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TEE . HEMAI % %52 B-tRNA R B (GIuTR) W96, o4k F A& M ey K 4B R B, ABFRA) A RACE #% KM F
et i P S GluTR 69 % s B ¥ & 4 MAHEMAL, 2915 &3 5 AW . MdHEMAI AR T¥F RS F &4k &
CDS % 1638 bp, %A% 545 MR A B A, F A5 FEH59279.4 Da, F0 54 8.45, BOFINALEMHIEFZEG LAIR
F ) 5 A BE-IRNA 3 REFG N 3% 25 MR R FE R/ 4 iR WL 8.8 45 #3385~ R BE-IRNA & R B — R M3, M 54T B =
MAHEMA1 % & 5 & 2% ( Pyrus x bretschneideri) PPHEMA1 # % % % L, qRT-PCR £ R 27 ,MdHEMAL A% % »F 36 R %
AUBBEETHR AL ARG AR(E ot RE)PHAIKIFRG; ZARNETHFARERALFTHARAELRF KK
TEAFREATEEZLZTENLY — ;M BT FHEaB A FZAREA, BT O BT MAHEMAI AR 23 F X
BRAA 5 FFAE A 4 Wit A8 % 09I X AR A A,

KGR E R MAHEMAL ; %35 5%, B 5 F

Bioinformatics and Expression Analysis of MdHEMAI
Encoding the Key Enzyme for Chlorophyll Biosynthesis in Apple

ZHANG Xiu-de, AN Xiu-hong, LI Zhuang, LI Min, LI En-mao, CHENG Cun-gang
(Institute of Pomology , Chinese Academy of Agricultual Sciences/Key Laboratory of Fruit Germplasm
Resources Utilization ,Ministry of Agriculture ,Xingcheng Liaoning 125100)

Abstract; GluTR encoded by HEMAI is the key enzyme in regulating chlorophyll biosynthesis. In this study,
the encoding gene was cloned from apple leaves by RACE technology and designated as MdHEMAI. Bioinformat-
ics analysis revealed that MdHEMAI located on chromosome 8 of apple genome, with a CDS length of 1638 bp
and encoded 545 amino acid residues. The calculated molecular mass was 59279. 4 Da with an isoelectric point of
8. 45. Sequence analysis showed that MAHEMAT1 protein contained 3 conserved domains. MAHEMAT1 possessed
the closest phylogenetic relationship with PbPHEMA1 from Pyrus X bretschneideri. qRT-PCR results revealed that
MdHEMAI exhibited a high expression level in photosynthetic tissues compared with that in other tissues. Be-
sides, the expression level of MdHEMAI varied in leaves and fruits at different developmental stages, which was
positively correlated with the level of chlorophyll accumulation. The gene expression could also be induced by
drought stress. Promoter analysis revealed that MdHEMAI promoter possessed multiple putative cis-acting ele-
ments involved in abiotic stress.

Key words: apple ; MdHEMAI ; expression analysis ; promoter
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WA B 53, YA ER P REE XKBE
RN, am s A VR, St 3 BE S R A W R Y
Wi €M A VLR SEA ALY BT 6 B, 14 10 52 ) SR 52
PITE BT, SESRIE TR 0 32 7= K SR, SR 8 B 5
PR B R RO Bt S 2 LA, 3 S AR
Pl e JEGE SR AR SR K i, UM
i (R RN e SRR S T4 B
) T EE  H N FE SRR B AR R B
WSS SRS 3R A W GRS Mo TR B T i
— AR N S T

YRR YA R R — R 2 it
A 2R EYE S 5H, BHTC 2 A0
FAT TR B 3 e A Wil I L3 25 1 G ik L il 11
RO FER SRR A A BB BR R 2
L-A 2 BE-IRNA | i L-A 2 E-tRNA 2 5-23E 4B
R (ALA) W AEY & it B2 A g R A I &
FYL AR, ALA A9 G URE IR R s R
HRGER R B R G GsR T RE
SEH YR E BT R EXRTEENTY, ALA K
BT 2 R, A A TEARNA i )5 ( GluTR)
AL -7 2 E-tRNA A2 A 2 MR BiR- 1 - (GSA)
GSA P 28 4% & R FR-1-2F -2, 1- 3 5% 1
(GSAT) FfEAL A i ALA, GluTR 2R A&
B R B KB HEMA R 4 fd, A it
HEMA JE¥ 4 R A R 72 1 S g 3 o
FHELZ T, GSAT 76 ALA & it 2 v HUJE A b 2 5
(G0, TR A 7 F ik /N — 26120 HEMA J&— >3
PRI 5ET5 AL 2 B, N [ Y HEMA B %) B
e —E LR, HAMYBEIT A 34, 505
J& HEMAI HEMA2 HEMA3"™>') Wi#s) K A HE-
MAI Fl HEMA2 WiA-3ERS ) BF 98 & B0, HEMA 3%
IG5 A Z (B — 2 [ 25 55, HEMAL JEH 325
HS TR AP AR RE R K, O LA A A
Hr s I s T A A ) SRR T a2
W A BT ARG N PR HEMA2
WA ZIHES  AUER AL #3551 HEMA3
FERTER L 5 FAETE R, Tsnala %51 8 FE Hor-
deum vulgare WIARZAZIHH KB HEMA3 . A. M. Kumar
SEPOVRIAE HEMAT %R 3R UUER AU AR Bk o, ALA
PSR S AR R AR B R % I GluTR 2 M
T i ) S BRI, T IR ELEZUE S HEMAT A5 5
R TER

ARBFFE T ME T MAHEMAL £ K J3 80 7 %

G o F A Y45 B X MAHEMAL 3% R %) 45
fE LSS EAYRER ARG RKEF B TF
SIEAT 43 AT, SR I B qRT-PCR $7 AR K I Md-
HEMAI TE3 R AL 8T A F &7 L2
K PEG S F ) RIBEMN, WIEAWR Md-
HEMAI TRe, T3 Rt R G oy 45 F L3
DL KR 43 T B4 3 A 2R S0 9 A L 4R AL
BLiN7oR i

1 MBl5RAE

1.1 IR

ABIFFE B B AL P 4 Rk A Hp B RO B
Wt SR AR A5 BT ARl A Bl 22 9 b 5 i 1) P
S 28 DR AT (0 WEL IR ZH 15 v LA R W T 6 A b e
LAY 9 4F A ISP SRR, AW RNA S0 &0
A8 E QIAGEN 2 7], 5 e st i) & . pMDI18-T 3¢
CERR T, 1% TR G DNA BE K B0 F) & L SYBR
Premix Ex Taq 5874 H F £ %) ( TaKaRa) A #] ,
PCR SR Tt i858 KT (E. coli) DHS o\ 2 HU
FRL R & 45 B 42304 (TransGen ) A=W 1 R A5
FRAT
1.2 ¥ RZ RNA {2EUK cDNA &5

B3 ~4 R 55 A, FF RNeasy Plant
Mini Kit( QIAGEN ) 7] &4 BOE S B RNA . 4
TR I B UK K RNA S %M 97 T 20 e e B
THIE RNA VRIE . DISEARLE RNA SR, 2 i
#5850 & Prime Script' RT Reagent Kit with gD-
NA Eraser( Takara) JZ 7% %159 2] cDNA 55 1 545,
T v B 5 s RO M, AR SCET LS A L
x1,
1.3 MdJHEMA1 ERETE

TE TAIR (http ://www. arabidopsis. org/) ['1# 2R
AR I 2 3R G R BE B HE [N AtHEMAT , 38 53 13
L K 2H £ P8 )% (http ;. // genomics. research. iasma.
it/ blast/blast. hml) H 47 O X, FRAT 32 R 1 Md-
HEMAI JE[H 731, B34 5 51 %) MAHEMAL-F A
MdHEMA1-R, PCR ¥ 3% 3 K, PCR S I 72 ¢
95°C 5 min;95°C 40 s,55°C 40 s,72°C 70 s,34 M
#;72°C 10 min;4°C R4, PCR W48 1.5% 3R
JUE R B I R ik, DI %) B BB IS , Y DNA B Jig it
& N, RIS ) i 4 e R A pMDIS-T, H4 4k
N KIHIT I Z A DHS o, 37°C i IR 37, O 1 4 B
PETORE 5 IEAT I P 2 . IRy b st = T
W EARA BRI A F 581K
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Table 1 Primers and their sequences used in this paper

ik GIL7E% S JPHl(5'-3")

Use Primer name Sequences

ORF §/" 1% MdAHEMAL-F GATGTCGACCAGTTTCGCC

Complete ORF amplification MJdHEMAI-R TTACTTCTGGGTTTGTTCC

3’ RACE HEMAL-F1. CAGAGCTGCAGAGCTCGAC

3'-end amplification HEMAIL-F2. ATGGTCCGATGCAGCACTT
B26 GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTTT
B25 GACTCGAGTCGACATCGA

Pt E = PCR MdHEMAL (RT) -F

RT-PCR MdHEMAL (RT)-R

YR s MdHEMAL1 (P)-F

Promoters amplification

MdHEMAL1(P)-R

GAACATGCACGCTCTTAAC
CGAGTTGAAGATTACACCAG
CACGTAGGACTTAATTTGAAACC
TGACCCAAACCAGACGGCGTTT

| ExPASy Proteomics Server (http://web. ex-
pasy. org/ protparam/ ) T3 MAHEMA1 £ FH )
EAGFE UFHEARNKE 577 #ULSH
AP F A Pfam (hitp://pfam. sanger. ac. uk/) 7E
Lt MAHEMAL 2 H R <7 &5 38, R Clustal
1. 8. 1 #4544 MEGA 5.0 i /Fx MAHEMAL 541
P TS HARAE Y HEMA 8 LA T R G0k 2R 70 #, 1
HRGRE AW,
1.4 WLEE PCR 947

SRR SR O AR 25 i AR CREZET RNA,
F 5458 cDNA , qRT-PCR %} MdHEMAI &£ AEA
[FIHAE B R RIAF AT b, Oy 5 ~
10 d(#hit) 20 ~25 d(JEITIt) 40 ~45 d(JEAT)
R, S O i RNA | B#E s 45 31 eDNA, A6 il
MAHEMAI FENAEAN R 2 IR R By R B B,
MAESE 60 d TTh, BIFEIG 120 d RIEA, H6F 30 d
W—YCREE 7r 3 R IR IE AR 5 R B4R R 5L,
IR IR B2 RNA [ e s 4 51) oDNA |, Kl Md-
HEMAT JEPTER AR K B I RaA

eI ROIRZS — B ISR 21 15 B, 1] 20% PEG
BT S T A B 3 AEAEHES 0 b1 h.3 h,
6 h.12 h W HCRE, WA R A7, SR 5 23 ) 4R B
RNA, [ %% 5% i ¢cDNA , qRT-PCR # 1l MdHEMAI 1%
T RA ST R FRBARE

Wit MAHEMAT € 5190, VSESR Actin HNS
FEH ,%%% TaKaRa SYBR Premix Ex Taq i P
qRT-PCR S BiFESF , T A B4 iEA T 3 A2, e
A% 20 L SWAARZ :SYBR Premix Ex Taq 10 ulL, 1F/%
5% (5 wmol/L) 4% 1 wL,cDNA 1 pL,ddH,0 7 pL,

LA Bk iR 2 - A T AT
1.5 HEZRSEHNE

I3 BIFRIBGESR M R MR 2 0.5 g Zeda, VI 3¢
A 25 mL B =AM RIA 121 (49 80% K PSR
F195% W) ZBERAH 20 mLL, flRHRL 58 412 AHEH
G A ES WA E N AN R 2l NS e 1 P S
AN KRR E A AL, BB 11 /Y
80% PN A 95% ) LRI AT HAE N2 L, 7E 663 nm
645 nm P AT OD 6, S THAIHE MK
Hi S R S R (mg/g)
Ca=(12.21 xODy; —2.81 x ODg,5) x V/ (W x1000)
Cb =(20. 13 x ODg;s —5.03 x ODg; ) x V/ (W x1000)
Chl =Ca +Cb
K Ca: MHERE a VREE; Ch FHER R b WAL V. 4%
FREEPOR ST (mL) ;W MPRHEEH () o
1.6 MdJHEMAI iRz FHsEE

MG 20 09 MAHEMAL 3£ 9, 7 GDR %416
(http://www. rosaceae. org) H 174 &, $& 2| Md-
HEMAI J:R )3 3+ 5 91, Bt 51 9 35 47l iy .
F| H PlantCARE ( http://bioinformatics. psb. ugent.
be/webtools/plantcar e/html/) TE £k 73 #1 MdHEMAI
Ja 3§ A A E T

2 GRE5HH

2.1 3R MdHEMAl EEZEREELEHHH
DAL I I 25 G LG B il 56 ) ALHEMAT R
PREF, 75 GDR £48 2 i b A7 e X, R A% — 2% [R) P
B MIES, v 4 9 MAHEMAI , %3151 99 88 3%
JEoI, A B R 37 ok 5 514 HEMAL-F1  HEMA1-
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F2 1 B26 \B25 §" 4455 366 bp KJEHY 3'UTR 751
(K1),

MAHEMAT JEFA TR 8 Sy fk b, Rl
BEAE R E A 1638 bp, difith 545 PEIERR , % FEH I
DNA JF 553 M e BIZ I P 1 4549 e ff o, H& A

3ASNR T M2 AT T (K 2), ST KBS
} 265 bp.242 bp Hl 1131 bp, N & T K B4 51 K4
471 bp H1273 bp, ExPASy Proteomics Server T.H I}
7K MAHEMAL 4 1 73 5 & 9 59279.4 Da, 55 H &
H8.45,

2.2

¥R MAHEMAI {RSFEHRIBS T

ATGGCGATGTCGACCAGTTTCGCCGCGAGCAAAGTTGCAGGCTTTGCTGTCATTGTCTTCGTCGTCGGCTGCGACGACGTCGT

CCAGGGCTTCTACCGGTTCTICTITGGTGGGTICTGTGAGGCCCATTAGGACTAGAAGGCTCCAAATTCAGAGAGGAGTGCG
GTGCGAAGTGGCCGCTTCTTCTGATGCTTCTACCGCGGTGGTTCAGTCTGTCGCTTCCAATGTCTCCGCTCTTGAGCAGCTCA
AGACCTCTGCTTCTGACAGGTACACCAAGCGAAAGAAGCAGCATTGTGGTCATCGGACTTAGTATTCACACAACACCGGTTG
AAATGCGTCAAAAACTAGCCATTCCAGAAGCAGAATGGCCTCGAGCCATAGGGGAGCTGTGTGGCTTAAATCACATAGAAG
AAGCTGCTGTTCTTAGCACCTGCAACCGAATGCGAGATATATGTTGTAGCTCTATCTCAGCATCGTGGTGTCAAAGAAGTTACC
GAGTGGATGTCAAAGACAAGTGGAGTACCTGTTTCCGAGCTATGCCAGCACMGGTTTTTACTCTATAATAATGACGCCACTC
AGCATCTCTTCGAAGTATCAGCAGGTCTCGACTCTCTTGTCCTTGGAGAAGGTCAAATTCTTGCCCAGGTGAAACAAGTTGT
TAAAGTCGGCCAAGGAGTTGTTGGCTTTGCTAGAAACATMAGTGGGCTGTTCAAGCACGCAATCACTGTGGGAAAGC GGG
TTAGAACTGAAACTAACATTGCTGCTGGGGCAGTTTCTGTAAGCTCTGCTGCTGTTCGAACTTGCCTTGATGAAGCTTCCTGCA
TCGTCACATGCTACTGCAAGAATGTTGGTGATTGGTGCCGGCAAAATGGCAAAGCTTGTGATCAAACACTTGGTAGCAAAA
GGTTGCACAAAGATGGTTGTTGTCGAATAGGACTGAGGAGAGAGTGGCATCTATCCGC GAGGAGCTGC ATGGTATTGAGATCA
TTTACAAGCCTCTTACAGAAATGCTTACCTGTGCAGCAGAGGCCGATGTGGTTTTTACTAGCACCGCATCTGAAACCCCATTA
TTTTTCAAAGAAGATGTGAAGGACCTTCCTGCTGTAGGTCCAGAGACTGGCGGTTTGAGGCTTTTTGTTGATATTTCCGTCCC
CCGGAACGTGAGTTCATGTGTTGCAGATGTTGATGGTGCTCGACTTTACAATGTT GATGACCTTAAGGAGGTTGTGGCTGCT
AACAAAGAGGATCGTCTGCGGAAAGCAATGCGAAGCTCAGGAAATTATCACTCGAAGAGTCAAAACAATTTGAAGCTTGGAG
GGATTCTTTGGAGACAGTACCTACCATCAAGAAATTAAGAGCTTATGCTCGAAAGAATCAGAGCTGCAGAGCTCGACAAATGC
TTATCAAATATGGGCGACGACATATCAAACAAAACAAGAAAAGCCGTAGATGATCTTAGCCGAGGAATTGTCGAACAAGCTCC
TTCATGGTCCGATGCAGCACTTAAGATGCGATGGGAGTGATAGTCGAACTCTCGAGTGAGACCCTTGAGAACATGCACGCTCT
TAACAGAATGTTCAGCCTCGAGACAGAAATATCCGTATTGCGAACAGAAAATTCGAGCTAAGGTGGAACAAACCCAGAAGTA
AAGCTACAATGTCAAATTTCTTCCACGACACATCGACTTCCTCAAACTCGAATAAGGCCAAAACATCCTCACATTGTCATTTT
CGTGTTCCTTCTGGTGTAATCTICAACTCGATAGACATATTGTGTTGGTCCCGGCTGGGGGATCTICCAATTCATTCACTGGTG
AAAGACACCCTAACATGATTTTTCTGTGGGAGTTGTTTATAT GTCTACCACCACATGTTCGTAAGTGGCTGTTCGGCTTTGTAT
COAAATTATGAGATATCTGTAATACTGTCAATTCTTGTAATTAAAAGTCATTTCTGAT GAATGTGTATTGTAATTCATAAAAAAS

AAAAAAMAAY

1 MdHEMAI EE 53|
Fig. 1 The sequence of MdHEMAI gene

265 736 978 1251 2382 2748
ATG TAA
I

El I1 E2 12 E3 3'UTR

2 MAHEMAI EHEZH 5317
Fig. 2 The structure diagrams of MdHEMAI gene

MAHEMAIL JEH 4t 545 DR IRk, FIH
BB 45 ¥4 43 AT B4 Pfam ( hitp ://pfam. sanger. ac.
uk/ ) BEATA3AT, &5 1 SR MAHEMAL A& 3 4
RSP ; GlutR_N | Shikimate_ DH A1 GlutR_
dimer, GlutR_N /&% Z -tRNA I8 [l N i 2 g
5, i MAHEMA1 £ 55 100 ~251 Z a4t 152 4
SHL TR 5% JL 21 B ; Shikimate_ DH 2 7§ 25 %/ 25 JE iR
U, 55 265 ~407 Z (A3 143 IR AR L4

B, IR DA R BE-IRNA 6 5 i AY E L 8 I
GlutR_dimer A Z HE-tRNA i R — B4k 45+ 4af
FH 2R 420 ~526 2 [A]3E 107 A E LR R AN,
2.3 ¥ 5 MAHEMA1 R 5

J TR MAHEMAL 2 (15 H ALY F HEMA
E AR R PR L, 78 NCBI | ¥E 4T BLAST 72 ¢ #4315
(E-value = e *), BLAST %%} % ] MdHEMAL 5
ZAH Y HEMA 2% W2 )7 5 58 A bb 3 = 1Y [R] U8
£, o 5 4L PhHEMAL A PmHEMAL #9755 H
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Fig. 3

2.4 MAHEMAI HEFEREHRAPHRIESH

AW 5T R F S92 2 1t PCR B AR 43 51 % 3
WM 25 it B R SESE R R A 8L MdHEMAL
MZRIRHEATRIM , 45 R R W, MAHEMAT HE V& i 57
RN 88 B Rk (AR R KK VA7
2S5, ZHEFEAEM 2K L EAET SRR
B AR R R R, T R MR ORI AE P 3R IR AR R —
H(KE4),

3,

2.5

1.l

Z£Stem HLeaf  fEFlower 3LFruit

B4 MdJHEMAI ¥R REHAPHRIE
Fig. 4 The expression of MAHEMA1

in different tissues of apple

w

FHXT # ik ERelative expression level

S

Phylogenetic relationship of HEMAL1 proteins from apple and other plants

2.5 F¥RJ] MdHEMAI ZEARABREMHFEHRRR

LS

SRR G I B 3 AR R E
ARSI - TR 3R & A I 5 MdHEMAT $&
RIE I, GEREBWI(ELS) R A 7E b 4t
B AT B K F R R E RN W,
qRT-PCR i 2% 5 @ /R , MAHEMAI 3% R 7E 3 FhoAS
[F] % B ARSI v ¥ Rk, BLRCE T R & & B
T, S a R SR A — 3
2.6 MdJHEMAI E¥XRREEXAERXEHNRIES T

R T K MAHEMAL FE3- SRR S0 OR R 2 B 1)
(I ZRIRAG O, 43 B IBCAE J5 AN ) sl 1A 2 25 48 g 1 i 572
SRR BUR B AT ek B, qRT-PCR 4553 .
R (E 6) AFII , MAHEMAL 3358 2285 R K,
MAEST 60 d BNFEJT 120 d, FH Az L R 1 23k &
TR TEAE)S 60 d I ik b i, A (fE )5
120 d) ik m ik, [RIE, dAs il TR A B 4%
R MAHEMAT FEPR g 23k H 3R G810 T 4 [H]
I AR A B v MAHEMAL B2 363k, i H 3%
TS RN SR SOMIIY. = NV 2
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Fig. 5 Chlorophyll content and the expression of MdHEMAI in leaves at different developmental stages
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Fig. 6 Relative expression of MdHEMAI in apple skin
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Fig. 7 Chlorophyll content of apple skin
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Fig. 8 Expression of MdHEMAI

gene under PEG treatment
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Table 2 Cis-acting elements potentially associated with MdHEMAI

gl SRR TR (bp) 52 it
Motif Distance from ATG Sequence Function
ABRE 425 CGCACGTGTC ABA Wi 3 G
cis-acting element involved in the abscisic acid responsiveness

G-Box 423 CACGTT SR TR

1197 cis-acting regulatory element involved in light responsiveness
GARE-motif 1355 AAACAGA GA Wi B G

gibberellin-responsive element
GT1-motif 850 GGTTAAT TG TEAE
light responsive element

LTR 598 CCGAAA AU WA S TT A

1124 cis-acting element involved in low-temperatureresponsiveness
MBS 1278 CAACTG PLRBE LI MYB 454 (L8

MYB binding site involved in drought-inducibility

Spl 145 CC(G/A)CCC e g TC A

165 light responsive element

276
TCA-element 239 CAGAAAAGGA SA i i T A

cis-acting element involved in salicylic acid responsiveness

Circadian 402 CAANNNNATC sk et P s

1220 cis-acting regulatory element involved in circadian control

1302
3 it PE RN A R ALA, ' OGS B B R s, A

\Y

WA ERT BTG RNS S, ATtk
FFG AL B RE , 76 240 if 1% 36 R B 5 Al it o
TE T EEER, HI, e Z 5 A K &
B SRS R 7 e A R R A L R
RIS LR R A i 2 RO H AN B
(R0 PR AR 720 e 2 e L R 7 o o 5
— B, WFIE I, SR A gt R i B RE R AT
SeAEH, Hok R AL 68 1 BEAE 18 R A9 1710, 1
HXA T L EE FRETHT A S SR
TR,

LR 2 A WA A I Y s S AT e & T
S g R e AR AR S s e R AR W T T A AR
R R AR B A R HE-
MAT SN2 A A B S B  SE R, 32 1 45 A 4
R4 R 9 & &, R, Tsnala 2577 % 30 8 T 40 Jifg
H HEMAI FER R385 5= AW & A K,
5345 P B ST I A R S {3 R PR
ALA A S EEIE IR Hem | 4% 5L DA bR 76 56 B 4%

R AR LB SRR L P g R SRS
MAHEMAI ()35 BA MRS 7R T Md-
HEMAI BT g 5 AtHEMAL ThEEM L, et £ 4
B AR R EE AR,

L. L. Tlag %" SEMILE [ SRCIES T , HEMAT &
PRI B 1) S (oA 0 1 N 5 B0 3K T X 26 A )
RIS AL IF, HEMAT FEH 3238 AN 1 B 3, AL
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