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Expression analysis of PDC and ADH gene family members and their re-
lationship with the accumulation of acetaldehyde and ethanol during

fruit ripening and packaging treatments of Chinese bayberry

HUANG Xiaorong', XUE Lei', ZHANG Zehuang®, ZHU Changging', LIN Qihua’, XU Changjie"

('Department of Horticulture, College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058, Zhejiang, China, *Fruit
Research Institute of Fujian Academy of Agriculture Science, Fuzhou 350013, Fujian, China)

Abstract: [Objective] Chinese bayberry (Morella rubra Sieb. et Zucc.) is a characteristic fruit crop
with important medicinal and economic value in China. The fruits develop obvious wine smell during
storage and even at harvest. The wine smell is mainly derived from accumulation of acetaldehyde and
ethanol. Pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) are the key enzymes in the
ethanolic fermentation pathway, where pyruvate is decarboxylated to acetaldehyde through the action of
PDC, and thereafter, acetaldehyde is converted to ethanol by ADH. It was shown in other fruits that
PDC and ADH played important roles in the formation of acetaldehyde and ethanol during fruit ripen-
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ing and storage. However, identification and expression profiling of the PDC and ADH gene family
members, as well as the correlation analysis between the gene expression and the accumulation of acet-
aldehyde and ethanol have not been studied in Chinese bayberry. [Methods] Based on the genome data-
base of Chinese bayberry, the PDC and ADH genes were identified by Hidden Markov Model (HMM)
searches using the HMM profiles of PDC and ADH domain (PDC: PF00205, ADH: PF08240) down-
loaded from Pfam database (http://pfam.xfam.org/). The expression data, by Fragments per Kilobase of
exon model per Million mapped fragments (FPKM), were analyzed to identify highly expressed mem-
bers of the PDC and ADH based on previously available transcriptome data. In addition, the expression
of the MrPDCI, MrPDC2 and MrADH1, MrADH?2, MrADH3 was determined by RT-qPCR technology.
The acetaldehyde and ethanol content were determined by gas chromatography (GC). [Results] In this
study, a total of 8 MrPDCs and 22 MrADHSs were identified from genome database of Chinese bayber-
ry. The MrPDC1 and MrPDC2, as well as the MrADHI, MrADH2 and MrADH3 were identified as
highly expressed members and hence used for further analysis. The expression patterns of the MrPDCs
and MrADHSs during fruit ripening were differential among 12 cultivars. The expression of the MrP-
DCI1, MrADHI and MrADH3 in most cultivars increased as fruit ripened, while the MrPDC2 and
MrADH?2 had higher expression levels at mature green stage (S1). For example, the expression of the
MrPDC1 in many cultivars was the highest at ripe stage (S3), which was 11.30 and 4.70 times higher
than those of S1 and breaker stage (S2), respectively, in Longhaishuijing. The MrPDC2 expression was
highest in most cultivars at S1. There were also differences in the expression patterns of the three
MrADHs during fruit ripening in different cultivars; the expression level of the MrADHI in Tezaomei
was highest at S3, which was 43.77 and 4.12 times higher than those at S1 and S2. The expression level
of the MrADH?2 at S1 of Wumei was 2.59 and 6.30 times higher than those at S2 and S3, respectively.
The expression level of the MrADH3 at S3 of Tezaomei was 9.87 and 50.64 times higher than those at
S1 and S2, respectively. The content of acetaldehyde did not vary much throughout fruit ripening and
the variation across cultivars was minimal as well. Ethanol significantly accumulated at S3 in most culti-
vars, the content of ethanol at S3 of Tezaomei was 12.37 times higher than that at S2. The difference of
the ethanol content across cultivars was also mainly reflected at S3, with the largest variation reaching
15.19 times. Overall, the acetaldehyde and ethanol contents had no significant correlation with the ex-
pression levels of the MrPDCs, but had significant and positive correlation with the expression levels of
the MrADH1 and MrADH3. In addition, the result of packaging storage experiments showed that com-
pared with ordinary packaging and single fruit packaging, hypobaric packaging resulted in obvious off-
flavor and a tremendous accumulation of acetaldehyde and ethanol during storage, among which the ac-
etaldehyde content of Biqi increased by 3.73 times in 10 days and the ethanol content increased by 1.86
times in 6 days. Both the acetaldehyde and ethanol contents of Dongkui increased, by 2.29 and 1.89
times, respectively, in 4 days. RT-qPCR results showed that the expression of the MrPDCI, MrPDC2,
MrADHI and MrADH3 in the fruits of hypobaric packaging were significantly higher than those of ordi-
nary packaging and single fruit packaging in both Biqi and Dongkui. The expression level of the
MrADH3 in Biqi was highest on 2nd day in hypobaric packaging, while there was little difference in the
expression levels of each gene between the fruit of ordinary packaging and the single fruit packaging.
Meanwhile, the expression levels of the MrPDC1 and MrPDC?2 as well as MrADH1 and MrADH3 were
significantly enhanced as storage time prolonged, and being positively correlated with the acetaldehyde
and ethanol accumulation. [Conclusion] Among the 8 MrPDCs and 22 MrADHs, the MrADHI and

MrADHS3 play an important role in the moderate accumulation of acetaldehyde and ethanol during fruit
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ripening in Chinese bayberry. The hypobaric packaging induced the expression of the MrPDC1, MrP-
DC2, MrADH1, MrADH?2 and MrADH3, resulting in excessive accumulation of acetaldehyde and etha-

nol and the production of fruit off-flavor or wine smell.

Key words: Chinese bayberry; Fruit ripening; Hypobaric packaging; Acetaldehyde; Ethanol; PDC;
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Table1 RT-qPCR primers of PDC and ADH genes in Chinese bayberry

B YRS LIESIFEI(57—37) NS FAIGST 37D

Gene name Forward primer sequence(5’—3") Reverse primer sequence(5’—3")
MrPDC1 TACACAATGGGGAGGGAAAG AGTCTACTGGGGGTTTGGTG
MrPDC2 TGCTACTCTCGGATATGCTC CCCAGTTCTTGATGACGTTG
MrADH1 GGTACCTTCTTTGGCAACTACA TTCATTCATGCAGCCGGATA
MrADH?2 CAGGAGATATGCACACGG ACGCACCGGAGACAAGTC
Mr4ADH3 GTTGGGGTGTTGCAGTGCTT GAAAGGGACAGAGTGAGTGATG
MrActin TGGATTTGCTGGAGACGAT CTTTCTGTCCCATGCCTACC
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Table 2 The information of two MrPDCs and three MrADHs in Chinese bayberry

IR IR

R 44 PR FH 1D Peth ik TR B E K Amino acid residue Iy TR ELEpE
Gene name Gene ID Chromosome ORF length/bp Molecular weight/ku Isoelectric point
number/aa

MrPDC1 KAB1224381.1 2 1935 644 69.70 6.19

MrPDC2 KAB1223537.1 2 1713 570 61.92 5.64

MrADH1 KAB1220907.1 3 1143 380 41.30 5.83

MrADH?2 KABI1208651.1 6 1140 379 40.64 6.75

MrADH3 KAB1220913.1 3 1383 460 50.09 5.79

2.2 B RSEAEERIE PDCFIADH BERARIE SR

RT-qPCR & & 73 1 45 R &7 , MrPDC1 1 MrP-
DC2 1E 12 Wt it Tl 3 A B2 R H B B Rk A
NAFEEER. N, MrPDCI )31k & AE

oS1

AHXS ik &
Relative expression

FH AR K B
Biqi Dongkui  Shuijing Fenhong Tezaomei Fugong 1 Heijing Luozi

A

20
15
10

AHX etk &
Relative expression

FF R T WL RERAE

Biqi Dongkui  Shuijing Fenhong Tezaomei Fugong 1 Heijing Luozi

MrPDC1

FE1T S T

MrPDC2

FE1S mE WT

S3 51 » HeH MrPDC1A{E Je 87K it S3 IRk & 7
A& S1AIS2 11 12.30 f15.70 fi5 o 1 MrPDC2 1F 8 /™ i
Pl £ S1 308 & i, Ho MrPDC2 /£ 5% 1 ST
FIE T2 S2 1S3 112.92 F12.73 5 (K 1)

os2 BS3

LSD, 5= 0.090

Bl e G
Baxiandao ¥#4F  Wumei
Ruansian-
haibian

PA YN
Longhai-
shuijing

Al Cultivar

LSD ;5= 0.087

et G ek
Baxiandao A% Wumei Longhai-
Ruansian- shuijing
haibian

s Cultivar

WA 3 NMEMFELN SE 6, LSD EREAFRLEFE p<0.05 KT HEEFZER. TH.
Error bars indicate SE from three biological replicates. LSD indicates least-significant difference at p<<0.05. The same below.

1 12 NMFHE @R SCRIMEAE MrPDCI F MrPDC2 BYFRIE ST
Fig. 1 Expression of MrPDCI and MrPDC2 in 12 Chinese bayberry cultivars during fruit ripening
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Fig.2 Expression of MrADHI1, MrADH?2 and MrADH3 in 12 Chinese bayberry cultivars during fruit ripening
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Fig. 3

Contents of acetaldehyde and ethanol and the content ratio of ethanol to acetaldehyde in 12 Chinese bayberry

cultivars during fruit ripening
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Table 3 Correlation between acetaldehyde, ethanol contents as well as the ratio of ethanol to acetaldehyde and the expression
of MrPDCs and MrADHs in Chinese bayberry fruit of 12 cultivars and 3 developmental stages

MrPDCs MrADHs

SR OB ERELIE MrPDCI  MrPDC2 MrADHI ~ MrADH2  MrADH3

. = . e e 1A o= . e 1A
fiii Acetilde- %R  Ratoof s sl oBE pum zmm o mmm SonE
. . Total . . . Total
Index hyde Ethanol ethanol to Expression Expression expression Expression Expression Expression expression
content  content acetaldehyde of MrPDCI of MrPDC2 of MrPDCs of MrADH1 of MrADH2 of MrADH3 of MrADHs
LT R 1
Acetaldehyde content
CEEE 0.347* 1
Ethanol content
P LA 0.162 0.964%* 1
Ratio of ethanol to
acetaldehyde
MrPDC1 ik & 0.161 0.287  0.334* 1
Expression of
MrPDC1
MrPDC2 ik & 0.193 0.102  0.092 0.208 1
Expression of
MrPDC2
MrPDCs FKiL G & 0.222 0.269  0.299 0.859**  0.680** 1
Total expression
of MrPDCs
MrADHI ik & 0.490%*  0.754%* (.599** 0.141 0.161 0.190 1
Expression of
Mr4ADH1
MrADH2 R ik & -0.187 -0.153  -0.107 -0.090 0.749** 0.325 -0.237 1
Expression of
MrADH?2
MrADH3 ik & 0.430%*  0.658%* (.623** 0.631%*  0.363* 0.663%* 0.549*%*  0.030 1
Expression of
MrADH3
MrADHs Fi5 85 0.431%*  0.673** 0.630** 0.599%*  0.429** 0. 674%* 0.584**  0.104 0.995%* 1
Total expression
of MrADHs
VE RN p<0.01 AP EZEAHIC, *RIRTE p<0.05 /KFREFHK. n=10. T,
Note: ** Significant difference at p<<0.01 level, * Significant difference at p<<0.05 level. n=10. The same below.
—0—CO;, ——0,
A 35 2% Bigi 5 3.0 B 50 7% Jt Dongkui 4 4.0
30 - {25 45 r 4 35
40
25 35 130
X 120 & & 125 &
<20 ~ 2307 PR
o) 1156 925 ¢} 120 O
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Fig. 4 Contents of CO; and O, in Biqi and Dongkui fruit during storage following hypobaric packaging
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Table 4 Evaluation of off-flavor in Biqi and Dongkui
fruits at 4 days and 8 days from

different packaging treatments

o AbFR I ] AL 2 WIE AL L P SOk
e Time after Hypobaric Ordinary Single fruit
Cultivar . . . .
packaging/d  packaging packaging packaging
e 4 2.10+0.46a  1.90+0.31ab 1.10+0.10 b
Biqi 8 190+041a  1.50£027a  1.300.15a
AR 4 2.70+0.42a  1.50£022b  1.20+0.13 b
Dongkui ¢ 24040432  2.00£042a 1704026 a

T FFIAF NP RERIRAE 0.05 KPAF/E B E ZE R
Note: The different small letters in the same column indicate signifi-
cant differente at 0.05 level.

L E AR EF A BRSSP ER TR
B LR CRE . s B 2 RS 4

—o— Jf 5 fi1.3% Hypobaric packaging
90

W g 3% Bigi
& i LSD, 5= 0.100
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—o— 5@ 3¢ Ordinary packaging

&= (w, J5 [[{) 75 0~10 d A Wr B+, 7£ 10 d B & ik
8230 ug-g', /=0 d 1 4.73 1% ; LEES B Bl
SEREHT T, FE6 dIIAH 1 091.10 pg-g', # 10 d
B 4ERETE 1 044.10 pg-g' (B 5-A,C) o ik 5%
(AR LS S ) S BEAN & B ITE 4 dIS B Ry, 40
BN 71.80 ug-g' A1 683.60 pg-g' (B 5-B, D). Xf
3 R A B SR P A A SR SR, P it A R
ST T R AN I L A R T ) 35 4 RF L
BAKAKF. 1£10 B, R AR R S 2 L 2B 5
P i LU AE 53 i) Dy FG At 9 o A, 386 1) 2.31~10.29
%13.68~27.79 5 L £ 1.53~9.63 f5 (& 5).
2.5 HRIAEERLIERE PDCFADH £
RIETH
H & 6 7] W, , PDC F1 ADH %= PRI(E 3 Pl f 36 ) 2

—a— LRI Single fruit packaging

B 90
80
70
60 r
50
40 r
30
20
10

0

77t Dongkui
LSD, o5= 0.104

w( 1%
Acetaldehyde content/(ug-g™)

0 2 4 6 8 10
5[] Storage time/d

AR Dongkui
LSD, = 0.144

D 2000
~ 1800 |
® 1600 |

1400 |

200 |

000 |

800 |

600 |

400 |

200 |

w( )

Ethanol content/(pug

0 2 4 6 8 10
3K (] Storage time/d

50
45
40
35
30
25
20
15
10

0 2 4 6 8 10
JE5 ] [H] Storage time/d

7<%k Dongkui
LSD, 5= 0.103

P LU AE
Ratio of ethanol to acetaldehyde

5 FF(ACE)MEEB.D F)HERILEARLBHRAEZE, ZBEE5EMLL(E
Fig. 5 Contents of acetaldehyde and ethanol and the ratio of ethanol to acetaldehyde in Biqi (A, C, E) and Dongkui (B, D, F)

fruit during packaging treatments
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Fig. 6 Expression of MrPDCs and MrADHs in Biqi (A, C, E, G, I) and Dongkui (B, D, F, H, J) fruit during packaging treatments
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FAZR B R L R R IA & 57, MrPDCI \MrPDC2 .
MrADH1 F1 MrADH3 TEJ8 5 B g R s () 314
BEHEETHEREEMRREE. EEFul D,
MrPDCs Fl MrADHs 1t 8 7% £33 JL 52075 2 d i 3%
IR R e B S OR R E BT 5 & 2R R IA /KR
7 368 0 R R R SR S R 2 R U (B 6-A) o R
T ARG, S FE PR TE D A28 b R E 7S
IR M, Hodh MrPDCs 75 0~8 d RiE B
&1 MrADHI 3% & 1F 6 d 1A 20§ AH ; MrADH3 1t 2~
6 dJekEJE T, BRIV IEARAL, 1 5 AW B 7RI
R 1) 5 3% 356 PR 7 5 4 5 R o R 2 SR s ) R
KELEZ R (K 6-B). ££2 dINF, B 0,2 B s

o MrPDCI . MrPDC2MrADHI 1 MrADH3 53 5| N
A P R 1) 2.50~10.32 1% . 5.97~21.74 5 . 4.40~
33.19 %5 F12.46~19.26 fi%

gk 4 Pearson A I ME S AT, R I HEAS [F] A0 285 b
B AR R O OB AR R L S5 MrPDCI
MrPDC2 . MrADH1 1 MyrADH3 3 i5 B 2 |A] ¥ & #%
B FEM %, 1 55 MrADH?2 () %35 B 6 B 3% M =
P, Kool EEYS O & =ML RE0L 0.847
(p<<0.01), LT & & 5 B LU B AH ¢ & #50% 0.808
(p<<0.01) , PDC fl ADH 15 &2 8 # 2k R B =ik
0.953(p<<0.01) , MrADH1 X5 MrADH3 #f2< & =ik
0.969 (p<<0.01) ( & 5) , & W] MrPDCI. MrPDC2.

x5 EFMNEABRSGELBEHECEE . CEESEMERELLES MrPDCs 71 MrADHs F3A2RIHE*E

Table 5 Correlation between acetaldehyde, ethanol contents as well as the ratio of ethanol to acetaldehyde and the expression

of MrPDCs and MrADHs in Biqi and Dongkui fruit from different packaging treatments

ZWERE 2B W MPDCI MrPDC2 A%rg;c; MrADHI ~ MyADH2 ~ MrADH3 %’2@.‘2
$h5 Acetal- TRk Ratioof  RikE W RiLE T km RBE O RBE o
. . Total . . . Total
Index dehyde Ethanol ethanolto  Expression Expression expression Expression Expression Expression expression
content  content acetaldehyde of MrPDC1 of MrPDC2 of MrPDCs of MrADH1 of MrADH?2 of MrADH3 of MrADHs
LR 1
Acetaldehyde content
SR 0.847+* 1
Ethanol content
Ml LA 0.457**  0.808** 1
Ratio of ethanol to
acetaldehyde
MrPDC1 Kik & 0.427*%*%  0.496*%* 0.556%* 1
Expression of MrPDC1
MrPDC2 ik & 0.604%*  0.713%* 0.696** 0.926%*
Expression of MrPDC2
MrPDCs 335 & 0.527*%*%  0.617** 0.639%* 0.981%* 0.982%* 1
Total expression of
MrPDCs
MrADHI1 ik & 0.629%*  0.766** 0.756%* 0.885%* 0.949%* 0.935%* 1
Expression of MrdDH1
MrADH2 Fi5 & 0.021 0.008 0.088 0.515%* 0.295 0.411* 0.312 1
Expression of MrADH?2
MrADH3 15 & 0.552%*%  0.685%* 0.756%* 0.918** 0.950%* 0.952%*%  0.969** 0.390%* 1
Expression of MrADH3
MrADHs 1K B i 0.568**  0.702%* 0.758%** 0.917** 0.954%%* 0.953%*  0.979%* 0.382%* 0.999%* 1
Total expression
of MrADHs

MrADHI1 M MrADH3 1 . L FE R B vp 5 B 3
fEH

3 W w

It o R S A B SR i AE R S B R AR
RS R PLAAR KU, e LA 28k R E AR

H. LM CEER B IR PDC T ADH [ ) R 1k
AR KRS | PRI AR T S TN FE
FaPDCI ¥R R L AT & S P KA 2
YERY; CmPDCICmADHI 1 CmADH? [{) 3% 1% &
TR S BB AS T 1 T+ A DH2 3Rk f A5
%) S SRR 2 JE R B 1 0O s SR T LR B A A
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FE T RO 5 R 35 EE SO0 A IR L R I, AR
B R R HF SR R A —, RS ag B
FANRER & 2 f =, O SR SEAE SR TT S 2
WEA 2 BE 5 B PRI ARBFTE R I, 24 PDC £ R HE
AN TR A7 4 it o SR S R A ) 52 B0 AN () ) 3R A A
s MrPDC1 1E 22 305 Tl A 1 2 08 2 e e 1
MrPDC2{E SR RN R B B i . AN A R
MrADHI 1 MrADH3 ¥ 3215 5 52 I 5 i3S — 801
%A, MrADH?2 W3R8 & RIS s A I a3,
H 352 MrADH3 1) 3214 & B & /& T MrADH1 1
MrADH2, MrADH3 7F 10 M g i b () Rk JE 78
R IE B 5w 2 W MrADH3 753 75 Mg R 52l
HIAR) WA AR R R ARG AR .

Z K P RS LN O RS B AR B R
SIS A R B I AN T 5, 2 A B R R IA A A R I
MrADH1 Tl MrADH3 {5315 P SR BT AR 2R (1) &
B CBEE % o Zhu PR FT R I, 227 Ml rh &
&N 2 A RS A I T 3 7
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AR 5E B ADH W38 58 3R I8 5 BRI
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