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Abstract Primer pairs were designed to amplify the

genomic DNA sequence of the alpha-farnesene synthase

(AFS) gene by PCR. The PCR products were sequenced,

spliced and compared to cDNA sequences in the

GenBank (accession No. AY182241). The genomic

sequence and intron-exon organization of the AFS gene

were thus obtained. The AFS genomic sequence has been

registered in the GenBank (accession No. DQ901739). It

has 6 introns and 7 exons, encoding a protein of 576

amino acids. The sizes of the 6 introns were 108 bp,

113 bp,.1000 bp, 125 bp, 220 bp and 88 bp, and their

phases were 0, 1, 2, 2, 0, 0, respectively. The sizes of the

deduced amino acids of the 7 exons were 57, 89, 127, 73,

48, 83 and 99, respectively. The AFS protein contained

three motifs: the RR(X8)W motif encoded by a sequence

in exon 1, and the RxR motif and DDxxD motif encoded

by two sequences in exon 4. After comparing the AFS

genomic sequence (accession No. DQ901739) to the

cDNA sequence (accession No. AY523409) in the

GenBank, it was found that there were 6 single-nucleotide

polymorphisms between the two sequences, four of which

caused mutations at the amino acid level. Interestingly,

one amino acid mutation (291RRG) was found in the

RxR motif, and further investigation is needed to deter-

mine whether the alpha-farnesene synthesis ability and

superficial scald susceptibility of apples are influenced

by this amino acid mutation and other mutations.
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1 Introduction

E,E-alpha-farnesene, an acyclic sesquiterpene, is consid-

ered to be related to the development of apple superficial

scald (Hu et al., 2002). The genes encoding for HMG-CoA

reductase (HMGR), FPP synthase (FPPS), and alpha-

farnesene synthase (AFS) are involved in its formation

(Rupasinghe et al., 1998). When lovastatin, a competitive

inhibitor of HMG-CoA reductase, was used to treat fruits,

the formation of alpha-farnesene and the incidence of

apple superficial scald were almost completely blocked

(Ju and Curry, 2000). Therefore, it is possible to control

apple superficial scald by controlling the genes involved in

the formation of alpha-farnesene.

Alpha-farnesene synthase is the enzyme in the imme-

diate step in the synthesis of alpha-farnesene. The cDNA

encoding for alpha-farnesene synthase has already been

cloned (Pechous and Whitaker, 2004; Li et al., 2006). The

expression of the alpha-farnesene synthase gene in rela-

tion to levels of alpha-farnesene and conjugated trienols in

fruit peel tissue has also been studied (Pechous et al.,

2005). There is no report yet on the genomic organization

and sequence polymorphism of E,E-alpha-farnesene

synthase gene in apple cultivars. Some reports showed

that the difference in sesquiterpenes between two corn

cultivars contributed to the allelic variation of two terpene

synthase genes (TPS4, TPS5) (Kollner et al., 2004), and

DNA polymorphisms in introns were found to be asso-

ciated with phenotypic trait (Kuhnlein et al., 1997).

Therefore, it is necessary to study the genomic DNA

and sequence polymorphisms of alpha-farnesene synthase

gene, and to explore their relationship with the develop-

ment of apple superficial scald in order to control apple

superficial scald using genetic engineering.

2 Methods

2.1 Extraction of genomic DNA

Genomic DNA was extracted from young leaves of the

apple cultivar ‘Ralls’. The extraction protocol was based

on methods previously described (Chen et al., 2004; Yuan,

2005). The 2% CTAB extraction buffer consisted of 2%
CTAB, 100 mmol?L21 Tris-HCl (pH 8.0), 20 mmol?L21
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EDTA, and 1.4 mol?L21 NaCl, 2% PVP-40, and 2% b-
mercarpoethenol. The extraction buffer was preheated

in a 65uC water bath for 5 min, then 0.6 mL extraction

buffer was added to each sample. The sample tubes were

placed in a 65uC water bath for 30 min, gently shaken 3

times, then 0.6 mL chloroform/isoamyl alcohol (24/1, v/v)

was added and sufficiently mixed with the samples. About

0.42 mL of the supernatant in the sample tubes was trans-

ferred to a new tube after centrifugation at 13000 r?min21

for 10 min. 0.42 mL of cold isopropanal (220uC) was

added into the new tubes, mixed by gentle shaking, then

nucleic acids were precipitated with an equal volume of

cold isopropanol. The supernatant was decanted after

centrifugation at 13000 r?min21 for 10 min. The pellet

obtained was rinsed twice with 420 mL 70% ethanol

(220uC), air-dried, resuspended in 30 or 50 mL 0.2X TE

buffer, then kept at either 4uC for immediate use or stored

in a freezer.

2.2 Primer design, PCR amplification and sequencing

genomic DNA

The longest cDNA sequence of the AFS gene in the

GenBank was used to design primers P1, P2R, P3, P4R,

P5 and P6R (18–22 bp) (Table 1). P3f, P4fR and P4gR in

Table 1 are the primers designed to sequence some parts

of the genomic DNA that were not obtained at the first

stage. The PCR reactions (50 mL) contained 1 mL
(approximately 50 ng) genomic DNA and 49 mL reaction

solution mixture. The reaction solution mixture was com-

posed of 1 mL dNTPs (10 mmol?L21), 5 mL Taq buffer,

1.5 mL forward primer (10 mmol?L21), 1.5 mL reverse pri-

mer (10 mmol?L21), 0.5 mL (1U) Taq polymerase and

39.5 mL water. A total of 35 PCR cycles were performed.

Each cycle included a 30-sec denaturation step at 94uC,
followed by a 1-min annealing step at the appropriate

temperature (50–55uC) for each specific marker, then

2 min of primer extension at 72uC. A mixture of 2 mL
PCR products, 8 mL water and 2 mL loading dye was used

to check the integrity of the PCR products by electrophor-

esis at 80 V on a 1.5% agarose gel stained with ethidium

bromide. If PCR products were good, the DNA purifica-

tion and sequencing were conducted by a biotechnology

company.

2.3 Analysis of genomic DNA

The sequenced DNA segments were spliced to obtain the

genomic sequence of the AFS gene. The spliced sequence

was compared to cDNA sequence in the GenBank (acces-

sion No. AY182241) using the Blastn tool to find out the

spliced sites of introns and exons in the AFS gene

sequence. The spliced sequence was also compared to

another cDNA sequence in the GenBank (accession No.

AY523409, a gene from the apple scald-resistant cultivar

‘Idared’), to identify single nucleotide polymorphisms

between the two sequences. Sequin software was used to

create a GenBank file and to screen for amino acid muta-

tion site(s) between the two apple cultivars.

3 Results

3.1 Genomic sequence and structure

The size of the obtained genomic sequence of the AFS

gene in the apple cultivar ‘Ralls’ was 3009 bp, but a gap

sequence in the middle part of the gene could not be

obtained. The genomic structure of the AFS gene was

determined by comparing its genomic sequence with the

cDNA sequence of the AFS1 gene in GenBank. It was

found that the AFS gene had 6 introns and 7 exons,

encoding a protein of 576 amino acids. The sizes of the

7 exons were 57, 89, 127, 73, 48, 83 and 99, respectively.

All 6 introns began with GT and ended with AG, tallying

with the GT---AG rule. Their phases were 0, 1, 2, 2, 0 and

0, and their sizes were 108 bp, 113 bp,.1000 bp, 125 bp,

220 bp and 88 bp, respectively (Fig. 1). Furthermore,

5 bp in the upstream of the start codon and 69 bp in the

downstream of the end codon were also obtained. The

sequence gap was in intron 3. Intron 3 was very big, but

only 550 bp could be obtained. Based on the position of

the PCR product band on the agarose gel, the size of the

gap sequence was about 519 bp. The obtained genomic

sequence of the AFS gene in the apple cultivar ‘Ralls’

has been registered in GenBank (accession No.

DQ901739).

Results from the amino acid analysis showed that there

were 3 motifs in the amino acid sequence: the RR(X8)W

Table 1 PCR products and related primers

PCR product forward primer reverse primer

P1-2R P1: TATCCCAAACATCTCgAgC P2R: TAgCgTCAAggAAgCTTTC

P3-4R P3: CCTCAAACCTgggTTTCg P4R: ATTCTCCTCCTCAATTTCAcg

P5-6R P5: TgAgCAgCTTCCAgAgTgTATg P6R: TTCATAATCTTTggCAACAACg

P3f-4fR P3f: gggCACATTAgAgAACCAC P4fR: CgAATgCTACTCCCACAg

P3-4gR P3: CCTCAAACCTgggTTTCg P4gR: CATTATgAgggTCgTTgg

P3-4fR P3: CCTCAAACCTgggTTTCg P4fR: CgAATgCTACTCCCACAg
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motif, encoded by a sequence in exon 1, and the RxR and

DDxxDmotifs, were encoded by two sequences in exon 4.

3.2 Sequence polymorphism

The obtained genomic sequence of the AFS gene was

compared to cDNA sequences in the GenBank (accession

No. AY523409, an AFS gene in the apple cultivar

‘Idared’). Six single nucleotide polymorphisms were iden-

tified (Fig. 2). Among the 6 SNPs, 426 GRA, 501

ARG, 1747 ARG and 2573 GRA could cause muta-

tions at the amino acid level, but the other two SNPs, 1875

TRC and 2625 CRT, did not induce amino acid muta-

tions. They encoded by 333G (Glycine) and 468R

(Arginine), respectively. Interestingly, an amino acid

mutation (291 RRG) was found in the RxR motif.

Figure 2 also shows that both SNPs, 426 GRA and

501 ARG, were in the sequence of exon 2, both SNPs

1747 ARG and 1875 TRC were in the sequence of exon

4, and both SNPs 2573 GRA and 2625 CRT were in the

sequence of exon 6.

4 Discussion

Alpha-farnesene synthase (AFS) is a key enzyme in the

pathway of alpha-farnesene synthesis. One report showed

that the maximum levels of the AFS1 transcript, alpha-

farnesene, and conjugated trienols were 2.5-, 4-, and 33-fold

greater in ‘Law Rome’ than in ‘Idared’ apples, respectively

(Pechous et al., 2005). So far, there has been no report

concerning what causes the difference. We did some work

on the sequence differences of the AFS gene in different

apple cultivars. At first, we obtained the genomic sequence

of the AFS gene in the scald-susceptible cultivar ‘Ralls’, and

then its sequence was compared to the cDNA sequences in

theGenBank (accessionNo. AY523409, a gene in the scald-

resistant cultivar ‘Idared’), and it was found that there were

6 single-nucleotide polymorphisms between the two

sequences, four of which caused mutations at the amino

acid level. Interestingly, one amino acid mutation

(291RRG) was found in the RxR motif, with the amino

acid residue being G for scald-resistant cultivar ‘Idared’,

and R for scald-susceptible cultivars ‘Ralls’ and ‘Law

Rome’. As the residues of the RxR motif and the DDxxD

motif are thought to separate the diphosphate ion from the

carbon cation upon cleavage of the prenyl diphosphate

substrate (Davis and Croteau, 2000), the amino acid muta-

tion (291RRG) in the RxR motif may explain why levels

of AFS1 transcript and alpha-farnesene in the apple cul-

tivar ‘Idared’ were lower in Pechous’s experiment (Pechous

et al., 2005). Further experiments are needed to verify

whether levels of AFS1 transcript and alpha-farnesene of

apples are influenced by this amino acid mutation

(291RRG) or other mutations.

It was reported that in rice, the expression of the OsBP-

73 gene requires involvement of its intron (Chen and

Wang, 2004). In our present work, a big intron 3 was

Fig. 1 Genomic organization of apple alpha-farnesene synthase gene

Fig. 2 The mutations in the sequences of the AFS gene and its deduced amino acid
Note: Numbers indicate the positions of the nucleotides in the obtained genomic sequence of AFS gene in the apple cultivar ‘Ralls’.
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found in the AFS gene of apples. As the apple cultivar

‘Idared’ was not available, its intron sequence for the AFS

gene could not be obtained, so that only the exon part of

the AFS gene in ‘Ralls’ and ‘Idared’ was compared. It is

not clear whether there is a difference between their intron
sequences, and whether such a difference influences the

expression of the AFS gene.

Acknowledgements This project was supported by the research
foundation of Ministry of Education of the People’s Republic of China
for returned oversea Chinese (No. 2004(527)), and the research founda-
tion of Shandong Human Resource Department for returned oversea
Chinese (No. 2003(10)14).

References

Chen J, Wang Z Y (2004). Expression of OsBP-73 gene requires
involvement of its intron in rice. Journal of Plant Physiology
and Molecular Biology, 30(1): 81–86 (in Chinese)

Chen K S, Li F, Xu C J, Zhang S L, Fu C X (2004). An efficient
macro-method of genomic DNA isolation from Actinidia chinen-
sis leaves. Hereditas (Beijing), 26(4): 529–531 (in Chinese)

Davis E M, Croteau R (2000). Cyclization enzymes in the biosyn-
thesis of monoterpenes, sesquiterpenes, and diterpenes. Topics in
Current Chemistry, 209: 53–95

Hu X S, Xiao H Z, Wang X X (2002). Contents of a-farnesene and
conjugated trienes in apples and their relation with storage tem-
perature. Acta Horticulturae Sinica, 31(2): 169–172 (in Chinese)

Ju Z G, Curry E A (2000). Lovastatin inhibitsa-farnesene synthesis
without affecting ethylene production during fruit ripening in
‘Golden Supereme’ apples. Journal of the American Society for
Horticultural Science, 125(1): 105–110

Kollner T G, Schnee C, Gershenzon J, Degenhardt J (2004). The
variability of sesquiterpenes emitted from two Zea mays cultivars
is controlled by allelic variation of two terpene synthase genes
encoding stereoselective multiple product enzymes. The Plant
Cell, 16: 1115–1131

Kuhnlein U, Ni L, Weigend S, Gavora J S, Fairfall W, Zadworny D
(1997). DNA polymorphisms in the chicken growth hormone
gene: Response to selection for disease resistance and association
with egg production. Animal Genetics, 28: 116–123

Li M, Sui N, Zhang Y H, Meng Q W (2006). Cloning and prokar-
yotic expression of apple AFS gene. Acta Horticulturae Sinica,
33(1): 122–124 (in Chinese)

Pechous S W, Watkins C B, Whitaker B D (2005). Expression of a-
farnesene synthase gene AFS1 in relation to levels of a-farnesene
and conjugated trienols in peel tissue of scald-susceptible ‘Law
Rome’ and scald-resistant ‘Idared’ apple fruit. Postharvest
Biology and Technology, 35: 125–132

Pechous S W, Whitaker B D (2004). Cloning and bacterial express-
ion of an (E,E)-a-farnesene synthase cDNA from peel tissue of
apple fruit. Planta, 219: 84–94

Rupasinghe H P V, Paliyath G, Murr D P (1998). Biosynthesis of
a-farnesene and its relation to superficial scald development
in Delicious apples. Journal of the American Society for Horti-
cultural Science, 123(5): 882–886

Yuan K J (2005). An improved method for development of CAPS
markers in Arabidopsis thaliana. Journal of Agricultural Biotech-
nology, 13(5): 580–586 (in Chinese)

Genomic structure and sequence polymorphism of E,E-alpha-farnesene synthase gene in apples 193



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


