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Abstract

Apple (Malus domestica) is a climacteric fruit because of its high respiration and ethylene production. Ethylene
affects the fruit by decreasing its quality and storability. Md-ACS1 and Md-ACOI genes are involved in ethylene
biosynthesis in apple; the Md-ACS1-2 and Md-ACOI-1 alleles are associated with low ethylene production. We
conducted an analysis to study Md-4ACS1 and Md-ACOI, and to examine ethylene production and softening rate
of fruit at room temperature (20°C) storage in ‘Fuji (FJ)’, ‘Golden Supreme (GS)’, and 5 cultivars of Korean apples
(‘RubyS (RS)’, ‘Hongro (HR)’, ‘Arisoo (AS)’, ‘Summer King (SK)’, ‘Greenball (GB)’). The result showed that
an increase in the number of the alleles (4CSI-2, ACOI-1) decreased the ethylene production and softening rate.
The presence of ACSI-1/1, ACOI-1/2 was confirmed in GS and the highest ethylene production and softening
rate was observed. Ethylene production and softening rate of SK and GB expressing ACSI-1/2, ACOI-1/2 were
higher than that of HR and AS, expressing ACS1-2/2, ACOI1-1/2, but lower than GS. FJ with ACS1-2/2, ACOI-1/1
showed the lowest ethylene production and softening rate among all cultivars except RS. The Md-ACS1 and Md-ACO1
DNA markers could potentially be used to estimate storability and applied in marker assisted selection the improve

the efficiency of apple breeding.
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Table 1. Primer sequences used for amplifying Md-ACS1 and Md-ACOI genes

Gene Primer sequences Amplicon size AImealingot?mperatme Reference
(bp) (©)
MA-ACS1 Forward 5 ° AGAGAGATGCCATTTTTGTTCGTAC 3 1:489
, , 58 Sunako et al (17)
Reverse 5 ° CCTACAAACTTGCGTGGGGATTATAAGTGT 3 2:655
MA-ACO! Forward 5 ° TCCCCCCAATGCACCACTCCA 3’ 1:525
65 Costa et al (5)

Reverse 5~ GATTCCTTGGCCTTCATAGCTTC 3’ 2:587
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Fig. 1. Md-ACS1 and Md-ACO! banding patterns for the seven apple cultivars.
The top panel shows MI-ACS! allelic forms. The bottom panel shows MF-ACO! allelic forms: ‘Fuji’ (lane 1), 'RubyS’ (lane 2), ‘Hongro’ (lane 3), ’Arisoo’ (lane 4), ‘Summer

King’ (lane 5), Greenball’ (lane 6), ‘Golden Supreme’ (lane 7); 1 Kb DNA ladder (M).
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Table 2. The fruit characteristics and Md-ACS1, Md-ACO! genotype of 28 Korean apples

. . Fruit skin Harvest ) Sweet- Fruit Genoytpe No. favorable alleles
Cultivar Year released Fruit shape color time)) Acidity 1ess? wei ght") 1CSI 4001 (FA)®
Hongro 1988 Globose- Red 2 1 5 3 22 12 3

conical
Chukwang 1992 Flat- Red 2 1 3 4 22 12 3
globose
Gamhong 1992 Oblong Red 3 3 5 4 22 12 3
Hwahong 1992 Globose Red 3 1 3 3 12 12 3
Seokwang 1995 Globose Red 1 4 2 3 22 12 3
Saenara 1997 Conical Red 2 4 3 3 22 12 3
Sunhong 2000 Conical Light- 1 2 3 4 22 12 3
red
Honggeum 2004 Oblong Light- 2 3 4 3 22 12 3
red
Seohong 2004 Globose Light- 1 3 3 2 22 12 3
red
2005 Flat- Light- 1 2 3 2 12 12 2
Summer-dream globose od
Manbok 2006 Flat- Dark- 1 2 3 2 12 12 2
globose red
Hongso 2006 Globose- Light- 2 3 4 2 12 12 2
conical red
Hongan 2006 Globose Red 2 1 3 2 22 12 3
Yeohong 2007 Globose Red 3 5 4 4 212 /1 4
Danhong 2008 Oblong Red 3 3 4 3 22 11 4
Picnic 2008 Globose- Red 2 4 5 2 22 12 3
conical
Greenball 2008 Oblong- Yellow- 1 3 3 4 12 12 2
conical green
Hwayoung 2008 Oblong Red 3 3 4 3 22 11 4
Hwasa 2009 Globose- Light- 3 3 3 2 212 12 3
conical red
Hwangok 2009 Globose- Yellow 2 5 5 2 212 12 3
conical
Summer 2010 Globose- Light- 1 4 3 3 12 12 2
King conical red
Arisoo 2010 Globose Light- 2 3 4 3 22 12 3
red
Goldenbell 2011 Globose Yellow 2 5 0 1 12 12 2
Rosebell 2011 Globose Yellow 1 5 0 1 /1 12 1
Tinkerbell 2012 Globose Dark- 1 5 1 1 12 12 2
red
Decobell 2013 Oblong Red 2 5 1 1 12 12 2
Summer-prince 2014 Globpse- Light- 1 4 2 3 /1 12 1
conical red
RubyS 2014 Globose Red 1 4 3 1 22 12 3

Harvest time: 1=from July to September, 2=September, 3=October.

)
z’Acidity: 0=No acidity, 1=Week, 2=Midium-week, 3=Midium, 4=Midium-strong, 5=strong.
'Sweetness: 0=Not sweet, 1=Week, 2=Midium-week, 3=Midium, 4=Midium-strong, 5=strong.
YFriit weight: 1= <100 g, 2=150-250 g, 3=250-300 g, 4= >300 g

'Mean to add up number of the alleles (ACS/-2 ACOI-1) of low ethylene production.

©
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Fig. 2. Change ethylene production in the seven apple cultivars over

25 days after harvest at room temperature (207C).
Bars represent=SD (n=15).
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Table 3. Fresh fruit firmness at harvest, firmness after 20 days
of room temperature (20°C) storage and softening rate (difference
between firmness at harvest and firmness after storage, divided
by number of storage days) in the seven apple cultivars

Firmness (Newton/11 mm plunger)

Cultivars Softening rate
Harvest time after storage

Fuji 68.520.39" 6103025 037
Ruby$S 71.00£0.35° 68.4320.38" 0.13°
Hongro 71.14£0.72° 55.9840.63" 0.76"°
Arisoo 74.93+0,33" 58302071 0.83®
Summer King 70.38+0.24° 47.46+0.28° L15°
Greenball 57.07£0.37° 34.4240.10° 113
Golden Supreme 70.38+0.24° 449310.17° 127

"Values are meanstSD (n=9).
Means followed by the same letters within the column per parameter are not significantly
different (p<0.05).



896 k=2 A58

ATH22). o|A& AlZte] 4 F A F-o| ofF F8
g &% Sixolw, AFA I4

MA-ACOI TAEA 9] A5 3 282 S3858 Fd<= 9
gk MASO| & Fasith= on|7t & Aot} & A3
A}, 78 F A7 Bt A L7

& Md-ACSI 2 Md-ACOI 8- 28 2} kA o]
Ao 2 RISt whebA] Aol 244 P4zt #
MA-ACS1 3 Md-ACOI A3 A 5 ©]-&-8F ket PCR
AE B3l A TS ET] AR el

& 9%t w3 2, weldAe] 27 Ee] 7}
Aoz A7 drh

i
&0@“1
F bo e s Tl o

r

Ho =
ofN
FD{I

e oot

o (0]

=L =

AHe dglel 8] BET] AAH o F53
SEFEY THlolT. ol WAL AT R EA B
A5E AYAA Ake] FEGT A

MA-ACSI 3 MA-ACOI A7 AHE]o] 9lom, +
AR B9 gl IR Ak JE nXE AR
g A Uk B AT A SlSA 28%F MAEACS!
2 Md-ACO1 NE A & 438131, ‘Fuji(FJ)’, ‘RubyS
(RS)’, ‘Hongro(HR)’, ‘Arisoo(AS)’, ‘Summer King(SK)’,
‘Greenball(GB)’, ‘Golden Supreme(GS)’< th o2 =38t
325971419 gl HAF F AR 7H207) 209 &<t
o] Ax dsles AR 1 A, B gl A
3 & @ Y H-3-d A Hfavorable allelesO(FA)) ACSI-2,
ACOI-1°] B&55 gl dAFT} Hx Askgo] v
S Bt GS& ACSI-I/I, ACOI-I/AFA N2 &
FE T MY =L dgd A A9 AE dsleE BG
th. SK& GBS ACSI-1/2, ACOI-I/2FA 2)°. & ACSI-2/2,
ACOI-1/AFA 3)2] HR®} AS HU}E= =31 GS X} ve
oddll wAFY Ax AES HIAY ACSI-22
ACOI-I/IFA )R] FI= RSE A|9J3t RE T Fol olE
A BT A dstEo] /MY Bt B Ade] A
Md-ACSI1 3 Md-ACO1 728 2} Atate] odal
A 2 AR Ad3l&e FHdol e Aoz Tk
Wb, MA-ACSI 2 Md-ACOI A FEA S A3t US4
39 ARG A=Y 8% 2& FES 93 Marker-
assisted selection®l] &3 4 1S Aoz A7 Aol

ZAlel 2

e
e
ol

E20179% FENEH TS5 7]

F3-FAFA (A S PI011220)2] A el] 23] $23 =] 9]

3|2 A24d A7E (2017)

syt

10.

References

. Ahn YJ, Choi JS, Min BH, Yi KU (1996) Effect of
ethylene adsorbent on apple fruit quality during storage.
J Natural sci Paichai Univ, 8, 169-173

. Taiz L, Zeiger E (2013) Plant Physiology. Life Science
publishing co, Soeul, Korea, p 622-625

. Li T, Tan D, Yang X, Wang A (2013) Exploring the
apple genome reveals six ACC synthase genes expressed
during fruit ripening. Sci Hortic, 157, 119-123

. Wakasa Y, Kudo H, Ishikawa R, Akada S, Senda M,
Niizeki M, Harada T (2006) Low expression of an
endopolygalacturonase gene in apple fruit with long-term
storage potential. Postharvest Biol Technol, 39, 193-198

. Costa F, Stella S, Van de Weg WE, Guerra W, Cecchinel
M, Dallivina J, Koller B, Sansavini S (2005) Role of
the genes Md-ACO! and Md-ACSI in ethylene production
and shelf life of apple (Malus domestica Borkh).
Euphytica, 141, 181 - 190

. Yang X, Song J, Campbell-Palmer L, Fillmore S, Zhang
Z (2013) Effect of ethylene and 1-MCP on expression
of genes involved in ethylene biosynthesis and perception
during ripening of apple fruit. Postharvest Biol Technol,
78, 55-66

. Johnston JW, Hewett EW, Hertog MLATM, Harker FR
(2001) Temperature
responses in apple cultivars. Postharvest Biol Technol,
23, 185-196

. Park JY, Kim KO, Yoo JG, Win NM, Lee JW, Choung
MG, Jung HY, Kan IK (2016) Effects of
aminoethoxyvinylglycine (AVG) and 1-methylcyclopropene
(I-MCP) treatments on fruit quality attributes in
cold-stored ‘Jonathan’ apples. Korean J Food Preserv,
23, 453-458

. Yoo JG, Kang BK, Lee JW, Kim DH, Lee DH, Jung

HY, Choi DG, Choung MG, Choi IM, Kang IK (2015)

Effect of preharvest and postharvest 1-methylcyclopropene

(1-MCP) treatments on fruit quality attributes in

cold-stored ‘Fuji’ apples. Kor J Hort Sci Technol, 33,

542-549

Yoo JG, Kim DH, Lee JW, Choi DG, Han JS, Kwon

SI, Kweon HJ, Kang IK (2013) Effect of preharvest

sprayable 1-methylcyclopropene (1-MCP) treatment on

fruit quality attributes in cold stored ‘Gamhong’ apples.

induces differential softening



11.

12.

13.

14.

15.

16.

17.

Estimation of storability for Korean apples (Malus domestica) using Md-ACSI and Md-ACO! DNA marker

Protected Hortic Plant Factory, 22, 279-283

Choi SJ (2005) Comparison of the change in quality and
ethylene production between apple and peach fruits
treated with 1-methylcyclopropene (1-MCP). Kor J Food
Preserv, 12, 511-515

Watkins CB (2008) Overview of 1-methylcyclopropene
trials and uses for edible horticultural crops. HortScience,
43, 86-94

Johnston JW, Hewett EW, Hertog MLATM (2002)
Postharvest softening of apple (Malus domestica) fruit:
A Review. N Z J Crop Hortic Sci, 30, 145-160
Nybom H, Ahmadi-Afzadi M, Sehic J, Hertog M (2013)
DNA marker-assisted evaluation of fruit firmness at
harvest and post-harvest fruit softening in a diverse apple
germplasm. Tree Genet Genomes, 9, 279-290

Zhu Y, Mattheis J, Barritt B, Peace C (2009) Funtional
genomics and marker development for apple sensory
qualities. Final Report of USDA, ARS

Sunako T, Sakuraba W, Senda M, Akada S, Ishikawa
R, Niizeki M, Harada T (1999) An allele of the
ripening-specific 1-aminocyclopropane-1-carboxylic acid
synthase gene (ACS1) in apple fruit with a long storage
life. Plant Physiol, 119, 1297-1303

Zhu Y, Barritt BH (2008) Md-ACS! and Md-ACO!
genotyping of apple (Malus~xdomestica Borkh.) breeding
parents and suitability for marker-assisted selection. Tree
Genet Genomes, 4, 555-562

18.

19.

20.

21.

22.

897

Kondo S, Uthaibutra J, Gemma H (1991) Comparison
of 1-aminocyclopropane-1-carboxylic acid, abscisic acid
and anthocyanin content of some apple cultivars during
fruit growth and maturation. J Jpn Soc Hortic Sci, 60,
505-511

Costa F, Cappellin L, Farneti B, Tadiello A, Romano
A, Soukoulis C, Sansavini S, Velasco R, Biasioli F (2014)
Advances in QTL mapping for ethylene production in
apple (Malusxdomestica Borkh.). Postharvest Biol
Technol, 87, 126-132

Harada T, Sunako T, Wakasa Y, Soejima J, Satoh T,
Niizeki M (2000) An allele of the 1-aminocyclopropane-
1-carboxylate synthase gene (Md-ACSI) accounts for the
low level of ethylene production in climacteric fruits of
some apple cultivars. Theor Appl Genet, 101, 742 - 746
Oraguzie NC, Iwanami H, Soejima J, Harada T, Hall
A (2004) Inheritance of the Md-ACSI gene and its
relationship to fruit softening in apple (Malus domestica
Borkh.). Theor Appl Genet, 108, 1526-1533

Nybom H, Sehic J, Garkava-Gustavsson L (2008)
Modern apple breeding is associated with a significant
change in allelic ratio of the ethylene production gene
Md-ACSI. ] Hortic Sci Biotechnol, 83, 673-677





