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At Pushkin and Pavlovsk Laboratories of the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR) a
diverse collection of local apple cultivars is maintained.
Some of the cultivars are widely used in breeding pro-
grams for their ecological plasticity, increased adapta-
tion to abiotic stress and disease resistance, still there
have been no large-scale studies of these local cultivars
for fruit storage ability. Fruit softening during storage
is an important problem for apple production. Reten-
tion of desirable firmness after prolonged storage is
one of the key requirements for new apple cultivars.
Expansin and ethylene biosynthesis related genes are
known to be involved in control of fruit softening in
apple, and gene specific molecular markers have been
reported. In this study the polymorphism and allelic
configuration of ethylene and expansin biosynthe-

sis related genes Md-ACS1, Md-ACO1 and Md-Exp7
involved in control of fruit softening in 87 local apple
cultivars from VIR Collection of Plant Genetic Resourc-
es were analyzed. PCR markers Md-ACS1, Md-ACO1

and SSR-marker Md-Exp7 were used in the study. The
allele frequencies in the collection generally coincided
with the data from previous studies. Md-ACS1 allele

2 associated with reduced ethylene production was
found only in three local cultivars, while all the studied
local cultivars were heterozygous for the Md-ACO1
locus, as well as most modern Russian apple cultivars.
Half of the studied local cultivars were heterozygous
for Md-Exp7 (198:202). Thirteen local cultivars with rare
Md-Exp7 alleles (206, 210 and 212) were detected. No
association was found between the Md-Exp7 genotype
and the cultivars’ maturation time. The obtained results
can be used for additional evaluation of the cultivars’
potential for breeding.

Key words: apple; local cultivars; ethylene production;
expansin; fruit softening; marker assisted breeding.
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IMonumopdr3M reHOB 6MOCUHTE3a
STWJIeHa U 9KCIIaHCMHA YV MeCTHBIX

11 CTapOJaBHUX COPTOB SIOIOHU

(Malus domestica Borkh.) 13 KoyuieKumnm
reHeTNYeCKNX pecypcoB pacTeHuii BUP

VLH. lllammuul @, A.B. lllassac?, A.A. TpM(bOHOBa3, K.B. BOpI/ICS,
A.M. KyApﬂBue33

T MinuypuHcKknin rocynapcTBeHHbIii arpapHblii yRuBepcuTeT, MunuypuHck, Poccus

2 DepeparnbHbIil MCCNEOBATENbCKNI LieHTP Bcepoccuiickuin NHCTUTYT
reHeTNYecKnx pecypcoB pacteHnin um. H.W. Basunosa (BUP), CaHkT-MeTepbypr,
Poccuma

3 NHCTUTYT 061wein reHeTmkn nm. H./. BaBunosa Poccuiickol akafemmnm Hayk,
MockBa, Poccua

B MywkuHckux 1 MaBnoBcKmx nabopatopuax Bcepoccninckoro MHCTY-
TyTa reHeTU4Yeckux pecypcoB pacteHnii um. H.W. Basnnosa (BUP)
npencTaBieHa Konnekuma pa3Hoo6pasHbIX MECTHbBIX U CTapOAABHYX
copToB A6M0HN. HeKoTopble 13 HUX LWPOKO NCMOJb3YIOTCA B Cenek-
LIMOHHbBIX NporpaMmmax 6narofaps SK0Nornyeckomn nnacTmyHoCTu,
MOBbILIEHHON YCTOMYMBOCTM K abMOTNYECKOMY CTpeccy 1 6onesHaMm,
O[IHaKO MacLUTabHbIX UCCNefoBaHNI JIEXKOCTU NIOJOB Y MECTHbIX U
CTapofaBHNX COPTOB He MPOBOANIIOCh. JIEXKKOCTb NNOJOB ABNAETCA
BaXkHOW Npobnemoi ansa npovissoaunTenei. CoxpaHeHvie TBepAOCTY
NI0A0B BO BPeMA AJINTENIbHOIO XPaHeHUA — OJHO U3 KJI0YeBbIX Tpe-
60BaHMIN, NpeabABNAEMbIX K HOBbIM COpTaM A6/10HN. MoKa3aHo, uTo
reHbl OMOCMHTE3a STUIIEHA 1 DKCMAHCKMHA BOBJIEYEHbl B KOHTPOJb
NEXKOCTN Y ABNOHN, pa3paboTaHbl cneyndryHble MONeKynapHble
MapKepbl AnA 3TUX reHoB. B HacToALlem nccnefgoBanny NposeaeH
aHanu3 annenbHoro pa3Hoobpasms reHoB BUOCKHTE3A STUMEHA U
3KcnaHcHa Md-ACS1, Md-ACO1 v Md-Exp7, BOBNEYEHHbIX B KOHTPOJb
NEXKOCTV MI0J0B Y 87 MECTHBIX 1 CTapOfAaBHMX COPTOB AGOHN 13
KOJIeKLMN reHeTNYeCKnx pecypcoB pacteHnin BUP. bbinn ncnonb3so-
BaHbl MLP-mapkepbl Md-ACST, Md-ACO1 n SSR-mapkep Md-Exp7. Yac-
TOTbI annenemn B n3yYeHHOW KONIEKLUMM B LLeSIOM COBNaAanu € AaHHbI-
MU Npegblaywmx nccnenosannin. Annenbs 2 reHa Md-ACS1, onpepens-
IOLLMIA CHUXKEHHDBIN YPOBEHb CHHTE3a 3TWMEHa, ObiN BbIABNEH TONIbKO
y Tpex 06pasLoB, B TO BPems Kak BCe M3yUYeHHble MECTHbIe 1 CTapo-
[aBHUe copTa 6blIN reTepo3mnroTHbl Mo nokycy Md-ACO1, Tak e Kak
1 6OMbLWINHCTBO N3YUYEHHbIX PaHee COBPEMEHHbIX OTEUECTBEHHbIX
copToB sA6510HW. [oNoBUHa NPOaHaNM3MpPOBaHHbIX 06Pa3LIoB ObiNK
reTepo3nroTHbl No nokycy Md-Exp7 (198:202). BbisiBneHO 13 MeCTHbIX
1 CTapOAaBHUX COPTOB, HECYLLMX pefiKkre annenu reHa Md-Exp7 (206,
210 1 212). He 6b1510 06Hapy»KeHO CBA3M MeX[y coueTaHUeM annenein
reHa Md-Exp7 v BpemeHeM CO3peBaHUNA N3yUYeHHbIX COPTOB. [onyyeH-
Hble pe3ysibTaTbl MOrYT GblTb MCMONIb30BaHbI MPU JOMOAHUTENBHON
OLIeHKe MoTeHLana n3y4YeHHbIX reHOTUMOB AGIOHN ANs CeNnekumn.

KntoueBble cnoa: AGNOHA; MECTHbIE U CTapodaBHMe CopTa; CUMHTE3
3TUNEHAa; SKCNaHCUH; NeXKOCTb MJI0A0B; MapKep-accounnpoBaHHanA
cenexkuus.



handling to provide year-round high-quality apples to

consumers. Shelf life — one of the key characteristics
of apple cultivars — is limited by loss of firmness during stor-
age and transportation, known as fruit softening. Shelf life
depends not only on growing methods, harvesting time and
successful application of postharvest technologies but also on
the genetic basis of a cultivar. Firmness at harvest and after
storage varies greatly among apple cultivars (Bratilova et al.,
2015). Retention of desirable firmness after prolonged stor-
age is one of the key requirements for new cultivars. Apple
genotypes with prolonged storage time have always been of
great interest to breeders, and DNA markers are widely used
to study the genetic potential of Malus germplasm for breed-
ing purposes. Today, in studies of fruit softening in Russian
and international apple germplasm collections, ethylene and
expansin biosynthesis related genes markers are widely used
(Nybom et al., 2013; Suprun, Tokmakov, 2013; Savel’ev et
al., 2014a, b; Shamshin, Savelieva, 2014).

Fruit ripening is controlled by internal ethylene concen-
tration that plays an important role in apple softening and is
associated with a rapid rise in ethylene production. Ethylene
biosynthesis in plants is controlled by two enzymes: 1-amino-
cyclopropane-1-carboxylate synthase (ACC synthase (ACS)
(EC 4.4.1.14)) and 1-aminocyclopropane-1-carboxylate oxi-
dase (ACO (EC 1.14.17.4)) that belong to large gene families.
The two most well-studied genes encoding these enzymes in
M. domestica are Md-ACS1 (LG 15) and Md-ACO1 (LG10)
(Sunako et al., 1999; Harada et al., 2000; Oraguzie et al., 2004,
2007; Costa et al., 2005). Two alleles have been identified
in the Md-ACOI locus: the cultivars homozygous for low
ethylene allele 1 (525 bp) show better firmness retention than
heterozygous cultivars and cultivars homozygous for allele 2
(587 bp) (Costa et al., 2005, 2010; Zhu, Barritt, 2008). Two
alleles were also reported for the Md-ACSI locus (Harada et
al., 2000; Oraguzie et al., 2004, 2007; Nybom et al., 2008;
Zhu, Barritt, 2008). Allele 2 (655 bp) is associated with a
reduced ethylene production while allele 1 (489 bp) results
in normal ethylene production. Of these two loci, Md-ACS1
appears to have the strongest effect on fruit storage (Nybom et
al., 2013).

Expansins are the proteins involved in disruption of the
non-covalent bonds between the hemicellulose matrix and
the cellulose microfibril of a cell wall during fruit softening
(Costa etal., 2008). A functional marker was developed based
on the microsatellite motif within the untranslated region of
expansin gene Md-Exp7 (LG1) (Costa etal., 2008). The allelic
composition of studied apple cultivars for the SSR marker
was associated with differences in fruit softening: 198 bp
(best firmness retention), 202 bp (intermediate) and 214 bp
(worst) (Costa et al., 2008). Later screening of apple cultivars
and species collections revealed some rare Md-Exp7 alleles
with unknown effect on fruit softening (Nybom et al., 2012,
2013; Savel’ev et al., 2014b).

These markers were used to study the allelic diversity of
the Md-ACS1, Md-ACOI and Md-Exp7 genes in different
apple germplasm collections, including modern Russian apple
cultivars and other species of genus Malus (Zhu, Barritt, 2008;
Nybom et al., 2012, 2013; Suprun, Tokmakov, 2013; Savel’ev
et al., 2014a, b; Shamshin, Savelieva, 2014). However, their

Q pple is a climacteric fruit that needs special postharvest
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predictive power had turned out to be rather low (Nybom et
al., 2013).

VIR collection of plant genetic resources is one of the
most diverse and interesting in the Russian Federation and
includes many varieties, forms and species of genus Malus. At
Pushkin and Pavlovsk Laboratories of VIR many local apple
cultivars from Russia (distributed throughout the country and
regional), Eastern and Western Europe, the Baltic countries
and Scandinavia are present. This collection had never been
previously involved in large-scale studies using DNA markers,
although, some of the cultivars are widely used in breeding
programs for their ecological plasticity, increased adaptation
to abiotic stress and disease resistance, which makes a search
for new donors of valuable traits among them a worthy affair.

The aim of this work was to study genetic diversity and
allelic configuration of the ethylene and expansin biosynthe-
sis genes (Md-ACS1, Md-ACOI1 and Md-Exp7) involved in
control of fruit softening in local apple cultivars from the ex
situ collection of Pushkin and Pavlovsk Laboratories of VIR.

Materials and methods

The plant material was obtained from Pushkin and Pavlovsk
Laboratories of VIR. The collection comprised 89 accessions,
including 87 local apple cultivars and 2 reference cultivars.
All the names of the accessions together with their catalogue
numbers can be found in Table.

Total genomic DNA was extracted from the fresh leaves
using the Qiagen DNeasy Plant Mini Kit following the manu-
facturers’ protocols.

The sequences of the Md-ACSI and Md-ACO]I primers
and the relative PCR conditions were reported by T. Harada
et al. (2000) and F. Costa et al. (2005) respectively, and the
sequences of the Md-Exp7 SSR primers and the relative
PCR conditions were reported by F. Costa et al. (2008):
Md-ACO1f 5'-TCCCCCCAATGCACCACTCCA-3";
Md-ACOIr 5-GATTCCTTGGCCTTCATAGCTTC-3'; Md-
ACSIf 5'-AGAGAGATGCCATTTTTGTTCGTAC-3"; Md-
ACSIr5'-CCTACAAACTTGCGTGGGGATTATAAGTGT-3";
Md-Exp7f 5'-(Fam) CATAGAAGGTGGCATGAGCA-3";
Md-Exp-7r 5-TTTCTCCTCACACCCAAACC-3'.

PCR reactions were performed in T100 Thermal Cycler
(BioRad) in a final mix of 15 pl containing 20 ng of genomic
DNA, 0.25 mM of each dNTP, 2.5 mM MgCl,, 0.2 uM of each
primer, 1 U of Taq polymerase and 1.5 pl of 10x PCR-buffer
(all components produced by Dialat (Russia)), using the allele
specific primers manufactured by Evrogen (Russia).

The PCR products with Md-ACS1 and Md-ACOI primers
were separated on a 2 % agarose gel, stained with ethidium
bromide and evaluated on a UV-light box, using GeneRuler
100 bp Plus DNA Ladder (Thermo Fisher Scientific).

Md-Exp7 SSR analysis of labeled amplification products
was performed by capillary electrophoresis on ABI Prism
3130x1 Genetic Analyzer, (Thermo Fisher Scientific). The re-
sults were analyzed using GeneMapper v4.1 (Thermo Fisher
Scientific).

Results

For all the studied accessions, stable, clearly reproducible
results were obtained from the three markers, and reference
cultivars with known Md-ACSI, Md-ACO1 and Md-Exp7
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Analyzed apple cultivars

Local cultivars Catalogue Maturation Allelic configuration

: *
number time ACS1 ACO1 EXP7
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End of Table
Local cultivars Catalogue Maturation Allelic configuration
e OO
number time ACS1 ACOT EXP7

* S - summer; A - autumn; W - winter.
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Md-ACS1 (a) and Md-ACOT1 (b) polymorphisms detected in the studied local apple cultivars.

a: 1 - Anis Seryi; 2 — Anis Ahaczkij; 3 - Vargul’; 4 - Vinnoe; 5 — Voskovoe Prevoshodnoe; 6 — Voskovoe Stepino; 7 - Vydubeckaya Plakuchaya; 8 - Gravenshtejnskoe
Russkoe; 9 — Anisovka; 70 — Grushovka Grebnickogo; 77 — Grushovka Revel'skaya; 72 — Grushovka Yudicheva; 13 — Delyukinskoe; 74 — Dynnoe; 15 — Zelenoe
Knyazheskoe; 76 — Zimnee Uchkhozovskoe; 17 — Berezovka ot Isakova; 18 — Kal'vil' Belyj Letnij; 79 — Kal'vil’ Oranzhevyj; 20 - Korichnoe Ananasnoe; 27 - Korichnoe
Beloe; 22 - Mestnoe Lezkoe; 23 - Fuji; 24 — Granny Smith.

b: 1 - Borovinka Moguchaya; 2 - Buhovka; 3 - Vargul’; 4 - Vinnoe; 5 - Voskovoe Prevoshodnoe; 6 - Voskovoe Stepino; 7 — Vydubeckaya Plakuchaya; 8 - Golubok
Kryugera; 9 - Gravenshtejnskoe Russkoe; 10 — Grushovka Grebnickogo; 77 — Grushovka Revel'skaya; 12 — Grushovka Yudicheva; 13 - Delyukinskoe; 14 - Dynnoe;
15 — Zelenoe Knyazheskoe; 16 — Zimnee ot Berdashkevicha; 17 - Zimnee Uchkhozovskoe; 18 - Kal'vil’ Belyj Letnij; 79 — Kal'vil' Oranzhevyj; 20 - Korichnoe

Ananasnoe; 21 - Korichnoe Beloe; 22 - Korichnoe Polosatoe; 23 — Granny Smith; 24 - Fuji.

genotypes were used to confirm the results (see Table, Figure,
a and b).

Md-ACS1 and Md-ACOI loci. Analysis of the Md-ACS1
locus polymorphism of 87 local apple cultivars from the col-
lection allowed to identify two known alleles: Md-ACS1-1
(489 bp) and Md-ACS1-2 (655 bp). Eighty four samples
were homozygous for the Md-ACSI-1 allele, while only three
samples — Anisovka (47), Berezovka ot Isakova (24476) and
Mestnoe Lezhkoe (20281) — were heterozygous for this locus
(see Figure, a). Among the samples studied, no homozygotes
for the Md-ACS1-2 allele were found.

All the studied local cultivars were heterozygous for the
Md-ACOI locus and carried alleles Md-ACO1-1 (525 bp) and
Md-ACO1-2 (587 bp) (see Figure, b). No homozygous samples
were identified from these alleles.

Md-Exp7 locus. Microsatellite marker Md-Exp7 allowed
to identify five alleles in the studied samples (198, 202, 206,
210, 212). Alleles 198 and 202 bp were the most common in
the studied cultivars. In 44 local cultivars a combination of
198:202 alleles was detected, 19 local cultivars were homozy-
gous for allele 202, 11 local cultivars — for allele 198 provided
that the studied samples do not have any undetected allele. The
presence of three rare alleles (206, 210, 212 bp) was detected
in 13 local cultivars studied. So, allele 210 was identified in
nine local cultivars, allele 206 — in four, and allele 212 — in
one cultivar (see Table).

Discussion
Md-ACS1 and Md-ACOI loci. In our study of 87 lokal apple
cultivars from the collection of Pushkin and Pavlovsk Labo-
ratories of VIR the Md-ACS1 allele 2, associated with low
ethylene production, was very rare. We identified only three
heterozygous genotypes Md-ACS1-1/2 (Anisovka, Berezovka
ot Isakova and Mestnoe Lezkoe), while the remaining 84 local
cultivars were homozygous for allele 1 (see Table).

In the previous screening of old and modern apple cultivars
collection, out of 127 studied cultivars only eight were homo-
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zygous for Md-ACS] allele 2, while 46 cultivars were hetero-
zygous and 73 —homozygous for allele 1 (Nybom et al., 2013).
In contrast, of 60 cultivars/selections from Washington State
University apple breeding program, 28 were homozygous
for allele 2, 27 were heterozygous, and 5 — homozygous for
allele 1 (Zhu, Barritt, 2008).

The results reported for 48 modern Russian apple cultivars
showed that 19 cultivars were heterozygous for the Md-ACS1
locus, and 17 and 8 cultivars were homozygous for alleles
1 and 2 respectively (Suprun, Tokmakov, 2013). Among 72
apple cultivars from the collection of Michurin All-Russian
Research Institute of Genetics and Breeding of Fruit Crops
only nine Russian cultivars had the Md-ACS1-1/2 genotype
and no homozygotes for allele 2 were detected (Savel’ev et
al., 2014a).

It was reported that relative frequencies of the two Md-
ACS]1 alleles varied depending on time of introduction of
apple cultivars and the frequency of desirable allele 2 had
increased in modern apple cultivars, indicating that this allele
has been favored by selection for improved fruit quality in
modern apple breeding programs (Nybom et al., 2008, 2012).
At the same time, later statistical evaluation did not reveal any
effect of cultivar age on fruit softening (Nybom et al., 2013).

Our data have confirmed that Md-ACS1-2 allele frequency
is low in old local apple cultivars and is increasing not only
in foreign apple cultivars, but also in modern Russian apple
cultivars, which may be due to a wider involvement of foreign
material in the breeding process.

All the studied 87 local apple cultivars were heterozygous
for Md-ACOI locus (see Figure, b). Similar results were
reported for 48 modern Russian apple cultivars (Suprun,
Tokmakov, 2013) and 72 apple cultivars from the collection
of Michurin All-Russian Research Institute of Genetics and
Breeding of Fruit Crops (Savel’ev et al., 2014a). As well as
among the 95 studied cultivars and selections used as parents
in Washington State University apple breeding program 76
were also heterozygous for Md-ACO1 (Zhu, Barritt, 2008).

Plant genetics
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It was suggested that selection for fruit firmness has had little
impact on increasing the frequency of low ethylene producing
ACOI-1 homozygotes in apple breeding programs (Zhu, Bar-
ritt, 2008). At the same time in the study of 127 old and modern
apple cultivars, the majority was homozygous for undesirable
allele Md-ACO1-2, and the study showed no significant varia-
tion in softening rate during storage among the cultivars with
different allele configurations (Nybom et al., 2013).

Md-ACSI and Md-ACO]1 allelic diversity was also studied
in 35 samples of genus Malus representing sections Docyni-
opsis, Chloromeles, Gymnomeles and Malus (Shamshin, Save-
lieva, 2014). Allele 2 of the Md-ACS1 gene, associated with
reduced level of ethylene synthesis, was identified only in two
species: M. prunifolia (K2454) and M. silvestris (K41639),
the latter was homozygous for allele 2. Of the 35 studied
genotypes, 22 were heterozygous and 12 were homozygous
for the Md-ACOI-1 allele (Shamshin, Savelieva, 2014).

Md-Exp7locus. Among the three common Md-Exp7 alleles
(198, 202 and 214 bp) described by F. Costa et al. (2008), in
our study we did not find allele 214 bp, but identified three
additional alleles — 206, 210 and 212 bp. The most common
genotype was 198:202 found in 44 local cultivars, while
19 were homozygous for allele 202 and 11 — for allele 198
provided that they really were homozygous and did not carry
an undetected allele (see Table). Moreover, 13 local cultivars
had three rare alleles. Allele 210 was found in nine genotypes,
allele 206 — in four and allele 212 — in one genotype, while
cultivar Severnyj Velikan was heterozygous for rare alleles
206:210 (see Table).

The uncommon alleles were previously described in several
studies. H. Nybom et al. (2012, 2013) found the same common
alleles, and additional alleles at lower frequencies: 196, 200,
206, 208, 210, 212, 216 and 220 bp. It should be noted that
alleles 204, 210, 220, 226 and 230 bp were also detected in
wild species of genus Malus (Savel’ev et al., 2014b). Since
there have been no data on the effect of these alleles on fruit
softening, their role remains uncertain and requires further
study.

In the study by H. Nybom et al. (2012, 2013) of Md-Exp7
locus polymorphism in a large apple collection the most
common genotype was 202:202 and genotype 198:202 was
also quite common. It was shown that allele 202 frequency
is increasing in modern apple cultivars, suggesting that this
marker has been favored by selection in modern apple breed-
ing programs and therefore is more likely to be associated with
low softening (Nybom et al., 2012). It was also reported that
the cultivars homozygous for marker 202 showed a signifi-
cantly lower softening compared to heterozygous cultivars
(198:202) (Nybom et al., 2013).

In our study among 87 local cultivars the 198:202 genotype
was the most common. We did not find association between
early-maturing and late-maturing cultivars and the Md-Exp7
genotype (see Table). In previously studied Russian apple
cultivars collection the most common were genotypes homo-
zygous for allele 202 and 198:202 genotypes (Savel’ev et
al., 2014a). At the same time, analysis of Md-Exp7 locus
polymorphism in the Malus species representing four sections
of the genus, showed that allele 202 was the most common
and the authors suggested that this allele was the oldest one,
while in species of section Malus that includes M. domestica,

leHeTuKa pacTeHUn
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the most common were alleles 198, 202 and 204 bp (Savel’ev
et al., 2014b).

Thus, the allelic diversity of the ethylene (Md-ACS1, Md-
ACOI) and expansin (Md-Exp7) biosynthesis genes has been
evaluated for the first time in the collection of local apple
cultivars from Pushkin and Pavlovsk Laboratories of VIR.
The allele frequencies in the collection generally coincide
with the data of previous studies. The Md-ACS1 allele 2 fre-
quency is low in old local apple cultivars and is increasing in
modern apple cultivars, while all the studied local cultivars
are heterozygous for Md-ACOI1 locus, as well as most modern
Russian apple cultivars. Half of the studied local cultivars are
heterozygous for Md-Exp7 (198:202). No association has been
found between the Md-Exp7 genotype and the maturation time
of'the cultivars. The obtained results can be used for additional
evaluation of the local apple cultivars potential for breeding.
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