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Abstract ; Phenylalanine ammonia-lyase (PAL) plays an important role in plant growth and development as well as fruit
ripening. To investigate the characteristics of the AcPAL gene family in kiwifruit ( Actinidia chinensis) and their

expression profiles during fruit ripening, a genome-wide identification of AcPAL genes was performed, followed by
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analyses of their sequence characteristics, encoded protein properties, promoter cis-acting elements, gene structures,
and phylogenetic relationships. Quantitative real-time PCR (qRT-PCR) was employed to detect the expression patterns
of these genes in different tissues and during fruit ripening. The results were as follows; (1) A total of seven kiwifruit
AcPAL genes were identified and designated as AcPAL1-AcPALT, respectively. The proteins encoded by the AcPAL family
genes consisted of 706 —722 amino acids, and all of them were stable acidic proteins. These proteins possess the
conserved domain ( PLN02457) and active site motif ( GTITASGDLVPLSYIA ). (2) Chromosomal localization and
collinearity analyses revealed that one tandem duplication event and ten segmental duplication events were the major
driving forces for the expansion of the AcPAL family members. (3) Phylogenetic tree analysis indicated that all AcPAL
family members clustered within the dicotyledon clade and showed a close genetic relationship with CsPAL proteins from
Camellia sinensis. (4) The promoters of AcPAL family genes contained various cis-acting elements involved in light
response, stress response, hormone response, as well as growth and development regulation. (5) qRT-PCR results
showed that different AcPAL members exhibited differential expression patterns in roots, stems, leaves, flowers and fruits
of kiwifruit. Notably, four members (AcPAL2, AcPAL3, AcPAIA and AcPALS) were significantly up-regulated during
postharvest fruit ripening. This expression pattern was consistent with the marked increase in PAL enzyme activity, and
their expression was induced by abscisic acid (ABA). These findings provide candidate genes and a theoretical basis for
further investigation into the functions of AcPAL genes in the formation of postharvest fruit quality in kiwifruit.
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(ML hesE,2019) JKFE( Yu et al., 2018) HIF
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AtPALs ( Cochrane et al., 2004 ) , 7K F& F i i # H

N353 # 9 4 OsPALs ( Gho et al., 2020) Fl 12
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PAL £ S 5 R A K& E KR TS W)
Ead AR, SENE R PAL FER7E B 228285 20 d J5 11
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TR R L 7% B -3-0-4 45 65 1) 1Y LR = A oG
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V-5 1 2l DRI AR T 025 YD AR G (Li et
al., 2019) ., HAl, RO A BMEMRAS 5> PAL HE K £
IR AR OCHRGE | F L G5 B 0L I R G RRAE , DL &
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PAL 70 [a) P LRS5O 57 25 7 38023 A, S Bk 45
oy sl 2 BN 58 B 1 TUAR 7 9, B 4T 7E AcPAL
FIEW D

& H ProtParam ( https://web. expasy. org/
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min JEIECF 25 °CL 000 F 1.3.5.7.9 d BPECR
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RPE Ry xd B BT A b PR 5 3 U, T B R
ABA AbFRF AcPAL H NIRRT BB 7 v Y
FIKFHE

R AcPAL Kk B N )7 31 ¢ AE, 78
DNAMAN #fF EBEVHE B PCR 514, 5149175 8 0L
%% 1, > RNAprep Pure Plant Plus Kit ( Tiangen)
2 B PR A Bk A RNA, LI TransScript® One-Step

gDNA Removal and c¢DNA Synthesis SuperMix

(TransGen) S5 5% B9 cDNA KR A, Actin i NS
R, 2 B TransStart® Top Green qPCR SuperMix
(TransGen ) #2/E+8 B e & S W K 84T qRT-PCR 43
Bt . Eppendorf 76 5E 2 PCR XM A7 046 1
ANTENE(94 C 30 s) (40 DMEIY K (94 C 5 s,
60 °C 155,72 °C 10 s) il 1 AL (94 C 15
$.60 C 155,94 C 15 s) . i@ 279 H 5 K75
AcPAL FE N B A X A&

1 EHRKAXEE PCR(qRT-PCR) 534754

Table 1

Primers used for quantitative real-time PCR (qRT-PCR) analysis

H AT

Gene name

ERGIYFS(5—3")

Forward primer sequence (5'—3")

B 518 (5 —3")

Reverse primer sequence (5'—3’
P q

AcPAL1 TGGTAATGGTAATGGTAATGGC
AcPAL2 CAGTCAAGTGTTGTGAAATTTGTG
AcPAL3 GATTGTTTGAAGGAGTGGAATG
AcPALA GATTGTCTCAAGGAGTGGAATG
AcPALS GCTTCAGCTATTAAGAAATGTGTCA
AcPAL6 AAGTTGGTTGATCCATTGCTG
AcPAL7 CAGCTATTTGTGAAGGGAAATTG
Actin GTGCTCAGTGGTGGTTCAA

GCTGCCCTTCATCGACTC

TTATAGCTGCTAATCGTGTTTGTG

TCTAGCACGTGGATCCTGTAAC

ACTTAAAGTCTTCTTCATTATTGGC

ATTCCCAAATATTCCAGCATTC

GGATTCACGTGAATTAATTCTGG

TGTTGCATGTTATTGGTCTTTAGC

GACGCTGTATTTCCTCTCAG

1.7 AR BB SEEENE

Z MR TN 2 IR ik A B ( PAL) 5057 & ( PAL-1-
Y, M B A B R A R A FD) UL A K
PAL 4k L-28 TN &2 AE 1 240 7= ( R =R R R
i) 7€ 290 nm P < Ab HAT fe KW Wi g iy it 3 3
T S AR SR K T R IROEAE T PAL i
T

2 HER5a

2.1 BRMRHk AcPAL RREFERLE

%2 HMMER & &% BLASTp [F I8 20 Hr , SR
SER IR K U T S0 5, IR 56 R 41 v At
YTE I T 2% AcPAL BEIR , RRAE AR Y Ak 7
EE MUK i 44 9 AcPAL1-AcPALT (% 2) . Bk
PET BT 45 5 22 W | AcPAL 5 Gmi i 26 1 K B Y
KT 700 aa, Hed AcPALL £ % (706 aa) , AcPAL7
&K (722 aa); 4¢ F & 6 Hl A 76 586. 57
(AcPAL2) ~77 824.86 Da( AcPALT7) ; Pt 25 1 o5
$}5.92~6.17,¥)/NF 7, £ A AcPAL EH

HIRVE R 1 AR 2 R AN 29.35 (AcPALT) ~
35.57(AcPAL4) ,¥MET 40, i H I B TR g &
15 4 26 7K 1 {8 £E - 0.097 ( AcPAL6) & -0.174
(AcPALS) Z 8], i B AcPAL 2 (1 ¥ H 25 K ¥,
V4T 5 AV T 45 SR R 7 S AcPAL 2 (3 E 7
FAIRE R,
22 AcPAL XREFEHNEBEEME H L EHERX

P e Mg R aE 1 iR, 7 A AcPAL 3£
ANIE) A T REBERE R 5 &g ik |, Hoh LG8
LG8 et iR &4 2 Ak bt , LG3 \LG26 ,LG28
P RS EAH AR, HAE R, AcPALA
1 AcPALS Y458 (i AE LG18 YL fa ik b H B A AH R (1)
B SR T o) 5 e AT B A R () B DX A% 3 637 bp HL
X IR e B A D e JE A TR e A 7 A% TR
FVE FE TR KT 19 77 51 AR AU 23 93] 5 35 95.65% Fil
94.66% , 7% W] AcPALA 1l AcPALS 25 T H Ik & &
Fiftf, BLAh, FE B S BT BN, AcPAL L 32
3 A T 3 R 2885 B AR R 48 1 ) 3 PR A X

Fofr A 3 2 0k 45 R B OR | AcPAL R N AEAE 10
XF L FE PRI, BRAS B 53 AT 5 2 A HoAth i 5L P
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Table 2 Basic physical and chemical characteristics of proteins encoded by AcPAL genes

RAHER o Tk
FL[H 4 FR FEH ID Amino acid Molecular SEH g R BEIK PR SV 41 B 72 v
Gene name Gene 1D (aa) ’ weight pl Instability index GRAVY Subcellar localization
aa ( Dd)
AcPALL CEY00_Acc03785 706 77 044.20 6.09 32.93 -0.135 AL Cytoplasmic
AcPAL2 CEY00_Acc08481 709 76 586.57 5.92 33.16 -0.101 4L Cytoplasmic
AcPAL3 CEY00_Acc08530 713 77 100.31 6.00 34.73 -0.103 4L Cytoplasmic
AcPAL4 CEY00_Acc20943 709 77 502.72 6.03 35.57 -0.150 IR Cytoplasmic
AcPAL5 CEY00_Acc20944 712 77 697.71 6.17 34.42 -0.174 4iHL 5T Cytoplasmic
AcPAL6 CEY00_Acc30147 716 77 075.00 5.96 29.44 -0.097 YL Cytoplasmic
AcPALT CEY00_Acc32206 722 77 824.86 6.13 29.35 -0.126 T Cytoplasmic

WAL M RL X, A AcPALL 5 AcPAL2 (AcPAL1 5
AcPALT | AcPAL2 5 AcPAL3 | AcPAL2 5 AcPALG .
AcPAL2 5 AcPALT %5 (R 1. A) , Ui F B & & F
M) AcPAL FIGFER B EY KM EZERE, K
PEAEVEBR IR Sy, A T 4 o Fe R i IR A Al ] R
R (Ka) MR SOEHR (Ks ), 45 R 10 X362k
P AcPAL 3£ S B9 Ka/Ks FEAE M 0.048 ~0.138, 1
INF 1, URBH AcPALs FGIERI 2207 T 4lifb pe 5

WAL, YR8 AcPAL R H & [FIE 5L ] 43
MrIf22 il T BRBERk 5 PR ST A (LR O AR
B ) K WA BT A (KRG oK) 8 1] [ R
HE, 250 (K 1.B.C) R, BREHE AcPAL 705
(A 5 H A AT R D Y PAL DR 7 A i 35 A2k
PR, Hi  AcPAL ZE575B CsPAL K H) 3t
RVEIEI T B R B £ (16 XF) , 5 IF AtPAL %
TR R e 2 1 L R XS ol 8 X, AH EL 2R, R A Ak
AcPAL KI5 T AR YY) PAL SR () IR M X R
555, 5/KRE OsPAL , E K ZmPAL iR L2481 3
KX B 1%,
2.3 AcPAL ZREEKN RS #H L

TP R A OC R R BRI 5 K A
Tk URIT  BIRA LER B PAL 28 51 Hox
AR AR R R R BN, R 2 PR,
FrA MY PAL B R EIE AL 2 K43, B4
W53 3 (533 1) RS- AR 43 3 (433 1) , K W]
FEA) PAL 37555 K Bt ) gk Ak i b 3 43 s, XL+
A 5 SC il — RN 5 ANy (43 Na-
Iy Me) , 7 NEREBE AcPAL JY 5% 43 51 5B 25 F 43
I Ma 4332 TIb F14337 Te H 5450 CsPAL 5 Y

FG R, A, AcPAL & 51 5 0 W
SePE B 4 X Ma B9 AcPALL, AcPAL4 F
AcPALS 73 3 TIb ) AcPAL2 il AcPAL3, DA K 43
¥ 1lc ) AcPAL6 I AcPAL7, iX 5[5 — ) Fh 4% 52
PR LN AcPAL B 01 HAT B 5 )7 AR U1 19 45
AT
24 AcPAL XIREEMNEHEBENMNBRFRAESF
zh

PN RGE KB ITE R BA, 7T A AcPAL 3£ [H
PR3 ANFEESZ(E 3 A, ZEREMIE R
GRBEMNREBIA 3, RH MEME T.H M\
AcPAL FIEH S E R 12 MESFEF H 7 A AcPAL
SE PR 2 A5 2R 1 0 3 ) HE B P 5 R o 4 — 3K
(K 3:B), PREFESHEL T 25 2R (Bl 3.C) KRBT,
JIT A AcPAL R4 54 S22 10 PLN02457 Z5 k45K,
PRI H & PAL B AL IIREREE, IR
J¥ 30 B TR) 5 L G 25 SR 4 TR, BRBERE AcPAL
B ZE, LUK AcPAL 35 H 5 HAW Y F PAL 1
Z A m IR Y A AR S, O BT A
AcPAL & M1 ¥ & f1 PAL & o .o 5 %, B
GTITASGDLVPLSYIA , i% # J7 & i fb LK 1A & IR
A R AN R R TR B B 25 H . LA, AcPAL &
H R R R SF I FLORIN AR -2 2R ) K, %
FL 5% IEAE I 4 PAL Bl 04 IS 90 R 551 v e G B AR
FH 5 R, AcPAL 2 IR0 S A4 PAL KRR SF IR
AL IEPENL & GLALVNG \NDN J& HNQD, _[iR%%
FRFE W, 7 4 AcPAL & 3 BB 1 ~r i fiE 1k
TEPE S AT R TN 20 R i 24 6 ) e P 41t T 25 44
LAl
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Arabidopsis thaliana
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Actinidia chinensis

IR . Cs-9  Cs7 - - - - - - - Cs-10  Cs11  Cs\12  C33 Cs14 CM5
Camellia sinensis
7](*3 0Os-11 0s-12 0s-1 0Os-2 0s-3 0Os-4 0s-5 0s-6 0s-7 0s-8 0s-9 0s-10
C Oryza sativa
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Actinidia chinensis

EE}K zm-10 Zm-1 zm-2 Zm-3 Zm-4 Zm-5 Zm-6 zm-7 Zm-8 Zm-9
Zea mays

AL BRIk YL o A ] ) SR (IR AN FR Y ik TP T 38R GC & i, e N BB R SR ) 5 B. BRAGEBE S5 90U I L A5 TRD 119
LR PE; C. BRBERE 5K FE | E ORI I Pk (K a2k S o rm SRR MR SE R X, 8 (4 4 R PAL SEIRI AT AL E) |

A. Interchromosomal collinearity of Actinidia chinensis (the outermost circle indicates chromosomes, the middle circle indicates GC content, and
the innermost circle indicates gene density ); B. Collinearity between Actinidia chinensis, Arabidopsis thaliana and Camellia sinensis; C.
Collinearity between Actinidia chinensis, Oryza sativa and Zea mays ( gray lines indicate collinear gene pairs, whereas blue lines indicate

collinear pairs of PAL genes).

1 BREEHE AcPAL RIEER MR BEEMALLEER

Fig. 1 Chromosomal localization and collinearity patterns of kiwifruit AcPAL family genes
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ZmPAL)> @

OsPAL2 ®

1operD 1% &4

5+ ¥1le Clade Ile
® FEBH Populus trichocarpa
® #EIF Arabidopsis thaliana

® NGBk Actinidia chinensis
M Camellia sinensis

AtPAL3 @

@® AcPAL4

&
REI
s
Y ACYAL’5 S
a
CsPALc &
c

® JKFE Oryza sativa

® Tk Zea mays

2 BR¥EHE AcPALs 5HE 4549 PALs B R Stk (L4
Fig. 2 Phylogenetic tree of kiwifruit AcPALs and other plant PALs

FERGEF M85 B (3. D) W, 7 4> AcPAL
FEEBHH 2 MR T ARG TARENE T
YITE GT-AG Ab85I; 4h i P B B i sp ok,
A 1 ANE TR EE N 371~419 bp, 5B 2 4R T K
JEBR AcPAL2 4 1 738 bp LIAM, HiAy 6 ARl
1 750 bp; 54T [E], & 4K BE 7R K A
6] 25 5 3 F o 568 bp, J K3k 2 377 bp,
2.5 AcPAL ZEEENBS FIRKXIEATH

gk — I3 A SRR AcPAL 521 3 R s 3%

P FRAE X AcPAL 55 R )i 2 DX 5 =2 i) 1z o6
HEAT T o087, S5 (E 5) R, 7 4 AcPAL 3L
()i 3l 7 X B4 5 #0 )8 8l 7 61 TATA box il
CAAT-box, LI BT EA G 3h T UkE,

TE AcPAL FKJ% A sl F X A6 0 21 238 4~ E %0
e pg it XA e # DI e 4 R 4 25, RIS e R
JCA B R T A IR e e B A K R A
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