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Penaeus vannamei is one the most notable 
farmed shrimp species in China, which is a global 
leader in shrimp production [1]. Shrimp spoilage 
occurs rapidly after capturing due to the delicate 
tissue structure, the substantial microbiological 
load of fresh shrimps and the high moisture con-
tent. Therefore, preservation methods must be 
employed [2]. Drying is one of the best methods 
for preserving shrimp, with a long history and ma-
ture technology. The uniquely pleasant aroma and 
extended shelf-life are the main attractions for 
customers [3]. The aroma of dried shrimp is de-

rived from a combination of volatile components. 
Gas chromatography-mass spectrometry (GC-MS) 
is the most widely used method for detecting the 
volatile compounds of dried shrimp [4]. Typically, 
aroma-active compounds (AAC) are volatile com-
pounds with an odour activity value (OAV) greater 
than 1, where OAV is the ratio of their content to 
the odour threshold values [5]. AAC in hot air-
dried shrimp was found to include mainly 3-ethyl-
2,5-dimethylpyrazine, 2-ethyl-5-methylpyrazine, 
2,5-dimethylpyrazine, 2-acetyl-1-pyrroline, 1-oc-
ten-3-ol, benzaldehyde, 3-methylbutyraldehyde, 
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plex, so it is difficult to determine precisely the 
correlation between aroma precursors and AAC. 
Developing a  thermal reaction model or isotopic 
model to investigate these complex and interre-
lated reaction pathways was used previously [13]. 
Isotopic model studies investigated the forma-
tion pathways of crucial aroma compounds in 
meat aroma [14, 15]. However, there are many 
precursor substances involved in food aroma for-
mation. The isotopic model is challenged to label 
each precursor and is expensive. Building a  ther-
mal response model system seems a  more effec-
tive choice. A  Maillard reaction system model 
has been widely used to investigate the relation-
ship between amino acids, sugars and volatile 
compounds such as pyrazine formation [16, 17]. 
However, developing reaction systems to track the 
contribution of aroma precursors to the formation 
of AAC within the hot-air-dried shrimp has not yet 
been reported. 

The study firstly aimed to determine the AAC 
in dried shrimp using AEDA. Secondly, a  reac-
tion model system was constructed considering 
combinations of amino acids (Lys, Arg, Phe, Leu 
and Ile), reducing sugars (d-glucose, d-galactose 
and d-arabinose) and lipids. The formation status 
and content of AAC in dried shrimp in each model 
were examined using GC-MS. Finally, the rela-
tionship between aroma precursors and AAC of 
dried shrimp was intuitively analysed.

Materials and methods

Chemicals
l-Lys, l-Arg, l-Phe, l-Leu and l-Ile (biolo

gical reagent grade) and 2-ethyl-3,6-dimethyl-
pyrazine (GC grade, ≥ 97.0  %) were obtained 
from Shanghai Yuanye Bio-Technology (Shanghai, 
China). d-glucose (GLU), d-galactose (GAL) 
and d-arabinose (ARA; all biological reagent 
grade), 3-methylbutanal (GC grade, ≥ 98.0  %) 
and pentanal (GC grade, ≥ 98.0  %) were from 
Shanghai Macklin Biochemical Technology 
(Shanghai, China). Chloroform and methanol 
(analytical grade) were obtained from Xilong 
Scientific (Shantou, China). Nonanoic acid methyl 
ester (GC grade, ≥ 99.0  %), 2-ethyl-5-methylpyra
zine (GC grade, ≥ 98.0  %), 2,5-dimethylpyrazine 
(GC grade, ≥ 98.0  %), 2,3,5-trimethylpyrazine 
(GC grade, ≥ 99.0  %), 2,6-dimethylpyrazine (GC 
grade, ≥ 98.0  %), tetramethylpyrazine (GC grade, 
≥ 98.0  %), 2,3-dimethylpyrazine (GC grade, 
≥ 99.0  %), 2-acetyl-3-methylpyrazine (GC grade, 
≥ 99.0  %), benzaldehyde (GC grade, ≥ 99.0  %), 
2-octanone (GC grade, ≥ 98.0  %), 2-nonanone 

2-methylbutyraldehyde and trimethylamine [6]. 
However, it is impractical to obtain the threshold 
values for each volatile compound. That method 
also neglects the sensory properties of the samples 
and cannot accurately determine the impact of 
a  single AAC on the overall sensory experience 
of dried shrimp. The gas chromatography-olfacto
metry (GC-O) technique is a  powerful analyti-
cal method that combines GC with an olfacto
meter to analyse volatile compounds in samples, 
leveraging the strengths of both instrumental 
precision and human senses [7]. The GC-O ana-
lytical method can precisely investigate the con-
tribution of a  single AAC to the overall sample’s 
odour. Aroma extract dilution analysis (AEDA) is 
an odour analysis method used with GC-O, which 
can effectively screen and identify AAC in food 
[8]. It has been applied in rice, fish, fruit, beef and 
mushroom [9], but less research has been done re-
garding AAC of dried shrimp.

AAC in dried shrimp are primarily generated 
by the Maillard reaction, lipid oxidation, and lipid-
Maillard interaction reaction during drying [10]. 
During the thermal processing of food, lipid oxida-
tion and Maillard reaction coincide. Their reaction 
courses can be modified by varying the reactants, 
intermediates and products to generate diverse 
AAC. Various aroma precursors in raw shrimp, 
including various amino acids, reducing sugars 
and lipids, can participate in these reactions. 
Targeted regulation of the formation of AAC in 
dried shrimp could help optimize and understand 
the process, improve the quality and provide 
the reference for production technology [11]. 
However, due to the diversity of aroma precursors 
and the complexity of the reaction pathways, it is 
challenging to target and regulate the formation 
of AAC in dried shrimp. In order to effectively 
regulate the formation of AAC, it is necessary to 
study the correlation between aroma precursors 
and AAC of dried shrimp, whether the component 
is an aroma precursor or plays a  role in promot-
ing AAC formation. Previous research compared 
the variations in AAC types and contents in dried 
shrimp when either amino acids were added to 
raw shrimp [6], or lipids removed [12]. Results of 
those studies showed that amino acids (Lys, Arg, 
Phe, Leu and Ile) and lipids had significant impact 
on AAC formation in the hot-air-dried shrimp. 
Additionally, some AAC were influenced by mul-
tiple precursors, with Lys, Arg and lipids contri
buting significantly to the formation of pyrazines. 
However, correlations with AAC formation in 
dried shrimp have not been systematically investi-
gated and reported.

The generation of food aroma is highly com-
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(GC grade, ≥ 99.0  %), 1-octen-3-ol (GC grade, 
≥ 98.0  %) and 2-acetyl-1-pyrroline (GC grade, 
≥ 98.0  %) were obtained from Sigma-Aldrich 
Chemical (St. Louis, Missouri, USA). 

Preparation of samples
The sample preparation was conducted 

according to the method of Zhang et al. [18]. 
Fresh shrimps (Penaeus vannamei) with an average 
weight of 20.0 g were purchased at a local market 
in Zhanjiang City, Guangdong Province, China 
in August 2022. The well-blended raw shrimps 
were applied to the glass plate with a 1 mm thick 
coating. The glass plates were placed in an elec-
tric thermostatic blast furnace Eyela NDO-710 
(Tokyo Rikakikai, Tokyo, Japan) with the internal 
temperature maintained at 85 °C. Samples with 
a moisture content of approximately 8 % were ob-
tained, stored at –18 °C, and used within 3 days of 
preparation.

Total lipid extraction
Total lipid extraction was performed according 

to the method of Folch et al. [19]. An amount of 

20 g of fresh shrimps were blended with 400 ml of 
chloroform-methanol (2 : 1, v/v) and then homo
genized. The homogenate solution was kept at 
4  °C for 24 h and then filtered through qualita-
tive filter paper 102 (General Electric Biotech
nology, Hangzhou, China). The filtrate was added 
to an equal volume of 0.03 mol·l-1 MgCl2 solution, 
shaken and allowed to stand for 1 h for separa-
tion into aqueous and organic phases. The organic 
phases were withdrawn and concentrated by high-
throughput vacuum parallel concentrator (RayKol 
Group, Xiamen, China) to obtain the total lipid 
(TL) fraction.

Construction of the reaction model
The reaction model was constructed according 

to the preparation method of hot-air drying shrimp 
[6]. Each reactant was mixed with 8.0 ml of phos-
phate buffer (0.2 mol·l-1, pH 7.2) in a 40-ml bottle, 
which was then placed into an electric thermostat 
blast oven Eyela NDO-700 (Tokyo Rikakikai) at 
85 °C for 5 h, followed by cooling in an ice bath for 
3 min. The composition and the amounts of reac-
tants added are shown in Tab. 1. The types of ami-

Tab. 1. Composition of models and added amounts of reactants.

Reaction model name
Lys Arg Phe Leu Ile GLU GAL ARA TL

[g]

Blank models SAA Lys 0.122 0 0 0 0 0 0 0 0

Arg 0 0.136 0 0 0 0 0 0 0

Phe 0 0 0.061 0 0 0 0 0 0

Leu 0 0 0 0.123 0 0 0 0 0

Ile 0 0 0 0 0.063 0 0 0 0

SSU GLU 0 0 0 0 0 0.014 0 0 0

GAL 0 0 0 0 0 0 0.004 0 0

ARA 0 0 0 0 0 0 0 0.008 0

MAA 0.122 0.136 0.061 0.123 0.063 0 0 0 0

MSU 0 0 0 0 0 0.012 0.004 0.008 0

TL + MAA 0.122 0.136 0.061 0.123 0.063 0 0 0 0.181

TL + MSU 0 0 0 0 0 0.012 0.004 0.008 0.181

Maillard reaction models SAA + MSU Lys + MSU 0.122 0 0 0 0 0.012 0.004 0.008 0

Arg + MSU 0 0.136 0 0 0 0.012 0.004 0.008 0

Phe + MSU 0 0 0.061 0 0 0.012 0.004 0.008 0

Leu + MSU 0 0 0 0.123 0 0.012 0.004 0.008 0

Ile + MSU 0 0 0 0 0.063 0.012 0.004 0.008 0

SSU + MAA GLU + MAA 0.122 0.136 0.061 0.123 0.063 0.012 0 0 0

GAL + MAA 0.122 0.136 0.061 0.123 0.063 0 0.004 0 0

ARA + MAA 0.122 0.136 0.061 0.123 0.063 0 0 0.008 0

MAA + MSU 0.122 0.136 0.061 0.123 0.063 0.012 0.004 0.008 0

Lipid oxidation model TL 0 0 0 0 0 0 0 0 0.181

Interaction reaction model TL + MAA + MSU 0.122 0.136 0.061 0.123 0.063 0.012 0.004 0.008 0.181

SSA – single amino acid, SSU – single sugar, MAA – mixed amino acid, MSU – mixed sugar, TL – total lipid, GLU – d-glucose, 
GAL – d-galactose, ARA – d-arabinose.
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no acids and sugars were identified by the method 
used in the previous studies [6]. The amounts of 
each reactant were added and the reaction pH was 
adjusted at the composition ratios and pH of the 
fresh shrimp samples, respectively.

HS-SPME-GC-MS analysis 
Headspace solid-phase microextraction 

(HS-SPME) coupled to GC-MS of vola-
tile compounds were performed according to 
Zhang et al. [6]. A  volume of 2 μl of the inter-
nal standard solution (nonanoic acid methyl 
ester, 0.0400 g·l-1 in methanol) was added to each 
sample. The bottle was sealed using a  screw cap 
with a  polytetrafluoroethylene-silicon spacer with 
a 50/30 μm divinylbenzene/carboxen/polydimethyl-
siloxane SPME needle inserted (1 cm, 50/30 µm; 
Supelco, Bellefonte, Pennsylvania, USA) with the 
fibre outstretched. The volatile compounds were 
then absorbed for 35 min while the water bath 
was maintained at 60 °C. The SPME needle was 
subsequently inserted into the injector port of the 
gas chromatograph to desorb volatiles at 240  °C 
for 5  min. The volatile compounds were detect-
ed by a  TQ8050NX GC-MS system (Shimadzu, 
Tokyo, Japan). Separated was achieved using an 
Inert Cap Pure-Wax capillary column (30  m  × 
0.25  mm, 0.25 µ m film thickness; Shimadzu). 
Helium (99.999% purity) was used as the carrier 
gas at a flow rate of 1.0 ml·min-1. The heating pro-
gramme of the column was as follows: 40 °C for 
3 min; increase to 100 °C at a  rate of 4 °C·min-1; 
hold for 2 min; increase to 230 °C at a  rate of 
8 °C·min-1; hold for 5 min. The temperature of the 
ion source was 230 °C and the electron ionization 
energy was 70 eV. Full scan mode was used across 
the m/z range of 33–550 amu.

GC-O analysis 
An amount of 2.00 g dried shrimp sample 

was accurately weighed into a  40 ml headspace 
bottle. The extraction of odours by SPME and 
analysis conditions by GC-O-MS was the same 
as those described in the previous paragraph on 
HS-SPME-GC-MS. The end effluent from the 
capillary column flowed into the MS and olfactory 
detector OP275 Pro II (GL Sciences, Saitama, 
Japan) at a  split ratio of 1 : 1. The temperature 
of the outlet of the olfactometer and transfer line 
were 230 °C and 250 °C, respectively. High-purity 
nitrogen (99.99 %; Zhanjiang Xiqiang Industrial 
Gas, Zhanjiang, China) was used as the auxiliary 
gas in the sniffing process.

Aroma extract dilution analysis 
AEDA was performed based on the method of 

Chen et al. [20], with appropriate improvements. 
The flavour dilution (FD) factor of each com-
pound was determined. The dilution was achieved 
by adjusting the GC injection split ratio to 1 : 3n 
(n = 1, 2, … 9), yielding a  maximum dilution 
factor of 729. The GC-O analysis was carried out 
by 3 well-trained panelists. Sniffing at all dilution 
levels was repeated twice and data were only re-
corded for aroma compounds perceived by at least 
two panelists at the same retention time. The FD 
factor of each compound represents the maximum 
dilution at which the odorant can be perceived.

Volatile compounds identification analysis
Identification of the volatile compounds 

was based on comparing the MS fragmentation 
pattern of each compound with that in the NIST05 
(National Institute of Standards and Technology, 
Gaithersburg, Maryland, USA) and Wiley07 (Pali-
sade Corporation, New York, New York, USA) 
databases, with a  requirement of a  match degree 
greater than 80 %, and based on comparing reten-
tion indices. Aroma compounds with FD factors 
greater than 27 were further identified by compar-
ing their MS data with those of the corresponding 
standard compounds.

Volatile compounds quantification
The content of each volatile compound was de-

termined by the ratio of the peak area to the inter-
nal standard peak area under comparable GC-MS 
conditions. The content of each volatile compound 
was calculated using the following Eq. 1 [6]: 

𝐶𝐶𝑖𝑖 =
𝐴𝐴𝑖𝑖 × 𝐶𝐶𝑠𝑠
𝐴𝐴𝑠𝑠

 	 (1)

where Ci is the content of the volatile compound 
detected in the sample, Ai is the compound peak 
area, Cs is the content of nonanoic acid methyl 
ester and As is the peak area of nonanoic acid 
methyl ester. 

On the basis of identification and semi-quan-
tification, aroma compounds with FD factors 
greater than 27 were quantified using calibration 
curves constructed from the odourless matrix of 
dried shrimp with varying contents of standards 
[21]. Specifically, standard solutions of various 
concentrations (0.0050 g·l-1 to 0.2000 g·l-1) were 
prepared in methanol and 2 μl of the standard so-
lution was added to 2 g of odourless matrix along 
with nonanoic acid methyl ester (2 μl, 0.0400 g·l-1 

in methanol). The peak areas of the standards 
and nonanoic acid methyl ester were obtained by 
HS-SPME-GC-MS as described previously. The 
standard curves were constructed by plotting the 
ratio of the peak area of the reference compound 
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to that of the internal standard against their con-
tent ratio. All analyses were conducted in tripli-
cate.

Statistical analysis
All experiments were carried out in triplicate 

and the data were expressed as mean ± standard 
deviation. The mean values were compared via 
one-way analysis of variance (post hoc test accord-
ing to Tukey, two-tailed) using SPSS 23 software 
(IBM, Armonk, New York, USA) to test the sig-
nificance of the differences (P < 0.05).

Results and discussion

Aroma active compounds in dried shrimp
Contribution of various aroma-active com-

pounds to the overall aroma of dried shrimp was 
analysed using AEDA. In general, compounds 
with high FD factors contribute more to the 
overall aroma characteristic of a sample. As shown 
in Tab. 2, 27 types of AAC were identified in the 
dried shrimp, including 13 pyrazines, 5 aldehydes, 
5 ketones, 2 alcohols and 2 N-containing com-
pounds. Most of these volatile compounds have 
been previously reported in several shrimp species 
[18, 22].

Among AAC, 6 compounds were found to have 
markedly higher FD values (FD ≥ 243). These 
compounds contributed aroma notes described 
as roasted nutty (2-ethyl-3,6-dimethylpyrazine), 
coffee bean (2-ethyl-5-methylpyrazine), roasted 
cocoa (2,5-dimethylpyrazine), roasted (2,3,5-tri-
methylpyrazine), nutty (2,6-dimethylpyrazine) and 
fishy (trimethylamine). These compounds, as po-
tent odourants, played a crucial role in the aroma 
of dried shrimp. 

With FD values ranging from 27 to 81, 10 com-
pounds made medium contribution to the overall 
aroma of dried shrimp. These compounds were 
2,3-dimethylpyrazine, 2-acetyl-3-methylpyrazine, 
tetramethylpyrazine, 3-methylbutanal, benzalde-
hyde, pentanal, 2-octanone, 2-nonanone, 1-octen-
3-ol and 2-acetyl-1-pyrroline. They may contribute 
to the overall aroma of dried shrimp, especially 
providing roasted nutty, coffee, chocolate, bitter 
almond, fruity, earthy, mushroom and popcorn 
notes. 

The 16 volatile compounds with FD ≥ 27 
were identified as key aroma compounds of 
dried shrimp in subsequent recombination and 
omission experiments (data not shown). Further, 
11 compounds with FD values of 1 ≤ FD ≤ 9 were 
identified. Although their FD factor was low 
and probably had a  relatively little effect on the 

aroma of dried shrimp, they may contribute to the 
complex background aroma with their green, cara
mellic, fruity and floral notes. 

Pyrazines 
Pyrazines, as a  group of volatile heterocyclic 

nitrogen-containing compounds, are low-odour-
threshold volatile compounds in dried shrimp 
products and are considered a  crucial flavour 
compound in the constitution of the characteristic 
aroma of dried shrimp [23]. Thirteen pyrazines 
were detected by smell in dried shrimp using 
GC-O. They accounted for almost half of 27 AAC. 
Among them, the FD factors of 5 pyrazine AACs 
were greater than 243. Their characteristic sen-
sory impacts were generally described as desirable 
and favourable baked, roasted and nutty flavours 
[24]. The dried shrimp was commonly described 
as possessing roasted nutty aroma and pyrazines 
were identified as crucial aroma-active compounds 
of dried shrimp [18]. The mechanism of pyrazine 
generation is understood, being proposed based 
on experimental studies and computational model 
chemical simulations [25]. The nitrogen atoms of 
the pyrazine backbone are all derived from amino 
compounds. However, there are differences in the 
type and content of amino acids in different food 
matrices, affecting the formation of pyrazines [6]. 
In this study, amino acids in the reaction model 
were added according to their contents in raw 
shrimp. The drying conditions of dried shrimp 
were simulated to track the actual effect of amino 
acids on the formation of aroma-active com-
pounds in dried shrimp.

The single amino acid (SAA), single sugar 
(SSU), mixed sugar (MSU) and mixed amino 
acid (MAA) models did not contain any pyra-
zines (Tab.  S1 in supplementary data), indicat-
ing that amino acids or sugars alone could not 
produce pyrazines. Pyrazines were all detected 
in the Maillard reaction models of single amino 
acid with mixed sugar (SAA + MSU), single 
sugar with mixed amino acids (SSU + MAA) 
and in mixed amino acids with mixed sugar 
(MAA + MSU) and their content is illustrated 
on Fig. 1A, 1B, 1C and 1E. They were produced 
by reactions between amino acids and sugars in 
Maillard reaction, specifically between thermally 
induced carbohydrate degradation products and 
Strecker products of amino acids [26]. 

In the SAA + MSU models (Fig. 1A, 1B), 
13 pyrazine AAC were detected in both the 
Maillard reaction models of Lys with mixed 
sugar (Lys + MSU) and in Arg with mixed 
sugar (Arg + MSU) with total contents of 
594 ± 25.7 µg·kg-1 and 594 ± 41.9 µg·kg-1, respec-
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Fig. 1. Contents of pyrazine aroma-active compounds in the various models.

A – Maillard reaction models of Lys or Arg with mixed sugar, B – Maillard reaction models of Phe, Ile or Leu with mixed sugar, 
C – Maillard reaction models of glucose, galactose or arabinose with mixed amino acid, D – blank model of mixed amino acid 
or mixed sugar with total lipid, and lipid oxidation model, E – Maillard reaction model of mixed amino acid with mixed sugar, 
and interaction reaction model. 
MAA – mixed amino acid, MSU – mixed sugar, TL – total lipid, GLU – d-glucose, GAL – d-galactose, ARA – d-arabinose.
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tively. Only 5 pyrazine AAC were identified in the 
Maillard reaction models of Phe with mixed sugar 
(Phe + MSU), Leu with mixed sugar (Leu + MSU) 
and in Ile with mixed sugar (Ile + MSU), which 
were 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, 
2-acetyl-3-methylpyrazine, 2-ethyl-3,6-dimethyl
pyrazine and 2-acetylpyrazine, with total con-
tents of 35 ± 7.4 µg·kg-1, 13 ± 3.3 µg·kg-1 and 
18 ± 3.3 µg·kg-1, respectively. The types and con-
tent of pyrazines were significantly higher in the 
Lys + MSU and the Arg + MSU models than in 
the other three models (Phe + MSU, Leu + MSU 
and Ile + MSU), suggesting a  strong dependence 
of pyrazines formation on the type of amino acid. 
Such selective AAC enhancement indicates that 
Lys and Arg play a more important role than Phe, 
Leu and Ile in forming pyrazine AAC in dried 
shrimp. This outcome infers that Lys and Arg 
are the primary amino precursors for these AAC. 
This is consistent with reports that pyrazine levels 
increased when Lys and Arg were added to raw 
shrimps before drying [6]. The molecular struc-
tures of amino acids could be a  significant deter-
mining factor for the rate of Maillard reaction. 
Lys has one more non-ionized amino group, which 
could readily catalyse the sugar fragmentation 
to precede the Strecker degradation and contri
bute to generation of pyrazines [16]. Geng et al. 
[27] reported that Arg plays a crucial role in the 
Maillard reaction in dried squid meat. Lys and Arg 
contain more than one nitrogen atom and provide 
a weakly alkaline environment, which can contri
bute to the formation of pyrazines [28].

In the SSU + MAA models (Fig.  1C), the 
type and content of pyrazine formed did not 
strongly correlate with the sugar type. However, 
their contribution to pyrazine AAC formation 
was inconsistent among the sugars involved. The 
largest number of pyrazine species and levels were 
detected in the Maillard reaction models of GLU 
with mixed amino acid (GLU + MAA). Here, 
13 entities with a total content of 569 ± 60.0 µg·kg-1 
were 1.57 and 1.30 times higher than those of the 
Maillard reaction models of ARA with mixed ami-
no acid (ARA + MAA) and GAL with mixed ami-
no acid (GAL + MAA), respectively. Therefore, 
glucose was identified as the substantial carbon-
based contributor to pyrazine formation in dried 
shrimp. Most of the pyrazine AAC were generated 
in dried shrimp by the Maillard reaction involving 
Lys, Arg and GLU.

In the TL model (Fig. 1D), only 2,5-dimethyl
pyrazine was detected, possibly due to a  trace 
amount of amino acid and sugar residuals that re-
mained after the lipid extraction procedure. In the 
blank model of mixed amino acid with total lipid 

and mixed sugar with total lipid (TL + MAA and 
TL + MSU), the content of 2,5-dimethylpyrazine 
did not increase significantly, so TL could not pro-
duce pyrazine with MAA or MSU. 

In the interaction model (TL + MAA + MSU, 
Fig. 1E), the total pyrazine content signifi-
cantly increased 1.48-fold compared with the 
MAA + MSU models, but the total number of de-
tected pyrazines only increased by 2 types. Among 
them, 2,3,5-trimethylpyrazine, 2,5-dimethyl
pyrazine and 2-ethyl-3,6-dimethylpyrazine had 
the highest content. Lipids also undergo chemical 
reaction to form aroma-active compounds during 
the Maillard reaction [29]. The data suggest a hy-
pothesis that pyrazines in the dried shrimps are 
produced through Maillard reaction between 
GLU and Lys or Arg, with lipids mainly playing 
a role in augmenting the reaction. 

Aldehydes 
Aldehydes have a low odour threshold and are 

essential aroma-active compounds in dried shrimp 
products [22, 30]. A  total of five aldehyde AAC 
were identified in dried shrimp, namely, benzal-
dehyde, 3-methylbutyraldehyde, 2-methylbutyral-
dehyde, hexanal and pentanal. Aldehydes are pro-
duced from lipids and by the Strecker reaction of 
amino acids [30, 31]. Aldehydes produced by these 
two pathways were readily observed in the TL and 
MAA + MSU models (Fig. 2D, 2E). 

Benzaldehyde and 3-methylbutanal were 
identified in the Phe and Leu models (Fig. 2F). 
These compounds provide almond and chocolate 
notes and are commonly detected in processed 
meat products [32, 33]. In the Phe + MSU and 
Leu + MSU models (Fig. 2B), the contents of 
benzaldehyde and 3-methylbutanal were sig-
nificantly increased by 4.80 and 12.12 times com-
pared with the Phe and Leu models, respectively. 
Although a  single amino acid could generate 
the corresponding aldehydes under heating, 
the reaction between amino acids and sugars 
could further increase the contents of these 
aldehydes. In the Ile + MSU model, the aldehyde 
with the highest content was 2-methylbutanal 
(231 ± 22.1 µg·kg-1), being formed by the Strecker 
degradation of Ile [34]. In the SSU + MAA 
models (Fig. 2C), the content of benzaldehyde 
was the highest in the ARA + MAA model, while 
the contents of 3-methylbutanal and 2-methylbu-
tanal were the highest in the GLU + MAA model. 
Aldehydes were not detected in the Lys + MSU 
and Arg + MSU models (Fig. 2A), possibly due to 
no production or degradation reactions [35]. 

In the TL model (Fig. 2D), some aldehydes 
from thermal degradation of lipids were detected. 



Zhang, Z. et al.	 J. Food Nutr. Res., Vol. 63, 2024, pp. 122–135

130

Pentanal and hexanal were important aroma-
active ingredients detected in the dried shrimps, 
mainly providing fruity and grassy aroma. Hexanal 
is derived from oleic acid autooxidation [18, 36]. 
Pentanal was previously found to be the most 
abundant aldehyde in boiled shrimps, and its for-
mation was related to the thermal decomposi-
tion of linoleic acid hydroperoxide [22]. However, 
the TL + MAA and TL + MSU models did not 
contain these two aldehydes. Compared to the 
MAA + MSU model (Fig. 2E), Strecker aldehyde 
contents significantly increased by 3.61 times in 
the TL + MAA + MSU model, indicating that TL 
promoted the formation of these aldehydes. Com-
bined with these results, Phe, Leu and Ile were the 
amino acid precursors for benzaldehyde, 3-methyl

butanal and 2-methylbutanal, respectively. GLU, 
GAL and ARA were their carbonyl precursors, 
but GLU contributed the most to the aldehyde 
formation. Lipids were the precursor for pentanal 
and hexanal, promoting the formation of Strecker 
aldehydes.

Ketones
Five ketone AAC were detected using 

GC-O  analysis in dried shrimp, including 2-oc-
tanone, 2-nonanone, 2-heptanone, 2-decanone and 
2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-
4-one. Their FD factors were small. Ketones 
are products of lipids oxidation [37]. Four ke-
tones were identified in the TL model (Fig. 3D). 
Among them, 2-octanone and 2-heptanone were 
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Fig. 2. Contents of aldehyde aroma-active compounds in the various models.

A – Maillard reaction models of Lys or Arg with mixed sugar, B – Maillard reaction models of Phe, Ile or Leu with mixed sugar, 
C – Maillard reaction models of glucose, galactose or arabinose with mixed amino acid, D – blank model of mixed amino acid 
or mixed sugar with total lipid, and lipid oxidation model, E – Maillard reaction model of mixed amino acid with mixed sugar, and 
interaction reaction model, F – blank model of Leu, Phe and mixed amino acid. 
MAA – mixed amino acid, MSU – mixed sugar, TL – total lipid, GLU – d-glucose, GAL – d-galactose, ARA – d-arabinose.
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previously reported as AAC in shrimps with green, 
grassy, vegetable and fruity notes [18]. Their for-
mation follows the pathway where fatty acids are 
first oxidized into α-ketoacids in the process of 
β-oxidation, which are further decarboxylated 
to their corresponding methyl ketones with one 
carbon atom less. 2,3-Dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one was identified in the SSU, 
SSU + MAA and MSU models (Fig. 3A, 3B, 3C, 
3D, 3E and 3F). It is formed during carameliza-
tion from the sugar skeleton by degradation [38].

Alcohols 
Alcohols are generally considered to contri

bute little to flavour because of their high odour 
thresholds [30]. Additionally, only few types of 

alcohols were detected in dried shrimp and they 
were present at low content. 1-Octen-3-ol, an AAC 
in the dried shrimps, was only identified in the TL 
model (Fig. 4D). This alcohol has strong grassy, 
mushroom and fatty odours, and was found widely 
in aquatic products [39]. It is primarily produced 
by oxidizing linoleic and arachidonic acids. There-
fore, lipids were the precursor of 1-octen-3-ol. 

N-containing compounds 
Trimethylamine, a  substance widely occuring 

in fish, is used to indicate the freshness of aquatic 
products. During the thermal processing of aquatic 
products, the content of trimethylamine gradu-
ally increases due to the thermal decomposition 
of choline, betaine, methionine or trimethylamine 
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Fig. 3. Contents of ketone aroma-active compounds in the various models.

A – Maillard reaction models of Lys or Arg with mixed sugar, B – Maillard reaction models of Phe, Ile or Leu with mixed sugar, 
C – Maillard reaction models of glucose, galactose or arabinose with mixed amino acid, D – blank model of mixed amino acid 
or mixed sugar with total lipid, and lipid oxidation model, E – Maillard reaction model of mixed amino acid with mixed sugar, and 
interaction reaction model, F – blank model of glucose, galactose and mixed sugar. 
MAA – mixed amino acid, MSU – mixed sugar, TL – total lipid, GLU – d-glucose, GAL – d-galactose, ARA – d-arabinose.
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oxide. In this study, trimethylamine, an AAC with 
an FD factor of 729 with fishy and grassy notes, 
was detected in the Arg + MSU and Lys + MSU 
models (Fig. 4A). A  previous study found that 
adding Lys and Arg to raw shrimps significantly in-
creased trimethylamine levels in dried shrimps and 
produced dimethylamine, a  compound similar to 
trimethylamine [16]. 

2-Acetyl-1-pyrroline was another N-containing 
AAC detected in dried shrimp. It is well-known 
as one of the key volatile aroma-active com-
pounds associated with popcorn or nutty aroma. 
However, it could not be detected in all construct-
ed models. The compound is compound derived 
from the Maillard reaction, degrades rapidly after 
baking and can be oxidized to 2-acetylpyrrole. 

2-Acetylpyrrole was detected in Leu + MSU, 
Ile + MSU and Arg + MSU models (Tab. S2 in 
supplementary data).

Conclusions

A  total of 27 AAC were identified using 
AEDA in dried shrimp, including 13 pyrazines, 
5 aldehydes, 5 ketones, 2 alcohols and 2 N-con-
taining compounds, their FD factors ranging 
from 3 to 729. Among them, the FD factors of 
2-ethyl-3,6-dimethylpyrazine, 2-ethyl-5-methyl-
pyrazine, 2,5-dimethylpyrazine, 2,3,5-trimethyl
pyrazine, 2,6-dimethylpyrazine and trimethyl-
amine were greater than 243, which means that 
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Fig. 4. Contents of alcohols and N-containing aroma-active compounds in the various models.

A – Maillard reaction models of Lys or Arg with mixed sugar, B – Maillard reaction models of Phe, Ile or Leu with mixed sugar, 
C – Maillard reaction models of glucose, galactose or arabinose with mixed amino acid, D – blank model of mixed amino acid 
or mixed sugar with total lipid, and lipid oxidation model, E – Maillard reaction model of mixed amino acid with mixed sugar, 
and interaction reaction model. 
MAA – mixed amino acid, MSU – mixed sugar, TL – total lipid, GLU – d-glucose, GAL – d-galactose, ARA – d-arabinose.
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