
Introduction

Single-nucleotide polymorphisms (SNPs) are an

abundant source of DNA variation in plants, ani-

mals, and humans, and have desirable properties

as molecular markers for association mapping

(Wang et al. 1998; Giordano et al. 1999; Heaton et

al. 2002). SNPs may occur in noncoding regions

(nSNPs) as well as in coding regions (cSNPs)

(Kimchi-Sarfaty et al. 2007). Since cSNPs often

generate polymorphic variants of expressed pro-

teins that sometimes affect their functional proper-

ties, these are today the main SNPs selected for

association analysis of complex traits of plants and

animals (Thumma et al. 2005; Bodaño et al. 2006;

Skøt et al, 2007). The recent analysis of the human

genome (Venter et al. 2001; Lander et al. 2001)

and the data available about other higher

eukaryotic genomes have revealed that only a

small fraction of the genetic material (about 1.5%)

codes for protein. Indeed, as is generally known,

untranslated regions (UTRs) are playing crucial

roles in post-transcriptional regulation of gene ex-

pressions, including modulation of the transport of

mRNAs out of the nucleus, in translation effi-

ciency (Van der Velden and Thomas 1999),

sub-cellular localization (Jansen 2001), and stabil-

ity (Bashirullah et al. 2001). Therefore, SNPs in
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the noncoding regions of candidate genes may

also be crucial in affecting the post-transcriptional

regulation of gene expression by a sin-

gle-nucleotide mutation (Mignone et al. 2002).

SNP detection in noncoding regions of candi-

date genes varies between species. For the species

whose genomes have been sequenced – such as as-

pen (Ingvarsson et al, 2008), soybean (Zhu et al.

2003), and rice (Feltus et al. 2004) – SNPs are dis-

covered by designing some primers based on the

flanking genomic sequence of the selected candi-

date genes. However, in our project, we con-

structed 6 developing xylem cDNA libraries of

Pinus radiata (Monterey pine) and spotted 18000

redundant cDNA microarrays. Using these 18000

redundant cDNA microarrays, gene differential

expressions in earlywood or latewood at 4 clearly

different developing stages and in juvenile/mature

wood across the annual growing cycle were inten-

sively investigated, as well as in high-or

low-stiffness wood across 2 progeny trials. Genes

preferentially expressed in earlywood or late-

wood, juvenile or mature wood, and high- or

low-stiffness wood, were identified from their ex-

pression patterns. Among them, cytoskeleton

genes (actin) are the most abundant (more than 3

copies). They are up-regulated in high-stiffness

wood and during juvenile and mature wood for-

mation. Hence, the actin gene of P. radiata was

selected as one of the candidate genes used for

SNP detection and association mapping with

wood traits (unpubl. data). However, P. radiata

genomes are not entirely sequenced and no

genomic sequences or noncoding regions around

the candidate expressed sequence tags (ESTs) are

available for SNP discovery. To do that in species

like P. radiata, new approaches need to be devised

to discover SNPs in noncoding regions of candi-

date genes.
Chromosome walking is one of the most popu-

lar PCR-based techniques for isolation of DNA se-
quences flanking a known region (Ren et al.
2005). It provides a novel method for SNP discov-
ery in noncoding regions of candidate genes. In
our study, we have taken the expressed sequence
tag (EST) of the actin gene of P. radiata (acces-
sion EU301693.1) as an example and tried to ob-
tain a full genomic sequence, including 5’UTR,
intron, exon, and 3’UTR by using chromosome
walking. The aim of our study was to show that
chromosome walking can be used to obtain full
genomic sequences of candidate genes probably in
other species, too without full genomic sequenc-
ing, and on this basis to discover SNPs in
noncoding regions of candidate genes.

Materials and methods

Plant material and DNA extraction

The EST of the actin gene of P. radiata was de-

rived from a microarray experiment conducted in

the CSIRO, Australia. Two hundred 30-year-old

trees of P. radiata were selected as a population.

Pooled DNA was extracted from equally mixed

needles of these trees. Primers of genomic PCR

were designed based on the results of chromosome

walking. SNPs were discovered by aligning the se-

quencing results of P. radiata genomic PCRs with

a template of the pooled DNA. The DNA used for

the construction of the chromosome walking li-

brary was isolated only from needles of one P.

radiata tree. Every DNA extraction was made by

using the modified CTAB method described by

Doyle and Doyle (1990).

Construction of chromosome walking library

Four kinds of restriction endonucleases of Dra I,

Pvu II, Ssp I and EcoR V were selected for the P.

radiata genomic DNA digestion. The volume for

DNA digestion was 100 �L, with 10 �g DNA. The

digested DNA was purified by a mixture of phe-

nol, chloroform, and isoamyl alcohol at a ratio of

25:24:1. Then an adaptor was added and the mix-

ture ligated to that of the digested DNA, given the

protocol in the Universal Genome WalkerTM kit

user manual (Clontech).

Chromosome walking and genomic PCR

procedure

The primary (GSP1) and secondary (GSP2) prim-

ers were designed based on the actin EST of P.

radiata with the primer3 software (http://frodo.

wi.mit.edu/cgi-bin/primer3).

Adaptor primer 1 (AP1) and upstream GSP1

(uGSP1) were used for the upstream primary PCR,

while AP1 and downstream GSP1 (dGSP1) for the

downstream primary PCR, both using a template

from constructed chromosome walking libraries.

The primary PCR products were diluted 50 times

and used as the template for the upstream and

downstream secondary PCR with AP2, uGSP2

and AP2, dGSP2 primers, respectively. Genomic

PCR with GP1 and GP2 pairs were carried out in a

volume of 25 �L containing 2.5 �L of 10 × buffer

and MgCl2, 200 �mol L–1 dNTP, 1 �mol L–1 of a

oligonucleotide primer, 2.5 U Taq polymerase per

100 �L, and a 1-�L template from the pooled

DNA. The chromosome walking PCR procedure
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was as follows: 1 cycle at 94°C for 1 min, then 39

cycles for primary PCR, or 25 cycles for second-

ary PCR at 94°C for 30 s, 68°C for 30 s, 72°C for

2.5 min, and 1 cycle at 72°C for 10 min and re-

duced to 4°C. The genomic PCR followed the pro-

cedure of 1 cycle at 94°C for 1 min, 25 cycles at

94°C for 30 s, 60°C for 30 s, 72°C for 2.5 min, and

1 cycle at 72°C for 10 min, and again declining to

4°C. The gel electrophoresis was carried out by

letting PCR to identify the size of the amplicon by

comparing it to the size marker of the

GeneRulerTM DNA Ladder Mix.

DNA sequencing and SNPs detection

After genomic PCR, fragments were cleaned up,

ligated to the T-vector, and transferred to E.coli.

We selected 40 white blots for genomic sequenc-

ing and SNP frequency estimation. The DNA se-

quencing follows the Chain Termination Method

(Sanger et al. 1977). Mega3.1 in cluster (Kumar

et al. 2004) and DnaSP software (Rozas et al.

2003) were used for SNP detection with a fre-

quency threshold setting as low as 5%.

Results

Chromosome walking

The EST size of the actin gene obtained from the

microarray experiment was 391 bp. The most sim-

ilar hit in the GenBank was the actin gene cDNA

from Picea rubens, with a similarity of 97%. How-

ever, the entire cDNA sequence of the actin gene

of Picea rubens (accession AF172094.1) was

1694 bp. In comparison, the EST sequence of the

actin gene of Pinus radiata was presumed to be

only a small part of its genomic sequence

(Figure 1). To obtain the full genomic sequence,

chromosome walking was conducted using the de-

signed primers based on the EST of the actin gene.

Primary and secondary PCR results are shown

in Figures 2 and 3, using the DNA template from 4

chromosome walking libraries. Figure 2 shows the

primary PCR results, in which lanes 1-4 are up-

stream results of the 4 libraries constructed by the

restriction endonucleases of Dra I, Pvu II, Ssp I,

and EcoR V, respectively, and lanes 5-8 are down-

stream results of the same libraries. Figure 3
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Figure 1. Nucleotide BLAST result of actin EST of Pinus radiata and location of chromosome walking primers.

Figure 2. Primary PCR results of chromosome walking

libraries constructed for Pinus radiata by the restriction

endonucleases of Dra I, Pvu II, Ssp I, and EcoR V. Lanes

1–4 = upstream PCR, primers AP1 and uGSP1; lanes 5–8

= downstream PCR, primers AP1 and dGSP1; M =

molecular ladder.

Figure 3. Secondary PCR results for Pinus radiata, with

50-fold diluted primary PCR products used as a template.

Lanes 1–4 = upstream PCR, primers AP2 and uGSP2;

lanes 5–8 = downstream PCR, primers AP2 and dGSP2;

M = molecular ladder.



shows the secondary PCR results, in which lanes

1-4 are upstream and lanes 5-8 are downstream.

The secondary PCR produced clear bands in all

the constructed libraries, but the PCR products dif-

fered between the libraries. We selected the largest

bands upstream (lane 3) and downstream (lane 7)

for sequencing.
Sequences were assembled after upstream and

downstream genomic walking, and a full genomic
sequence of 2154 bp was acquired (accession
EU301693.1). According to the NCBI BLAST,
the most similar protein was the actin protein from
Picea rubens again (accession AAF03692), with a
similarity of 72%. Aligned with the actin gene of
Picea rubens, the start and stop codes of the actin
gene of P. radiata were confirmed at bases 231
and 1653, respectively. The genomic sequence
contained 231 bp of the 5’UTR and 501 bp of the
3’UTR. Based on the genomic sequence, 2 pairs of
genomic primers were designed for SNP detection
(Table 1).

Genomic PCR and SNP detection

Genomic PCR was conducted using pooled
DNA, where the size of PCR products was around
650 bp (Figure 5, lanes 1-7) and 1800 bp (Figure 5,
lanes 8-15) as expected, but the total size was a lit-
tle bit larger than the actual sequence of the actin
gene, since genomic PCR fragments overlap the
designed primers GP1 and GP2 (Figure 4) for se-
quence cross-reference.

Genomic PCR fragments were ligated to the

T-vector and transferred to E. coli. Forty recombi-

nant plasmids in white blots of E. coli were se-

lected for sequencing. Figure 6 shows the genomic

PCR results, which use GP2 as the primer and the

size in lanes 1-54 were around 1800 bp. After se-

quencing, the results were blasted in the GenBank

one by one. False sequences were deleted.

A total of 40 actin gene sequences were run

with DnaSP software with a frequency threshold

set at 5%. A total of 21 SNPs were detected in the
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Table 1. Primers used for chromosome walking and genomic PCR

Primer name Sequence (5'-3')

Adaptor primer 1 (AP1)
Adaptor primer 2 (AP2)
Gene-specific primer for upstream 1 (uGSP1)
Gene-specific primer for upstream 2 (uGSP2)
Gene-specific primer for downstream 1 (dGSP1)
Gene-specific primer for downstream 2 (dGSP2)
Genomic primer 1-left (GP1)
Genomic primer 1-right (GP1)
Genomic primer 2-left (GP2)
Genomic primer 2-right (GP2)

GTAATACGACTCACTATAGGGC
ACTATAGGGCACGCGTGGT
GTCACAAGGGGTCATAACAACCAGCAG
CCTTACCAATTCCGACCTAAACGTCCA
TGAATCCCAAGGCAAACAGAGAGAAGA
CAATGTGCCTGCTATGTATGTTGCCATT
CCTGCTATGTATGTTGCCATTC
AGCCTCAAGTTTCAAGATGC
TTCTAATAGTTGGCCCTGTGGT
AACAAACAAAGCAATCACATGC

Figure 4. BLAST result of the actin genomic sequence of Pinus radiata and location of genomic PCR primers

Figure 5. Genomic PCR results for Pinus radiata. Lanes

1–7 with primer GP1; Lanes 8–15 with primer GP2; M =

molecular ladder.

Figure 6. PCR results of recombinant plasmids of E. coli

with genomic fragments from Pinus radiata. Lanes 1–54

with primer GP2; M = molecular ladder.



genomic sequences of 2154 bp, which did not in-

clude indels and SNPs less than 50-60 bp from

others. Among the 21 SNPs, 3 were located in the

5’UTR, 3 in the introns, 10 in the coding sequence,

and 5 in the 3’UTR. The estimated minor allele

frequencies of all SNPs were between 7.5% and

37.5% (Table 2).

Discussion

SNPs could occur in coding regions of the genes

and in noncoding regions. Coding regions are usu-

ally related to the structure and function of the

translated proteins, while noncoding regions may

have an effect on the regulation of the gene and on

pre-mRNA splicing (Chasman and Adams 2001;

Sunyaev et al. 2001; Ng and Henikoff 2001). The

sequence of the coding region can be obtained by a

reverse-transcription of mRNA, but noncoding re-

gions are not directly accessible that way, espe-

cially in the species that are not fully sequenced.

Chromosome walking is a method in genetics for

identifying and sequencing long parts of a DNA

strand and has become a technique for cloning ev-

erything in the genome around a known piece of

DNA. Primers can be designed with the gene se-

quence derived from chromosome walking and

thus used in genomic PCR to discover SNPs in the

population used for association mapping.

In chromosome walking, the only information

given is the sequence from a gene fragment, an

EST or a cDNA. Therefore, designing the gene-

specific primer correctly is essential to obtain the

sequence of the target gene. If the known sequence

comes from a genomic fragment, 3 cases will be

met during the design of the gene-specific primer.

The ideal case is a gene fragment that has a unique

sequence in the plant genome. Genes like this are

largely protein and enzyme genes (Shopinski et al.

2006). In these cases, the designs of primers are

easy and simple, they meet the standards of bases

25 to 27, a GC content from 40% to 60%, and an-

nealing temperatures ranging from 67°C to 70°C.

Another case is the object gene, which has a repeti-

tive sequence in its plant genome. These kinds of

genes are very common in plant genomes and rep-

resent more than 50% of all DNA (Heslop- Harri-

son 2000; Paterson et al. 2003). In this case, a

repetitive gene cannot be verified by designing the

gene-specific primer. The only way is to clone a

longer sequence by chromosome walking, imply-

ing that more genomic sequences outside the tar-

get gene are required, compared to the sequence

from different trees. This step is feasible to chro-

mosome walking, since it is recommended that at

least 4 libraries are to be constructed, from which

we can select the longest fragment from the sec-

ond PCR or conduct chromosome walking twice

or even thrice. If all the genomic sequences out-
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Table 2. SNPs in the actin gene of Pinus radiata

No. SNP Marker Region Position
Estimated minor allele

frequency (%)

1 TTCCCCTTGTT[G/A]TAGTTGCATT 5'UTR -125 12.5

2 TTTGTACATTT[C/T]GATTGTTGTA 5'UTR -104 10.0

3 TCATTACGTT[G/A]CTTAGCTTGC 5'UTR -39 7.5

4 GGAACTGGAA[C/T]GGTTAAGGTA exon 53 20.0

5 GTTCTTGGAT[G/A]TATTGTATTG exon 79 7.5

6 TACTGGATAA[T/C]ATTGTGCATA exon 132 7.5

7 TCAGTCAAAA[T/A]GAGGTATCCT exon 364 7.5

8 GAAGAACATC[T/C]TGTACTTCTT exon 485 20.0

9 GCCATTCAG[T/G]CAGTTCTGTC exon 591 10.0

10 GTACAACTGG[A/T]GAGCATGTGA exon 629 37.5

11 TTGCTAAGGG[C/T]TTATATTAAC intron 703 15.0

12 TTAGTCACAC[G/A]GTGCCAATTT exon 774 17.5

13 TCCATCATGA[T/A]GTGTGATGTG exon 1139 7.5

14 CAGCAGCATG[A/G]AAATCAAGGT exon 1265 12.5

15 TTATGATTTC[T/C]TATTACCTTC intron 1396 17.5

16 TCACTTCTCA[T/C]TGTTCTTATT intron 1449 17.5

17 GATGATGGTG[G/A]CAATAGTGCT 3'UTR 1626 17.5

18 CAGTTTATTT[T/C]TTATGCAAGG 3'UTR 1659 20.0

19 AGCATAGTTT[T/A]GTGGCTCTGT 3'UTR 1715 7.5

20 TTGCTAGATG[T/C]GACCAGAAAC 3'UTR 1758 7.5

21 TTTGAACCCT[G/A]TAATGTTATG 3'UTR 1803 7.5



side the object gene are the same, it indicates that

no repeated sequences exist. If some genomic se-

quences outside the object gene are not the same, it

means that there are repetitive sequences in the ge-

nome. When carrying out SNP detection, SNPs in

the repetitive sequence of the target gene should

be taken into account.

A third possible situation is when the target

gene belongs to some gene family. Multifunctio-

nal proteins, such as glutathione transferases

(GSTs), are encoded by large gene families. In dif-

ferent plant species this gene family comprises

25-60 members (Frova 2003). In this case, gene

-specific primers are very important for chromo-

some walking, because different primer locations

may lead to cloning of other genes in the gene fam-

ily. Generally, the gene-specific primer should

contain the base from which it can be distin-

guished from other gene family members. If only a

few conservative bases or no appropriate sequence

can be used for primer design, the gene-specific

primer for secondary PCR should at least contain

the base for discriminating other gene family

members. If the known sequence comes from the

EST or cDNA, besides considering the situation

introduced above, a primer location should avoid

the splicing site between 2 neighbouring exons.

For primer design, we need to estimate the possi-

ble splicing sites in the EST or cDNA sequence by

comparing candidate EST or cDNA with the

genomic sequence of orthologous genes from

other species.

Library construction is also critical to chromo-

some walking. The size of PCR products is always

related to the selected restriction endonuclease.

For sequence overlapping, we need a minimum of

2 chromosome-walking libraries, but some DNA

fragments may be lost during library construction,

with the consequence of no PCR results at all in ei-

ther primary and secondary PCRs. Therefore, in

our study, at least 4 chromosome walking libraries

are recommended. With more libraries, a larger

number of PCR fragments can be generated for se-

lection during secondary PCR, and then with a

higher possibility we may obtain the targeted frag-

ment.
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