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Multiomics reveal the flavor and compound transformation during
the fermentation process of Hakka Hongjundouzha

LIN Biaosheng'?, HUANG Yi', HU Bingbing', WEN Wenying>, LI Ying!, CHEN Xiaohong"!

1 College of Life Science, Longyan University, Longyan 364012, Fujian, China

2 Key Laboratory of Fujian Universities Preventive Veterinary Medicine and Biotechnology, Biotechnology and
Health Products Engineering Technology Research Center of Longyan University, Longyan 364012, Fujian, China

3 Quality Measurement Inspection and Testing Center of Wuping County, Wuping 364300, Fujian, China

Abstract: [Background] Hongjundouzha was a traditional delicacy unique to the Hakka region
of western Fujian. [Objective] To analyze the compound transformation and special flavor
formation during the fermentation process of the Hakka traditional fermented food Hongjundouzha.
[Methods] Analyzedthe sensory characteristics of Hongjundouzha samples collected at different
time points of fermentation. GC-MS/MS-based widely targeted metabolomics, RNA-Seq-based
transcriptomics, and Label-Free quantitative proteomics were used to analyze the flavor
composition of samples and identify the main differentially expressed genes and proteins that
affect strain fermentation. [Results] A total of 198 flavor compounds were obtained from the
samples at different time points of fermentation, mainly including (E,E)-2,4-decadienal,
(E)-2-hexenal, 1-octanol, azulene, and 2-pentylfuran. Day two of fermentation was the main period
for transcription and expression of genes involved in the fermentation with Neurospora crassa,
with the most genes involved in the fermentation process of Hongjundouzha samples. The
number of differentially expressed genes and proteins screened out was the highest (2 814 and
415, respectively) on this day. On day three of fermentation, the sample tended to become
mature, and the number of genes and proteins involved in the fermentation process was the
least, at 99 and 43, respectively. From day two to three, the strain underwent metabolism of
starch and sugars, synthesis of amino acids, and metabolism of fatty acids, which were
accompanied by a decrease in the beany smell and the production of alcohols, ketones, and
esters with special aromas, resulting in a sustainable sense of freshness (richness) and sweetness
in the sample. At the same time, the hardness, shear strength, and chewiness of the sample
increased. On day four, the Hongjundouzha sample began to produce some oils indicating food
spoilage and compounds such as chlorocyclohexane and nitrocyclohexane, causing the sample
to age and the product quality to decline. [Conclusion] This study utilized multiomics to
elucidate the composition and transformation of flavor compounds in Hakka Hongjundouzha at
different time points of fermentation from a molecular level. This can lay a foundation for
improving the fermentation efficiency and quality of Hongjundouzha, promoting the deep
processing of value-added products, and moving towards industrial production.

Keywords: Hongjundouzha; compound transformation; flavor compounds; transcriptomics;
proteomics
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Appearance morphology and mycelium scanning electron microscopy image of Hongjundouzha

samples at different fermentation times (500%). A—E: Samples from fermentation d0 to d4, respectively; F-J:
Scanning electron microscopy images of mycelium of fermented d0—d4 samples.
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Figure 2 Changes in main material components, moisture content (A), and physical property (B) of

Hongjundouzha samples at different fermentation times.
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Figure 3  Electronic tongue radar chart of Hongjundouzha samples at different fermentation times.
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Figure 4 K-means analysis of flavor substances in samples of Hongjundouzha at different fermentation times.
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Figure 5 PCA (A) and OPLS-DA (B) analysis of samples from Hongjundouzha at different fermentation

times.
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x1 TRABEFE“CHEIEHFERATENENXKIRER ST
Table 1 Statistics of main flavor substance information determined in samples of Hongjundouzha at

different fermentation times

Fre WiBsamR YR —H o326 VIP P T XRAIR
Serial ~ Material name Primary classification Sub  Flavor description
number of substances class
1 (E,E)-2,4-2% IR i3 1.61  1.83x1071 1I SRR AR
(E,E)-2,4-decadienal Aldehyde Bean flavor, citrus flavor
2 (E)-2-CL Jsfi i3 1.61  877x10% 1 GHRLR . FARR
(E)-2-hexenal Aldehyde Bean flavor, strawberry flavor
3 -7 [l 1.60  3.91x10" 1 HHFEFEK
1-octanol Acohol Citrus aroma
4 BLAE R JilE 159 423x10" IV ZEHIRIYERRE S
Azulene Aromatics The special aroma similar to
naphthalene
5 PR E Rl MG 1.59  9.86x10710 VI  EJEE
2-pentylfuran Heterocyclic compound Bean like odor
6 3-(F I AR)-2- T L 155 3.83x102 Il AR, 4B, HIRFIZYRES
3-(hydroxymethyl)-2-nonone Ketone The aroma of fruits, flowers, oils,
and herbs
7 IEFEE i3 1.55  2.79x10° X SRR BRI
Nonanal Aldehyde Bean flavor, rose fragrance
8 3-Fihk O T EY 1.55  246x10" 1 SRAUFY RLIR
3-mercaptohexanol Sulfur compounds Strong odor
9 2,3-C0 il fid 155 3.83x102 11 HAHRWYRh ., SBH. KRSk
2,3-hexanedione Ketone Has a sweet aroma of cream,
caramel, and fruit
10 TN R S EY 1.54  3.64x107 1l SR ZUF V2R
Diallyl disulphide Sulfur compounds Strong onion flavor
11 1 4-3-1 i 1.54  6.46x10" 1 FOALR, Yo Lok
1-octen-3-ol Acohol Herbal and earthy
12 JHEmR H i [ 153 337x10° I {E4F. Whl. BB, AR
Methyl laurate Ester Floral, creamy, coconut, and
mushroom aromas
13 2- L2584 JilE 153 2.08x101° 1V HHEK
2-methyl-2-decene Aromatics Citrus flavor
14 2- BRI R [ 153 2.07x10% IV ZKFEBE
2-ethylhexyl oxalate amyl ester Ester Tea aroma
15 TR 5 151 336x10° 11 R&L. BHES
Ethyl butyrate Ester Pineapple and rose aromas
16 R i 5 150 2.97x10% I EiERR
Methyl octanoate Ester Sweet orange flavor
17 1- B [l 150 9.35x10° IV HIRE, FHAE. EEREEIR
1-heptanol Acohol Strawberry, banana, mushroom
fragrance
18 AIFCLE e 150  1.82x10°°5 VI ZSMUGHD5 % Ak
3-mercaptohexanol Halogenated Similar to the suffocating odor of
hydrocarbons chloroform
19 T —BRIFIR iz 148 1.06x10* I ZKRMEBLER
Undecylenic acid Acid Fruit and rose fragrance
20 I O e TR 1.48  4.29x1072 VII  HIEPESIR

Nitro-cyclohexane

Nitrogen compounds

Pungent smell
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6 AEIAEEE“AIEIEHmRERITEEXKDRAHRETH
Figure 6 Heat map analysis of flavor compounds with significant differences in samples of Hongjundouzha
at different fermentation times.

7 AEAEBMNE“AUEIEEHREFEEA). EHB)HRIT
Figure 7  Statistical analysis of differentially expressed genes (A) and proteins (B) in samples of
Hongjundouzha at different fermentation times.
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| =0.5324 | =0.204 5 | =0.474 5

log, FC (protein)
<

log, FC (protein)
=]

log, FC (protein)
(=]

2 a0 1 2 2 10 1 2 2 a0 1 2

8 ERTEEASHEMEERMBXMMIARMKRE A: d2vs dl; B: d3vs d2; C: d4vs d3. [
N EZET . WEFEAIKCON 1-6 K38, £1558R 3, 4 KA Q value RNA<0.05., P value protein<0.05
B 2R RN 1.2, 5. 6 X3 Q value RNA<0.05., P value protein<0.05, H. log> FC (protein)Zfi X {E>1
A KRR 4 X Q value RNA>0.05, P value protein>0.05, H. logy FC (protein)Zi X {H <1 AY &5 .

Figure 8 Nine quadrant diagram of the correlation between differentially expressed proteins and their
corresponding genes. A: d2 vs. d1; B: d3 vs. d2; C: d4 vs. d3. In the figure, from top to bottom and from left
to right, there are regions 1—6. The red dots represent the points in regions 3 and 4 where Q value RNA<0.05 and
P value protein<0.05 are located; Green dots indicate points in regions 1, 2, 5, and 6 where Q value RNA<0.05,
P value protein<0.05, and log, FC (protein) absolute value>1; The gray areas are the points where Q

value RNA>0.05, P value protein>0.05, and log, FC (protein) absolute value<1 in each region.

K2 ERREEBAS mRNA RIEETUXER

Table 2 Relationship between differentially expressed proteins and changes in mRNA expression levels

A
Expression_Cor_diff (per)

/Nt Subtotal

) A HH R
Group Expression_Cor same (per)
¥ 8 Up-regulated 4~ & Down-regulated
d2 vs. d1 170 304
d3 vs. d2 0 3
d4 vs. d3 59 15

474 76
3 3
74 33

S5 TEER . B BRE NI TFYRG
B AR AL A RIS B, AR PG
TG FEAE TR A S rope U, XA
Y ARG B>, d3 vs d2 v, R
Y34 #i (biologicalprocess) 3 % % B /KA &
YA 72 (carbohydrate metabolic process), (43
FII6E molecularfunction) A 7K fifE BTGP, 7K
O-Pi b &% (hydrolase activity. hydrolyzing
O-glycosyl compounds) . /KB, 75 H T4
FEH# (hydrolase activity | acting on glycosyl bonds)
F1 £ B4k & (polysaccharide binding), #BH d3 vs.

d2 B 1 5 O | 2R 4 AR O 5L IR 1) Be IS
B3R, WK KiES SH NG BN
A R AelE s, d4vs. d3 A, A4
¥ 12 F (biologicalprocess) = 2 B M AL i 12k 2
(metabolic process), 43 F HIfE(molecularfunction)
RHEAL TG Pk (catalytic activity) . B-] 28 W BEIS
P (beta-glucosidase activity)Fl L-% 3 R E AL il
1% 14 (L-amino-acid oxidase activity), FH] d4 vs.
d3 B A S A . R AR DG R D BB
PEXGSR , WARF AR S S T & ARG 3,
e TR A . B, B K EEEE]
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*3 EFHREETUEE - BIEARNEABERREERNES

Table 3 Identified differentially expressed genes and proteins with consistent or opposite trends in
expression levels
Hi  EHES Protein name HAAZML Up/ RH%mES HEER Up/  Correlation
Group  Accession No. f&4%(log2 fold  down Gene No. 5% (log: down (P<0.05)
change) fold change)
The fold change The fold
of protein (log2 change of
fold change) gene (logz
fold change)
d2vs. Q6MGI3 Glycoside hydrolase 9.51 Up NCU00762 2.87 Up Yes
dl family 5 protein
Q75062 Chitinase 7.84 Up  NCU03209 0.73 Up Yes
Q7S324 1,3-beta glucanase 7.84 Up NCU04947 6.13 Up Yes
V5IKV9 NADP-dependent 6.25 Up NCU04823 3.68 Up Yes
alcohol dehydrogenase
C, variant
AOAOBODXQ7 Glycoside hydrolase 5.19 Up NCU06505 6.08 Up Yes
family 64 protein
d3Vvs. Q7S5Y2 L-asparaginase 4.58 Up NCU09635 0.53 Up Yes
d2 Q7S6E3 Lipase 4.50 Up NCU17267 0.98 Up Yes
V5INL1 Bric-a-Brac, Tramtrack, -—4.43 down NCU08847 0.088 Up Yes
Broad-complex (BTB)
domain-containing
protein
Q8WZU5 Chromatin 4.22 Up NCU00070 0.288 Up Yes
modification-related
protein
Q7S8G5 Arginine transporter 4.00 Up NCU07108 0.37 Up Yes
d4vs. Q7S0U1 Flavin adenine 3.96 Up NCU02926 0.26 Up Yes
d3 dinucleotide
(FAD)-binding
pyrroline-5-carboxylate
dehydrogenase
(PCMH)-type
domain-containing
protein
Q7S1C3 Aminotransferase class 2.84 Up NCU02777 0.87 Up Yes
V domain-containing
protein
Q7SETO Non-anchored cell wall 2.65 Up NCU00716 0.907 Up Yes
protein 5
Q8WZU5 Chromatin modification- —2.40 down NCUO03461 0.22 Up Yes
related protein
Q7SA89 Lysophospholipase 2.35 Up NCU07325 0.37 Up Yes
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A The most enriched GO terms (result)

Small molecule metabolic process
Oxidation-reduction process
Cellular localization

Cellular protein localization

Small molecule biosynthetic process
Cytoskeleton organization
Actin filament-based process
Actin cytoskeleton organization
Peroxisome organization
Peroxisomal membrane transport
Peroxisomal transport
Cytoplasm

Cytosol

Cell cortex

Molecular function

Catalytic activity

Small molecule binding
Nucleotide binding

Nucleoside phosphate binding
Carbohydrate derivative binding
Ribonucleotide binding
Oxidoreductase activity

Purine nucleoside binding
Guanyl nucleotide binding
Purine ribonucleoside binding
Guany] ribonucleotide binding
Ribonucleoside binding
Nucleoside binding

GTP binding

GTPase activity

Type

M Biological process
Cellular component

B Molecular function

GO term

0 200 400 600
B The most enriched GO terms (result)

Carbohydrate metabolic process
Polysaccharide metabolic process
Polysaccharide catabolic process
Cellular polysaccharide metabolic process
Carbohydrate catabolic process
Cellular carbohydrate metabolic process
Cellular glucan metabolic process
Glucan metabolic process
Amino sugar catabolic process
Glucosamine-containing compound catabolic process
Cellular polysaccharide catabolic process
Glucan biosynthetic process
Beta-glucan metabolic process
Cellular polysaccharide biosynthetic process
Polysaccharide biosynthetic process
Glucosamine-containing compound metabolic process
Cellular carbohydrate biosynthetic process
Amino sugar metabolic process
Cell septum edging catabolic process
Extracellular polysaccharide metabolic process
Extracellular polysaccharide catabolic process
Geranylgeranyl diphosphate metabolic process
Geranylgeranyl diphosphate biosynthetic process
Tail-anchored membrane protein insertion into ER membrane
Hydrolase activity, hydrolyzing O-glycosyl compounds |
Hydrolase activity, acting on glycosyl bonds || - ]
Polysaccharide binding |© |
Cellulose 1,4-beta-cellobiosidase activity |
N-acetylglucosamine-6-phosphate deacetylase activity [ |
Alpha-amylase activity (releasing maltohexaose) | =

Type
M Biological process
"] Molecular function

GO term
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Metabolic process

Oxidation-reduction process

Cellular amino acid metabolic process

Protein maturation

Alpha amino acid biosynthetic process

Cellular amino acid biosynthetic process
Aspartate family amino acid biosynthetic process
Aspartate family amino acid metabolic process
Protein maturation by iron-sulfur cluster transfer

The most enriched GO terms (result)

Type
- Biological process
" Molecular function

Regulation of ATPase activity
[ron-sulfur cluster assembly

GO term

Hydrolase activity, hydrolyzing O-glycosyl compounds [

Oxidoreductase activity, acting on the CH-NH group of donors, oxygen as acceptor ||
Beta-glucosidase activity ||

Oxidoreductase activity, acting on the CH-NH group of donors

L-amino-acid oxidase activity

Polyamine oxidase activity |

Ubiquinone binding

Scopolinbeta-glucosidase activity

Oxidoreductase activity, acting on the CH-NH, group of donors, oxygen as acceptor |

Phosphopantetheinebinding |

Metallo-sulfur cluster assembly
Methionine biosynthetic process
Methionine metabolic process
[2Fe-2S] cluster assembly
Energy coupled proton transmembrane transport, against electrochemical gradient
Electron transport coupled proton transport
Positive regulation of ATPase activity ||

Catalytic activity

Quinone binding |

0 25 50 75

9 THEF-HWEBEERREIEZENMER GO I
Figure 9 GO annotation of common differentially expressed genes and proteins with consistent trends of
change. A: d2 vs. d1. B: d3 vs. d2. ER: Endoplasmic reticulum. C: d4 vs. d3.
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A KEGG pathway barplot (result)
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E10 THEB-BHWHBEERFEERFMER KEGG pathway jT 7%
Figure 10 KEGG pathway annotation of common differentially expressed genes and proteins with consistent
trends of change. A: d2 vs. d1. B: d3 vs. d2. C: d4 vs. d3.
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Wy KR A4, FESRERZIT IR AL, TRk R
BRI Z . AN, ARWESNIE KB, BEAE AT
EEER, WAk ZEEsw .. M, Ko%k
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PR s AT UL R R 0 7 S T AT
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FEE ) BRI 0T o 38 o e S)e 2 2 RN 11 T 4 2
I MT o] LATR AT it & T TR PR A 168 Dy g A
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WREINZESER, ZREAREREZ, 1M d3
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B SRR R R S 2 B S AP I X S L BHIE
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KEGG pathway annotation of common differentially expressed genes and proteins associated

by function. A: d2 vs. d1. B: d3 vs. d2. C: d4 vs. d3.
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Figure 11
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12 HBEERFIEEFMEBH RT-qPCR i
Figure 12 RT-qPCR wvalidation of common

differentially expressed genes and proteins. A: d2 vs.

dl. B: d3 vs. d2. C: d4 vs. d3.
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