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Identification and Functional Analysis of Cinnamyl Alcohol
Dehydrogenase (PmCAD) Genes in Prunus mume
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(School of Landscape Architecture, Beijing Forestry University/ Beijing Key Laboratory of Ornamental Plants Germplasm

Innovation and Molecular Breeding/ National Engineering Research Center for Floriculture/ Beijing Laboratory of

Urban and Rural Ecological Environment, Beijing 100083)

Abstract: Prunus mume Siebold & Zucc., known for its numerous varieties and diverse floral scents,
includes cinnamyl alcohol and cinnamyl acetate as unique floral scent components in pink varieties. In plants,
cinnamaldehyde is reduced to cinnamyl alcohol under the catalytic action of cinnamyl alcohol dehydrogenase
(CAD) , which in turn forms cinnamyl acetate under the catalysis of acetyltransferase. Therefore, cinnamyl
alcohol is not only a significant floral scent component in P. mume, but also a crucial precursor for the synthesis
of cinnamyl acetate. This study identified 56 PmCAD homologous genes based on the updated genome of P,
mume. These PmCAD family members can be categorized into five subgroups. The protein conserved motif
composition of subgroups I, II, and III is relatively similar, with significant differences from subgroups IV and
V, suggesting potential functional divergence. Chromosome segmental duplication and tandem duplication were

identified as two forms of PmCAD replication in genome evolution. The promoters of PmCAD genes were found
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to extensively contain abscisic acid, methyl jasmonate, salicylic acid responsive elements, and meristem related
elements, suggesting that PmCAD genes are mainly involved in the growth, development, and stress response.
Phylogenetic analysis of CAD from P. mume and other species indicated that the three PmCAD genes located in
subgroup III may be involved in floral scent synthesis. Heat map analysis in different tissues and organs indicated
that the three PmCAD were all expressed in flowers. Furthermore, analysis of relative gene expression revealed
that the expression patterns of the three candidate PmCAD genes varied at different stages of flowering, with
higher expression levels after the flowers bloom. The in vitro enzyme activity analysis confirmed that all three
PmCAD possess cinnamyl alcohol dehydrogenase activity, indicating that they jointly participate in the synthesis
of cinnamyl alcohol. Subcellular localization analysis revealed differences in their intracellular distribution,
suggesting distinct cellular roles. This study sheds light on the evolution and functional differentiation of the

PmCAD genes in P. mume, laying a theoretical foundation for the synthesis of key floral scent components and

providing theoretical bases for floral fragrance molecular breeding in P. mume.

Key words: Prunus mume; floral scent; cinnamyl alcohol; CAD; gene family; expression pattern; enzyme
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FEAEF S I CBRAERTRA T FHBY e
HEAEARMD By S PR O AE R M R e, A
FENAERE CRRINEERR | SRR R FI T &
T RZL A R AL A A0 b R R ) 2 B3R 0 T
T Ut PRSI R AR 2 AR 6
A R RRA B9 AR BT WF9E B AT A A, %
SEH P OCHEBL N XA AL B FIE B2

I H A, A RE B TE Y R I UG (CAD,
cinnamyl alcohol dehydrogenase ) A4 T A= il A A
Jist, DA RS IS AT DATE S S A B A TR
RN TR INEERR . PARERE KA AE TR A,
TE Tl b DL 2 o J5ORE AR 7 vk A R T 5
FAAT LR, OF ) 2 0 T8l At it S A R S
S TAEAE AR N AT G O B S R ERE . 2
MR EERRSFHE R AN 2 o IR U 2 AP A
TR AR TUR A W6 i A b i S S it ,
PO BT R B G R i — 26 R, BT PR R P 5 &
ity T DL i AT 1T WA N A 2, A IO
Tl AR RS R 5T R A AR ) A
B 18 R SN0, A SR TR ) 200 i i ) G B
ity , PRSI U8 12 23 A e A R A AN [) 2H 41
Hh A A PR S AT LA ] A A 2 AN [+
AR, X TR IR R VA 22 5. Hean, 4

P4t (Arabidopsis thaliana L.) i) AtCADS A] LIk,
T S RS AT | S-FE IR AT IR S
PR, Forh Ak 7 R 35 P e v, HEROEIT 1
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% (Vitis vinifera L.) VvCAD1 (XP_002283356.1) .
VvCAD2 (XP_002279718.1) , /K% (Oryza sativa L.)
OsCADI (NP_001406095.1) ,OsCAD2 (XP 015612799.1),
1 B JF AtCADI (NP_177412.1) . AtCAD2 (NP_
179765.1) . AtCAD3 (NP_179780.1) . AtCAD4 (NP_
188576.1) . AtCAD5 (NP_195149.1) . AtCAD6 (NP_
195510.1) . AtCAD7 (NP_195511.1) ., AtCADS (NP_
195512.1) . AtCAD9 (NP 195643.1) . ADHI (NP _
177837.1) . ADH2 (NP 001190468.1) . AOR1 (NP _
173786.1) . HCS1 (NP _001324828.1) . HER2 (NP_
851257.1) . AtSDH (NP _974925.1) Fl % %f FxaCADI
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FEAN 9 EE R B (K 1), AL PmPP24 5%,
MR &L (Nicotiana tabacum L.) W) NbTublin 3R AE H
WS IE B AORE i 58 4 WAL, A 2
PR AT A B, AR XS ik i . qRT-PCR
PHER N 1500, £07% : cDNA 2 uL(2pug RNA 2 5
S cDNA JE i B 10458 ) L 1E s 1 514745 0.2 pL
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IR 4545(95 C 55,60 °C 34s) ; e Jo A TR i th 2k
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%1 qRT-PCR3|#1F7|
Table 1 Sequence of qRT-PCR primers

S

Primer name

IERFFI(57-3")

Forword sequence(5'-3")

S FA(57-3")

Reverse sequence(5'-3")

Pm021215 CCAAGTTCAGAGTAGGAGAT CGGAATAAGTGTCATTGTAAGA
Pm021214 TTGCCACACTGATACTCA CGTCTCCTACTCTGAACTT
Pm002468 GGAGAAGTGGTGGAGTTG ATTGGCAAGACAGGCATT
PmPP2A ATGCCGGCTCACGCGGATCTG TTACAAAAAATAATCTGGAGTC
NbTublin CCAGGTGACAAGACAGTT AATGACAGTAGGCTCAAGAT

1.4 #5% PmCAD & 5MEGTE A& )

DIAREAE  YLRDE H: (TR cDNA AR A, 1
77 & KOD-Plus-Neo(KOD-401, Toyobo ) PCR 41
PmCAD 4t 74, w5 1 W) W3 2. PCR VAR R
50 uL, £ & 4~ 4143 : 10xbuffer 5 uL, 2 mmol/L
dNTPs 5 uL, 25 mmol/L MgSO, 3 uL, 10 pmol/L 1F
K1) 55 B 51 1 4% 1.5uL, A cDNA 4 puL (%
200 ng) ,KODJf 1 uL, JIZK#ME 50 pLo T HEFRT R 2
AR (94 °C 2 min) 5 25 4~(98 °C 105,56 C
305,68 °C 30 s); ZE{H (68 °C 1 min). i Fiik 7] &
In-Fusion HD Cloning Kit(PT5162-1, Clontech )} 1]

®2 EERESIMFT

Table 2 Gene clone primers sequence

JKE RIS ) PmCAD 3 [5 F B 5 A8 ) 3o o 3% 38 34K
pSuper1300-GFP i 2 (ZARZA LA FHBR 4 P U it
Spel) , Sanger Wl /¥y & v Bt TG 1R I , 4544 2 4 1Y
PmCAD-pSuper1300-GFP 2 (4 ok 4351 5 AL AT
GV3101, I3 1 AT T 41 5 1Y 5 25 5 B 2 AL S
TR, B AL W A9 55 10 mmol/L MES (pH5.7) |
10 mmol/L MgCl, ., 150 umol/L Z it T &, Fi T &
VEARFF TR (AR FF B MRJEE - H (3L ODy,, 47 0.5, P19
90.2),72 hj5 B BCH E I R SR TR S
PERTIN , DU Ak 2 R AR s A Ry £ % R

ElE7ERN

Primer name

ERFHI(5-3")

Forword sequence(5'-3")

S s (57-3")

Reverse sequence(5'-3")

Pmo021215
Pmo021214

Pm002468

GTCGACATTTAAATACTAGTATGGGTAGCCTTGAAGTGGA ATGGTACCGGATCCACTAGTTGGATTAAGATTGCTGCCGG
GTCGACATTTAAATACTAGTATGAGGAATGAGATTCACAA ATGGTACCGGATCCACTAGTTTCCAGGTTACTGCCAGCTA

GTCGACATTTAAATACTAGTATGGTTAGCCTTGAGGTGGA ATGGTACCGGATCCACTAGTTTGATGAAGATTGCTGGCAG

VAL e T O S T i 2 A 000 1 i L2 S 10 T 9
NADPH 7 340 nm 5% A5 55 (14 W U006 38 1 4G
N T 52 1 T i R YL 4 28 Ak R LS5 JES 4 A Y R
PR, VA0SR G P o R PE AN SR A 200 pL
RSNV AA 2 , 445 : 20 mmol/L MES (pHS5.7) .
1 mmol/L PEERS . 1 mmol/L NADPH F120 pg M H- 42
R . FREAR ORI 340 nm T WA, (A 4h
NI B R 30 °C, A I R E] 2 30 min, i i ik
0 min 130 min W GAE 1) A8 fb T35 PRI A e d 20 g it
A K CAD B (U/pg)=A A/(exd) x10°/M/T,
Hrfr A A0 min F130 min YG{H 258 ; . NADPH J#
IRTH G R B, 8 6.22%x10° L/(mol-cm) ; d: e, N
1 cm; 10°: BRI 55 22250, 1 mol=10° nmol; M: & [
(A oo (B A ) 5 T2 SR A E] (CBAS R min) o

2 HBRE5HH

21 HBEPmCADERERRERRMNEEREHNR

B RS

LA AR A R R SRS S 56 Mg AR
PmCAD JE R Z L (F23) o P9 — 451
(R ER AR 230 BT B2 L 3X 56 1> PmCAD & K JE
118~802 1~ & H: 182 , v Pm022689 14 2 11 7 51l i
K, Pm001767 F1 Pm002267 18 71 ¥ 51) 5 T Ho At i
B AP T 12.86~89.25 kDa =22 [] , 45 H o5 3t [l
95.05~9.52, Hidr 40 > PmCAD 25 [ 19 PR 45 i,
S FRRPEIX ] Y, 16 > PmCAD 85 [ (9 B 16 25 Hi,
AbF R AT LN, 2 B PmCAD 25 1 J5 R Bl 43 7 4
ANEYEY SRR TR B B 1 7 B SRR T
1£-0.702~0.291 Z 1], H:rp 2% K % PmCAD & 1A
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Table 3 Information of PmCAD family in P.mume

T 7R, 40 0 PmCAD 2 (I T4 i b, (5 b

T1% , 12 AL TR 2 AT 41 i

B, 1T A A A L

T AMLT

B s ﬁ%iﬁ‘ﬁ S T B RRERE L WARER
Gene ID Accession number Number of Molécular lsoelécmc The %nstablhty Gravy Subc'ellu.lar
amino acids weight point index localization
Pm021215 XP_008236378.1 359 38.92 5.43 24.47 -0.028 21 J5T
Pm021214 XP_008236377.1 388 42.41 5.73 26.28 -0.029 11 5T
Pm002468 XP_008238749.1 334 36.32 5.47 34.39 0.026 RSN
Pm002257 XP_008236481.1 392 42.60 5.96 86.76 -0.013 2t 5
Pm002259 XP_008236502.1 360 38.75 7.14 32.32 0.022 21 i J5T
Pm002246 XP_008236420.1 363 39.24 6.50 30.74 0.015 2115
Pm002258 XP_008236492.1 361 38.87 6.50 31.46 0.053 YT
Pm001694 XP_008231559.1 267 38.32 6.75 65.81 -0.702 g uAp
Pm002261 XP_008236513.1 361 38.96 6.39 31.48 0.042 2 5T
Pm002254 XP_008236460.1 360 39.02 6.50 23.99 -0.003 211 J5
Pm002255 XP_008236471.1 364 39.39 5.86 31.06 -0.072 21t 5
Pm002247 XP_008237214.1 366 39.24 6.31 33.95 0.055 ESUN
Pm002264 XP_008236534.1 361 38.66 6.51 29.82 0.054 g1l 1ol
Pm002266 XP_008236562.1 362 38.71 6.23 25.13 0.046 21 i )3T
Pm002250 XP_008236492.1 362 39.45 5.95 22.90 0.032 ZJi it 5
Pm002263 XP_008236524.1 361 38.53 6.71 27.46 0.101 2t
Pm006164 XP_008221221.1 361 39.38 6.73 26.61 -0.073 A
Pm002265 XP_008236551.1 363 39.02 6.39 21.86 0.074 211 J5t
Pm024279 XP_016651112.1 362 39.38 6.39 34.03 -0.094 2115
Pm014932 XP_008229770.1 340 36.49 6.59 31.64 0.049 AL
Pm002252 XP_008236513.1 258 28.20 9.28 40.24 -0.050 EENEN
Pm010608 XP_016648186.1 217 23.47 9.40 30.06 0.174 N EENEN
Pm001767 XP_016647223.1 119 13.09 6.07 12.11 0.219 211 J5
Pm002267 XP_008237261.2 118 12.86 6.90 105.76 0.164 21t 5
Pm024278 XP_016651112.1 230 25.18 5.51 34.47 -0.188 g2 iAp
Pm001691 XP_008231559.1 348 39.44 6.51 41.01 -0.243 EENEN
Pm012776 XP_008227684.1 609 65.57 8.38 48.08 0.030 IEAJVN
Pm019393 XP_008234305.1 367 39.24 6.46 23.96 0.116 21l i 5
Pm020413 XP_008235523.1 711 77.36 6.20 31.73 -0.039 YT
Pm006116 XP_008221166.1 389 42.40 5.34 36.33 0.066 Y1
Pm021179 XP_008236330.1 371 39.70 6.79 25.34 0.058 211 J5T
Pm021180 XP_008236330.1 371 39.78 6.56 25.81 0.043 21t 5
Pm024263 XP_008239269.1 395 42.88 6.40 2431 -0.118 YT
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F3(48)

LR 1D P g%z? . 43 (kD) %Eﬂﬁ. ﬂéﬁiﬁ& SR A E L
Gene ID Accession number Number of Moletcular Isoeléctrlc The %nstablhty Gravy Subc'ellu.lar

amino acids weight point index localization
Pm022682 XP_008237683.1 379 41.22 5.98 34.85 -0.116 211 3
Pm004008 XP_016651112.1 163 17.62 5.50 21.94 -0.133 g 1o
Pm022684 XP_008237684.1 379 41.18 5.92 35.37 -0.110 T
Pm006677 XP 008221813.1 393 41.80 8.74 23.52 0.008 EJVN
Pm004006 XP_016648186.1 255 2791 8.87 31.42 0.291 IEAIVN
Pm020469 XP_008235567.1 405 4325 7.49 28.62 0.092 i
Pm022687 XP_008237686.1 382 4145 6.33 28.26 -0.065 2t
Pm025214 XP_008240325.1 699 75.99 5.05 44.03 0.062 2 i 5t
Pm019578 XP_008234855.1 362 38.92 8.14 35.61 0.024 21 5t
Pm015711 XP_008230609.1 329 34.74 9.42 22.74 -0.030 21t 5
Pm029864 XP_008244673.1 321 34.16 8.30 27.73 0.088 EllJ/ORE gy
Pm015719 XP_008230614.1 323 34.46 5.81 22.53 0.077 EIUN
Pm029868 XP_008244675.1 330 34.86 9.52 19.84 0.087 g1l 'ofpie
Pm015714 XP_008230611.1 322 34.32 6.17 22.22 0.007 211 5
Pm015717 XP_008230612.1 323 34.31 5.61 23.03 0.079 IEESEN
Pm029863 XP_008244672.1 333 34.76 9.17 28.97 -0.042 2t
Pm029866 XP_008244674.1 332 35.06 7.69 29.04 0.032 AN
Pm022689 XP_008237687.1 802 89.25 5.59 38.82 -0.134 IEAUN
Pm020292 XP_008235420.1 329 34.53 9.19 22.87 0.003 g2t oA
Pm029865 XP_008244675.1 302 31.55 9.29 22.86 0.029 21t
Pm009933 XP_008224971.1 326 34.97 6.17 43.67 0.136 £ i 5t
Pm015712 XP_008230610.1 325 34.65 5.73 25.75 0.091 EAIVN
Pmo015713 XP_008230947.1 323 34.48 8.42 23.26 0.048 21t 5

2.2 1§ PmCAD EE K& RWERE L RT

BEF RRSFEME S

N T A M S S M AL PmCAD 2 [ 5% R 5
ZIA b O R | is AR B 0 7 153 B 45 1
BBE RS54 B AR ST S8 7 ROR S 45 A 0 22 57
(B 1) #EER ot R B, #546 PmCAD & R R %
LA N S AL (R 1A) o JE T 5 48 35 R 4 %
P45 2 M3 78 PmCAD & [H 5 45 A 5 i) 33 R 465 4y
(E1B) , AMNE T RN & F R SE R 2544 T DL AZ R
S BB R R AL R AIE , 548 PmCAD JE R ¥ 248 5%
HE NN I R 2 , SR DR B B AR 2540 AP AR B i)
225 . PmCADZEFZIHER HoMNE FEUR R 0 10
A, A FE B Pm006116. Pm020413 ., Pm022682 .
Pm022684 . Pm022687 . Pm024263 | Pm025214; ifii
Pm001691 :HAH HAUA 1 MMNEF AT HE T

FEDR G5 M | 022 SR WAL PmCAD JE [ 5% A 51
[ A eI IR Y 2R, T REAFFE SR I T RE 43k o
BE— 3B A PmCAD 2K 52 1Y 2 1R ST
B o S A R A B (1 <3 8 5T il 1 22 <
PmCAD F % 5 5% A A % 48 A1 L 9 £ <7 56 %
(Motif) (& 1C) FRSF 45/ 55 (1 1D) o £ 111,111
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