exhibited as many as 79 and 75 volatiles, respectively. The 
volatile compounds of algae oil showed large changes in the type and 
content during the storage (Fig. 2D). For example, the concentrations of 
No. 71 and 72 compounds gradually increased during storage, while the 
concentrations of No. 51 and 63 substances first increased and then 
decreased, which may be due to a decomposition that was greater than 
formation in late storage. 

Fig. 2. HS-GC-IMS fingerprints of volatile substances in the oils with different storage periods. Analyses were performed in triplicate. Numbers in sample codes refer 
to sampling order during the storage assay followed by replication order. 
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An unsupervised PCA model was applied to identify similarities in 
the underlying patterns in the data. The number of dimensions could be 
reduced in the PCA model, and then similarities between different 
classes could be primary assessed (Xu et al., 2020). The PCA analysis of 
the four oils at different storage stages is shown in Fig. 3. The D0 and D4 
samples in the algae oil were clearly separated between each other, 
indicating that their volatile compositions were quite different (Fig. 3D). 
On the contrary, the D2 and D3 samples were close between each other 
and therefore showed similarities. From Figs. 2 and 3 it can be drawn 
that the type and contents of the flavor compounds changed during 
storage providing differences in odor along storage in each oil. 

3.2. Sensory profile and volatile compounds of the oils with the same 
storage time 

In order to compare the sensory profile and volatile compounds of 
the four oils with the same storage time, samples stored for 2 days were 
selected (A3, B3, C3 and D4). The fingerprints of the volatile substances 
of these samples included 133 compounds (Fig. 4A), which was larger 
than the number of volatiles in the four oils in Fig. 2. This fact was owing 
to the large differences shown by A3 and B3 compared to C3 and D4. As 
it can be observed, C3 and D4 presented large differences in the con
centrations of a number of volatiles. PCA also provided clear differences 

A B 

C D 

Fig. 3. Score plots of the PCA of volatile compounds in the oils with different storage periods. Numbers in sample codes refer to sampling order during the storage 
assay followed by replication order. 

Fig. 4. Comparison of camellia oil (A3), sunflower oil (B3), linseed oil (C3) and algae oil (D3) stored for 2 days at 60 ◦C. HS-GC-IMS fingerprints of volatile sub
stances (A), score plots of the PCA (B) and sensory odor profiles (C). Numbers in sample codes refer to sampling order during the storage assay followed by 
replication order. 
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in the volatiles between the four oils (Fig. 4B). The differences between 
A3 and B3 were small, while large differences were found between C3 
(linseed oil TAG) and D4 (algae oil TAG). As shown in Fig. 4C, the fishy 
smell of D4 was by far much more intense compared to the other three 
samples. When compared to D4, C3 had the stronger smells of painty and 
rancid. Therefore, the volatile substances of the four samples stored for 
the same time were different and so were their flavors. As Shibata et al. 
(2015) reported, differences in the fatty acid composition of TAG model 
systems resulted in considerable differences in secondary oxidation 
products (volatile compounds). The number of bis-allylic sites in a PUFA 
determines its reactivity and that of its hydroperoxides in such a way 
that the more the bis-allylic sites, the more number of secondary prod
ucts will form (Miyashita et al., 2018; Wen et al., 2019). In summary, 
after 2 days of storage, the camellia oil and sunflower oil showed small 
flavor deterioration, while the linseed oil showed a strong odor of painty 
and rancid, and the algae oil exhibited a strong smell of fishy and painty. 

3.3. Evaluation of sensory profile and volatile compounds of oxidized 
DHA and stored algae oil 

As outlined above, the fatty acid composition of stored samples had 
an important effect on its odor profile. In order to explore the effect of 
DHA oxidation on the odor of algae oil, the volatile compounds of 
oxidized DHA and algae oil were analyzed by HS-GC-IMS and PCA was 

applied to analyze differences (Fig. 5). As shown by both analyses, the 
volatile compounds of DHA and algae oil exhibited large differences in 
the types and concentrations (Fig. 5A and B). Sensory data showed 
however similarities between DHA and D4 (Fig. 5C), i.e. the most 
oxidized algae oil sample, but with significant differences in the grassy 
odor, whose scores were 6.98 and 4.29 for DHA and D4, respectively. 
Therefore, the odor profiles of algae oil with different oxidation extents 
were all different from that of oxidized DHA. These results suggested 
that although oxidation of DHA was a key factor in the odor profile of 
algae oil, DHA alone was not able to form the characteristic off-flavor of 
algae oil. In this respect, Hammer and Schieberle (2013) studied the 
oxidation of DHA to reveal the compounds responsible for fishy odor. A 
set of odorants generated from autoxidized DHA elicited an intense fishy 
odor but a slight smell of green. Compared to the present study, these 
authors employed milder storage conditions (25 ◦C) that could have 
resulted in such a low oxidation of DHA to produce small amounts of the 
compounds responsible for the green odor. 

3.4. Recombination of oxidized DHA and oxidized sunflower oil 

The differences found in the odor profiles and volatile components 
between the DHA and algae samples suggested that oxidation of other 
fatty acids in the oil might be involved. In order to verify this hypothesis, 
oxidized DHA was recombined with oxidized sunflower oil to simulate 

Fig. 5. Comparison between oxidized DHA (DHA) and algae oil stored at 60 ◦C for different periods (from D0 to D4). HS-GC-IMS fingerprints of volatile substances 
(A), score plots of the PCA (B) and sensory odor profiles (C). Numbers in sample codes refer to sampling order during the storage assay followed by replication order. 

Fig. 6. Sensory odor profiles (A) and electronic nose analysis (B) of the recombination oil (DHA&B5) and algae oil stored for 2 days at 60 ◦C (D4).  
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the odor profile of algae oil. The sunflower oil was selected because the 
fatty acid composition of the recombination oil was similar to that of 
algae oil. Due to the differences in flavor found between oxidized DHA 
and oxidized sunflower oil, their combination could also help determine 
the role of oxidized DHA in the recombination oil. B4 and B5 samples 
were chosen for the recombination. Results showed that the recombi
nation with B5 resulted in a more similar odor profile to that of oxidized 
algae oil (data not shown). Therefore, B5 was the oil selected and the 
recombination oil (DHA&B5) was compared to the more oxidized algae 
sample (D4). Sensory analysis showed quite similar odor profiles, with 
very slight differences in the grassy intensity (Fig. 6A). When compared 
to DHA, the grassy score of the recombination oil was lower (5.15 versus 
6.98), whereas the fishy and painty odors were slightly enhanced. These 
results suggested synergistic effects between odorants of the two com
bined samples, i.e. DHA-derived volatiles and odor compounds pro
duced from the fatty acids of sunflower oil. 

Flavor reconstitution experiments can be considered a useful 
approach to determine the volatiles responsible for flavor in foods. Utz 
et al. (2021) successfully constructed the odor of dairy model systems 
with eight flavor-active compounds through aroma recombination. In 
addition, ten key aroma-active compounds identified in black garlic 
were recombined to successfully simulate its aroma profile (Yang, Song, 
Wang, & Jing, 2019). Similarly, Xu et al. (2021) were also successful in 
simulating the odor of French fries and frying soybean oil with key 
aroma-active compounds using aroma recombination experiments. The 
recombination of compounds presenting different odors can produce the 
odor of a given sample through a synthetic effect of odorants. Besides, a 
masking effect between odor compounds can also be involved. In this 
regard, camelina oil has shown a masking effect on the ‘fishy’ odor when 
blending with fish oils (Eidhin & O’Beirne, 2010). Therefore, the results 
of the present study suggested that the mixture of odorants in oxidized 
DHA and oxidized sunflower oil may have produced a synthetic effect. 
For determining which chemicals are responsible for fishy malodors, 
Marsili and Laskonis (2014) recombined heptanal and (E,Z)-3,5-octa
dien-2-one, showing that odorant synergy effects of these two com
pounds caused the fishy malodors in algae oils. A defined ratio of trans-4, 
5-epoxy-(E,Z)-2,7-decadienal, (Z)-1,5-octadien-3-one, (Z)-3-hexenal, (Z, 

Z)-2,5-octadienal, (Z,Z)-3,6-nonadienal, and (E,E,Z)-2,4,6-nonatrienal 
has been reported to be necessary to generate the fishy off-flavor in 
standard PUFAs, which might also be related to odorant synergistic 
effects (Hammer & Schieberle, 2013). 

In order to further verify that the smell of the recombination oil was 
similar to that of oxidized algae oil (D4), a triangle test and an electronic 
nose analysis were performed. Results showed that only 5 out of 16 
panelists provided correct answers (p > 0.05) in the triangle test 
(Roessler, Pangborn, Sidel, & Stone, 1978), indicating that the recom
bined oil did not have an aroma significantly different from that of D4 
(Table 2S). Accordingly, differences between the recombined oil and D4 
could not be distinguished, verifying the smell similarity between the 
two oils. Fig. 6B illustrates the results of the electronic nose analysis. 
Fourteen metal oxide semiconductors (MOS) could provide selectivity 
towards 14 kinds of volatile compounds. The recombination oil and D4 
showed similarities in all of these 14 kinds of volatiles. Overall, these 
results also indicated that synergistic effects of odorants might have 
occurred between the odorants of oxidized DHA and oxidized sunflower 
oil to produce a similar odor profile to that of algae oil. 

3.5. Identification of differential volatile compounds between the 
recombination oil and oxidized algae oil (D4) 

Although the odor of the recombination oil was similar to that of 
algae oil (D4), small differences in the volatile compounds were 
observed (Fig. 7A and B). Therefore, it was necessary to explore the 
compounds that might have been involved in the subtle differences in 
the odor profiles. An orthogonal partial least squares discriminant 
analysis (OPLS-DA) was applied. This is a supervised chemometric 
method for data mining, which could overcome the limitations of factors 
such as environment and systematic errors affecting data accuracy in 
actual operation. OPLS-DA provides good discrimination ability for 
distinguishing different groups, especially those with large intergroup 
differences (Xu et al., 2020). The score plot of the OPLS-DA model 
applied in the present study is shown in Fig. 7B, where the R2X, R2Y and 
Q2 values were 0.779, 0.994, and 0.987, respectively, representing high 
fit goodness and prediction ability. The robustness of the OPLS-DA 

Fig. 7. HS-GC-MS fingerprints of the recombination oil (DHA&B5) and oxidized algae oil (D4) (A). Score plots of the OPLS-DA model (R2X = 0.779, R2Y = 0.994, Q2 

= 0.987) (B). Variable importance in the projection (VIP) plot of the independent OPLS-DA model (C). S-plot of the OPLS-DA model (D). Loading plot with jack- 
knifed confidence intervals (E). 
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model was evaluated using permutation tests. The results were shown in 
Fig. 3S. The R2 and Q2 of 200 times permutation tests were 0.052 and 
− 0.514, respectively. According to Qu et al. (2018) and Song et al. 
(2021), the negative value obtained for Q2 (− 0.514) was indicative of 
sufficient ruggedness. Differential volatile compounds were identified 
from results of Fig. 7C, D and E that show the filtration parameters. 
According to other studies (Jiang et al., 2021; Song et al., 2021), values 
higher than 1.0 for the variable importance in the projection (VIP) of 
PLS-DA (Fig. 7C) and values higher than 0.8 for |p(corr)| in the S-plot 
(Fig. 7D) were selected. In addition, those samples with jack-knifed 
confidence intervals including zero were removed (Fig. 7E). Statistical 
significance was characterized by a fold change of 2.5 (ratio >2.5 or <
0.4) and p < 0.05 (Jiang et al., 2021; Song et al., 2021). With these 
selected parameters, 5 flavor compounds were finally filtered out. The 
information on the identified differential volatile compounds between 
the recombination oil and D4 is shown in Table 1. The fold change value 
represented a multiple of the difference in the volatile compound con
centration between the two oils. The concentration of 2-ethylfuran 
showed the largest difference in concentration between the two oils. 
However, the odor threshold of this compound is high (8 mg/kg in 
cottonseed oil), leading to a small influence on the odor. Methyl dec
anoate and ethyl heptanoate also showed high values of fold change, but 
their odor thresholds have only been reported in water (van Gemert, 
2011). 

4. Conclusions 

A recombination between oxidized samples of DHA and sunflower oil 
was adopted to simulate the odor profile of algae oil, which was the first 
time to study the formation mechanism of algae oil flavor from the 
perspective of fatty acid oxidation. The recombination oil showed a 
similar odor profile to that of oxidized algae oil and revealed that 
oxidation of DHA is key in the flavor deterioration of algae oil and that 
oxidation of oleic, linoleic and linolenic acid are also involved. The 
constructed off-flavor of algae oil was a consequence of a synthetic effect 
between odorants from oxidized DHA and oxidized oleic, linoleic and 
linolenic acid. The analytical approach of the present study has 
demonstrated its capability of identifying key volatiles and also differ
ential volatile components between samples with similar odor profiles. 
Thus, it can be an essential tool in further studies aimed at improving the 
odor quality of algae oil by removing specific volatiles in a targeted 
fashion. 
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