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Cloning and functional analysis of the
phenylalaninammo-nialyase gene from Rhododendron fortunei

LU Sijia, WU Yueyan, JIA Yonghong, HE Fan, JIANG Baoxin, YANG Guoxia, XIE Xiaohong

College of Biological and Environmental Sciences, Zhejiang Wanli University, Ningbo 315100, Zhejiang, China

Abstract: Phenylalaninammo-nialyase (PAL) is a key enzyme in the synthesis of methyl benzoate - a
plant aroma compound. In order to understand the function of this enzyme in the formation of fragrance in
the scented Rhododendron species-Rhododendron fortunei, we cloned a gene encoding this enzyme and
subsequently examined the gene expression patterns and the profile of enzyme activity during
development in various tissues. The full length of RhAPAL gene was cloned by reverse transcription-PCR
(RT-PCR) and rapid amplification of cDNA ends (RACE) techniques. The expression levels of RhPAL
gene were measured by real-time quantitative reverse transcription PCR (qRT-PCR) and the amount of
phenylalanine and cinnamic acid were assayed with LC-MS. The results showed that the ORF sequence of
RAhPAL gene amplified from the cDNA templates of flower buds had 2 145 bp, encoding 715 amino acids,
and shared 90% homology to the PAL amino acid sequences from other species. QqRT-PCR analysis showed
that the expression of RhPAL in petals during flowering kept in rising even until the flowers wilted. The
expression of RAPAL in pistil was much higher than that in stamen, while the expression in the younger
leaves was higher than in old leaves. However, the expression level was relatively lower in petal and
stamen compared to that in leaves. We also measured the PAL activity by Enzyme-linked immuno sorbent
assay in the petals of flowers at different flowering stages. The results showed that PAL activity reached
the highest at the bud stage and then decreased gradually to the lowest when the flowers wilted, which
followed a similar trend in the emission of the flower fragrance. The phenylalanine and cinnamic acid
contents measured by LC-MS were highly correlated to the expression level of RAPAL in various tissues
and at different flowering stages, implying that RhPAL plays an important role in the formation of the
flower fragrance. This work may facilitate the breeding and improvement of new fragrant Rhododendron

cultivars.
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China), #% % (NovoScript Plus All-in-one 1st
Strand cDNA Synthesis SuperMix (gDNA Purge)
S —45 5 kR & (Novoprotein, China) 1iiHH
BH B —4E cDNA. HHEIKH & SMARTer”
RACE 5'/3'Kit (TaKaRa, China) 845, DUAE
A% RNA AR, 43514 B 3'RACE il 5’RACE
cDNA,
1.2.2 RhPAL ERERIEE

WX GenBank HHAAH (KY865305.1).
TR (KF929403.1). 44 (KP257432.1) Ak
AL (AB042520.1) %641 PAL 3L H 58 % CDS
FEoN AT [ e, e B DRy KB, A
Primer 6.0 A5 —X @359 (3% 1: F1, R1),
#E4T PCRY 1S . PCR ¥ & B R A 8 I 1] i ik
&b 5% % pMDIS-T #i/k (TaKaRa,
China), ¥k DH5a Ji&Z 5400 (Novoprotein,
China), ik HYERE, LR PCR %5 ik
B 2-4 A BHME R 20 SR AE R A R
25wl B

R8I0 75 31 1 2= B AL RS PAL FEPRfRAF X
R Bti%it 3' RACE 5|9 f1 5" RACE 5| (5% 1:
F2, R2). Zr%I3E4T PCR §74, [aDicr=4yi4 4%
% pEASY-Blunt zero Cloning Kit (Jt &t 4
VARG RA T, ¥4k DHSa 252 541 .
2 BHE 7 vk M B PCR % 78 i R B 2—4 S BH
oo B 1% A A R AR YRR A R\ 56

&1 RhPAL TERFTIED IS
Table 1

iE, 58 =4RFLRY PAL LN 3 RACE JF4IF1 57
RACE J741]. 74580 DNAMAN #4471
NCBI 7E4% T-H. Blast Xt RhPAL 5 H A Fh PAL
FE AT [RIVR EL XS 5T o
1.2.3 Z=$R1tES PAL EEEME R FETN 24

% JH ORF finder #1ifj ORF JfHiill RAPAL
RIEMRIFH; K DNAMAN $i4: kA7 [ J6
JEFF X SR MEGA6.0 {4 R 45
PEAEA ;5 R SOPMA #4431 2 11 5 e 41 ()
T2 25K ; R A Expasy ProtParam Fl1 ProtScale
ot £ 15T A 3 AR BT A KPR/ SRR s SR
FH NetPhos 43 #7285 [ 5T i W IR A A7 i 5 >R H]
Swiss-Model i 25 F BT 1 = 8544 5 SR
NCBI M # Conserved domains Research {4
X AL RS PAL B F1EA T 25 4 33
1.2.4 RhPAL TRRHKEERIE

WA IE7y gy e L N G R 2R o N =1 iy
BB RNA, Ui sk 45 i cDNA 25 —4i, DLt
MR BEFT qQRT-PCR §7 34, AFNEESL B 3 1K
H Wt . KRR RhPAL 1 CDS [X )i JH Primer
6.0 A%t qQRT-PCR 1E 7] 54l qRT-PCR %
M54 (% 1: F3, R3), =% TransStart Tip
Green qPCR SuperMixS W4 b e44
WH AR R A F) 47 qPT-PCR P35, FEAHI
W24yl 3 A~ ER .

Primers used for cloning and expression analysis of RAPAL

Primer names Primer sequences (5'—3") Size (bp)
Fl AGTGATTGGGTGATGGABAGCA 22
R1 CATAACCAAGATGTGAACTC 20
F2 GATGCCGCAGAAGCGT TCCGCCTAGCCG 28
R2 CCTAGTGAATGGCACGGCTGTTGGG 25
F3 GGCTCTGGCTTCGATTGGTAAACTC 25
R3 GGACATGATTGGTGACAGGGTTAGC 25
EFla-F CTCGATTGCCACACTTCCCA 20
EFlo-R CATCTTCACCATCCCAGCGT 20
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B 7 B FE A AN ) 4 807 AN ) % 1 B BE A
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WO A B 15 min, RERERE S LSS K AE
4 °C. 8 000 r/min &5.0> 10 min, B b2 AP
IR 28 R ANIER, EBASAESF 45 um
g AR RS AT, BT 3 A
HEYE AT

2 BERXR504

2.1 S RNA BYIREIER

ZERAEBSAE A TR A RNA B % 5 1 M
SEHLY 28S rRNA A1 18S rRNA 44 (& 2A).
NanoDrop LIS IR Aseo/daso N 1.97,
Aeo/Ar30 M 2.03, UEWIERHEUAY G RNA SR
2.2 THRHLRE PAL EREBIEESR

¥ H RT-PCR J ikl RACE k¥ 14
RhPAL 4= ¢cDNA, Jtifi i RT-PCR 5l = fi bt
Y% RhPAL JERPASFIXAFEIKEE 1 191 bp B
B AR I 45 SR 43 il 131 3 RACE 5 5" RACE
5191, 4 PCR ¥ ¥4 Je by =ik e (b 2 R
FrE . o 3 Boll P45 R PHES 214 2 700 bp
f) RhPAL , P45 BT A3 89 RhPAL 335 —4> ATG 2
GRS TAG A %65+, LI 28 bp HY
polyA &, RS HEIY (% 1. F4, R4) iff
T PCR Y"1, 183]2 175 bp i PCR ¥, 5
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PHEFT 751 —% . ORF [ IEHE 4K 2 145 bp
(Kl 2B), ZWf% 715 =R, GenBank &3¢S
9 MW735988., fii il DNAMAN #4548 =48 4
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F5 18 Pl PAL & ILIR T 544 1 R G AL,
RILZERAL RS PAL & 15 HADY FP PAL (14
B iRsete (8 4), Hrhz#iktag PAL 1
ALY PP 2 SES T3l

23 Z=iEHASPAL ERERMEMERESH

i1 Expasy P A1) ProtParam %/ Fiit il
RhPAL 4t 8E BP9 AL BT, =
BRALRS PAL EARY iR 77.58 kDa; g
oSN 6.03, ZEMNRYEEN; R
Tk A (RAARARTAMR) H 84; HIWIEH
ik (AR ERR) N 74; BN
B -0.138, FH N FEAKMEREM; AR R
3595, EAREERM,

F| Ffl NetPhos3.0 #E 2 45 £ B PAL &
BRI R (B 5), TEZRREE BAA7E 49 Ak
MRS, HAPZ22/8 (Ser) 48 4>, 3R (Thr)
36 4~ BEEER (Tyr) 13 1,

A M RNA

B bp
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2 145 bp

2 =4BHLES PAL B[ PCR ¥
Figure 2 PCR amplification of PAL gene from Rh.
fortunei.
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Rh_PAL fasta BEcsRCNGHE. . . .HAE. . .XVESHEUR. 127
NP 001306736.1  HEAETITGNExncHHENGAVESE. 133
ASUB7404.1 ....MENAM............. E 116
AFG30054.1 BEAETTTONGx=GHECNGAVESE . 133
AFU90757.1 ATTITIVEH..... CHGNGSID 129
AFP24940.1 gATNSIKQG. - . .HONGSLESS] L 1300
Consensus lc dplnwg aa 1 gshldevkrov e

Rh_PAL fasta 262
NP 001306736.1 268
ASU87404.1 251
AFG30054,1 268
AFU90757.1 264
AFP24940.1 LV LLOG L TECL 265
Consensus atraamlvrintllqgysgirfei e 1n n tpclplry

Rh_PAL fasta 597
NP_001306736.1 403
ASUB7404.1 386
AFG30054. 1 403
AFU90757.1 399
AFP24940.1 3 400
Consensus gsglas vlf n la 1 e saifaevmggk eftdhlthklkhhpggieaaaimehildgs yvk a klhe dplgkpkgdryalrtspgwlgp iev. stksiereinsvndnplidvsrnkalhggn
Rh_PAL fasta 532
NP_001306736.1 538
ASUS87404.1 521
AFG30054.1 538
AFU90757.1 534
AFP24940.1 . pi 535
Consensus sldyg kg ei ma ycselqflanpvtnhvgsaeghnqdvnslglissrktaea ilklmsst lv cq dlrhlee

Rh_PAL fasta 667
NP _001306736.1 673
ASU87404.1 656
AFG30054.1 673
AFU90757.1 669
AFP24940.1 670
Consensus crayply £ r elg
Rh_PAL fasta TELM K] 713
NP_001306736.1 GE £ 719
ASU87404.1 TG K] 702
AFG30054.1 GE = 719
AFU90757.1 IA Kl 715
AFP24940. 1 RERYEIRVE Bcfiiog B r 16
Consensus ltge spgee d vf a ¢ gk idp 1 ¢l wngaplpi

3 TS HMEY PAL SEBRFIINES ELE

Figure 3 Multiple alignment of deduced amino acids sequences of PAL from RA. fortunei and other plants.

100 [_— AFG30054.1 Malus hybrid cultivar
100 NP 001306736.1 Pyrus x bretschneideri

54 —————— AFP24940.1 Prunus salicina
AFU90757.1 Epimedium sagittatum
27 82 XP 026414499.1 Papaver somniferum

XP 034710330.1 Vitis riparia
ABI33979.1 Jatropha curcas
43 KAF5750402.1 Tripterygium wilfordii
AKNO08993.1 Luffa aegyptiaca
81 XP 027349071.1 Abrus precatorius
ANB39162.1 Vitis vinifera
56_| Rhododendron fortunei
PSR89950.1 Actinidia chinensis var. chinensis
86 ASU87404.1 Camellia sinensis

85 — ACT21093.1 Camellia oleifera
100 L AFI80777.1 Camellia japonica

99

—
0.020

4 TR PAL 5 EHMYM PAL BB R RGHELH
Figure 4 Phylogenetic tree of PALs from RA. fortunei and other species.
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FIIH SOPMA % RhPAL 4 ht 6 11 o 47 —
PLEM T, ZE T RS a-120E,
B-BE A . AR EE FITCHLIN S A, b e
56.70% . 5.87%. 7.96%F1 29.47%, FW =5
FEES PAL 2K 1 =5 o= 1 G B0 DU 252 i 45 #y
M, & SWISS-MODEL T H.%f = 83 4 A%
PAL YmBE e T = S5 T, 75 (A Rk
I R Ve 5 o AR S PAL 25 41— BobE i
1 B 1 BT R AR, A5 3 S AL RS
PAL HEHLMEA . 5 g E5MTMNAHAF, &
AR R a-BRHERAHI S

i 8 NCBI M %5 # Conserved domains
search B4 X%F 2= B AL BY PAL 25 [ 154745 #h 4 7
W, 2 11-714 FIERRAAL B SA — A H
SIS R R ) PLN02457 fR<F4544
I, J&TF Lyase I Like #Z%; b, =itk
A% PAL 8 1 HA O SF I S M o0 e 51, 58
FAT . R . SRR S A ) 1 B
FPO—5, A25% i B ORSF Y Ala-Ser-Gly 2 BE TR
SRR, LT IR N R /2 2 IR i 2 N 1Y I
PP ASG SRR = BT LI it [ B3R
Tk B shieib h 3,5- 5 -5- 0 B -4 H- ks

NetPhos 3.1a: predicted phosphorylation sites in sequence

-4-lfi (MIO) i3 (3,5-dihydro-5-methyliden-4H-
imidazol4-one, MIO) 1E PAL )& Z 4 B K+
RAFVERP, JE— 200 = 4k BS PAL 26 11
F PAL Z
24 TIRiLES PAL EFEHESAEHLLEHEY
BRIz RIES

) FH 5 B 9% 6 %€ 88 PCR (qRT-PCR) #%
R, LIS EFla (DUHO18457.1) 1E KNS5
K, #33] RhPAL 75 = AL B A R H L AE AN [F] K
A b By AT koK (B 6). 45 REH,
RhPAL 83 AL B IO AEME . FEZE AT op 35
FKik, HRAEAENEZESR . RIPAL TEH
FERSAEIEAS R & & B B h Rk i 4 b I
PERIN A, WO AR &, WO RAPAL 3R
KL AR 1065 ; RhPAL 75 = #i AL RS T
AAF LB BRikE R FREBEE, Btk
RE R, HANEMM 2 55 RhPAL 1555
FEAGAE S M S A R R, FEHESS TP AR,
BEIT WA MEES RhPAL W R TN MERS (Y 3 %5 78
E RS ARG, Bt RAPAL W31k Ht i
B, ST M SR AR A, 29 R TTHIE
MR T WAMERE ) 3 % -
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Figure 5 Prediction of the post-translational phosphorylation sites of PAL in RA. fortunei.
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Figure 6 Expression analysis of RhAPAL content in petals and other tissues of RA. fortunei at different
flowering stages. Different lowercase letters indicate significant differences (P<0.05).
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Figure 7 The activities of PAL in petals and other tissues of RA. fortunei at different flowering stages.

Different lowercase letters indicate significant differences (P<0.05).
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2.6 TEEMESTEMich L-Phe F1 Ca S ENE
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WA AEME s, L-Phe 7 i L B0 T i A0 A8 fh it
(Kl 8A), 5 RhPAL WiFRiKIKFAZA R A —
B, A K WO e, R
L-Phe FmZIAEEIIA 2 fiF; TEFF WAL
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oo SRR, HANERN 4 5. 1E
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Phenylalanine content (mmol/L)
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=ERALRS 4 SRR e, Ca Bt iRk
5 L-Phe MilA] (&1 8B), e iRl
Wi, =MW Ca A NIEEIIIN 2155 T8
BRIFHMAERE T, MR Ca FEATTHER,
ESSH B R S 3 A5 B Ca &
IS T BN
2.7 XSS
izl SPSS A3 A = S AL RS A [R] 46 S 1Y
P60 K HoAl 4l 4t RhPAL KR 363k /K Fl
L-Phe. Ca &imZ[EIHHCTE, K BL RhPAL %
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Figure 8 L-Phe (A) and Ca (B) content in petals and other tissues of Rh. fortunei at different flowering
stages. Different lowercase letters indicate significant differences (P<0.05).
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[ F A KM L-Phe S atMIMI LR REN
0.701%*, 5 Ca MK RRECH 0.624%,
#£W RhPAL Y5 1-Phe. Ca W& W42 VI
X, HEM RAPAL 25T L-Phe BRI f# 5 Ca
A i

3 W

KT T RS AL RSP R M S R
SrFHLE, A S EXTERE RER Y A
(AN S AT 2550 . T = B AL A5 18 1 A
SR FERFRHREES, AT SRR
FAE WA BaR R P AL PAL S 1 K
HE K- ARGE SRR B PAL FEh B
WM =AY A5 4 cDNA F31, IExt
RhPAL B:H 4t i B8 (1 iE AT — RN AED
SR, R ALRS PAL 2 5 R RF
WHAR P AR BRI . LU RSO R, TEIR
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