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Abstract

Genome duplication (i.e. polyploidy) is a common phenomenon in the evolution of plants. The objective of this study was to
achieve a comprehensive understanding of genome duplication for SNP discovery by Thymine/Adenine (TA) cloning for confirma-
tion. Primer pairs were designed from 793 EST contigs expressed in the roots of a supernodulating soybean mutant and screened
between ‘Pureunkong' and 'Tinpumkong 2' by direct sequencing. Almost 27% of the primer sets were failed to obtain sequence data
due to multiple bands on agarose gel or poor quality sequence data from a single band. TA cloning was able to identify duplicate
genes and the paralogous sequences were coincident with the nonspecific peaks in direct sequencing. Our study confirmed that het-
erogeneous products by the co-amplification of a gene family member were the main cause of obtaining multiple bands or poor qual-
ity sequence data in direct sequencing. Counts of amplified bands on agarose gel and peaks of sequencing trace suggested that almost
27% of nonrepetitive soybean sequences were present in as many as four copies with an average of 2.33 duplications per segment.
Copy numbers would be underestimated because of the presence of long intron between primer binding sites or mutation on priming

site. Also, the copy numbers were not accurately estimated due to deletion or tandem duplication in the entire soybean genome.
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Introduction

Single DNA base differences or small insertions and dele-
tions (indels) at a specific base position, collectively referred
to as single nucleotide polymorphisms (SNPs) were revealed
by comparison of homologous DNA sequences (Brookes
1999). SNPs are valuable DNA markers because of abun-
dance and high stability and often contribute directly to a
phenotypic trait (Kim et al. 2004). Various methods have
been developed to discover SNPs, but the most direct and
simple approach is direct sequencing of PCR products from
several individuals (Gupta et al. 2001). PCR primers are fre-
quently derived from genes of interest or expressed sequence
tag (ESTs). However, a high percentage of PCR primers
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failed to obtain sequence data due to the presence of multiple
bands from PCR amplification or poor sequence quality from
which appeared a single band on an agarose gel in soybean
(Van et al. 2004; Zhu et al. 2003). This may be caused by the
amplification of duplicate genes. However, no further work
was done to validate duplication of genes in the soybean
genome.

Gene duplication, arising from region-specific duplication
or genome-wide duplication, is an important feature of
genome evolution. Gene and genome duplication are recog-
nized as driving forces in the evolution of eukaryotic
genomes (Ohno 1970). Upwards of 80% of all angiosperms
likely have polyploidy origins (Masterson 1994). The long-
term evolution of polyploidy genomes is often followed by a
process of “diploidization” that restores diploid-like pairing
and disomic genetics (Wolfe 2001). The complete sequenc-
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ing of Arabidopsis thaliana demonstrated that it has experi-
enced three rounds of apparent whole genome duplication,
with 82% of all genes and 80% of sequences residing in
duplicated segments (Simillion et al. 2002).

Soybean [Glycine max (L.) Merr] has been hypothesized
to be an ancient diploidized tetraploid based on evolutionary
studies and haploid genome analysis (Hadley and Hymowitz
1973). The soybean genome is not fully sequenced at this
time due to the intermediate genome size (1,115 Mbp,
Arumuganathan and Earle 1991) and relatively complex
genome organization. Nevertheless, large-scale EST data and
physical mapping can be used to improve our knowledge of
genome structure and genome evolution. Hybridization of
RFLP probes indicated that more than 90% of probes are
duplicated an average of 2.6 times in the soybean genome
(Shoemaker et al. 1996). Marek et al. (2001) also found that
each G. max RFLP probe identifies an average of 2.9 homoe-
ologous regions against two bacterial artificial chromosome
(BAC) soybean libraries. Recently, computational analyses
of clustered ESTs revealed two rounds of genome duplica-
tion with disparate time estimates of ~15 and 44 MYA
(Schlueter et al. 2004) or ~4 and 16 MYA (Blanc and Wolfe
2004). Thus, soybean can also be referred to as a 'paleopoly-
ploid' genome.

The objective of this study was to confirm that the failures
of PCR and sequencing during SNP discovery were caused
by genome duplication. With the PCR and sequencing fail-
ures, sequences of the duplicate genes were obtained by
Thymine/Adenine (TA) cloning. And, the copy number of
duplicate genes was estimated based on the failures of PCR
and sequencing data.

Materials and Methods

Plant materials

Two genotypes of soybean, 'Pureunkong' and 'Jinpumkong
2" were used in this study. Pureunkong is characterized by
small seed size, green seed coat, and green seed embryo,
which are considered desirable seed traits for producing soy-
bean sprouts (Kim et al. 1996). Jinpumkong 2 has the null
alleles Lx1, Lx2, and Lx3, which leads to the lack of a beany
taste associated with common cultivars (Kim et al. 1997).
Genomic DNA was extracted from fully expanded leaves
according to the procedure described by Rogers and Bendich
(1994).

PCR amplification and direct sequencing

A total of 793 tentative contigs (TCs) were randomly
selected from soybean ¢cDNA library (Gm-c1078) derived
from roots of seven-day-old '‘Bragg' supernodulating mutant
(http://www tigr.org). These TC sequences were used as tem-
plates for primers designed by Primer3 (http://frodo.wi.mit.edu/)
to produce amplicons of approximately 400-600 bp in length.
PCR was performed in a 50u¢ reaction volume with 2 U Tagq
DNA polymerase (Applied Biosystems, Foster city, CA,
USA), following the manufacturer's recommended protocols
and cycling conditions. After PCR products were confirmed
by electrophoresis on 1.0% ethidium bromide-stained
agarose gels, only PCR amplicons shown a single fragment
were used as templates for further sequencing reactions (Kim
et al. 2004).

Table 1. Number of PCR primers designed and results of PCR and sequence analysis

Primers designed 793 Percent of total (%)

Primers produced a single band 685 86

(Single band with good sequence quality)  (520) (66)
(Single band with poor sequence quality) ~ (165) 21
Primers produced multiple bands 44 6
Primers produced no band 64 8

Analysis of PCR and sequencing failures by TA
cloning

The primers used to study poor quality sequence from a
single band and multiple bands were designed from
TC218232 and TC204444, respectively. PCR products show-
ing a single band with poor sequencing data were purified
using the AccuPrep™ PCR purification kit (Bioneer,
Dagjeon, Korea), while PCR products showing double bands
were gel-extracted individually using S.N.A.P.™ purification
columns (Invitrogen, Carlsbad, CA, USA). These purified
PCR products were cloned into TOPO TA vector
(Invitrogen) and transformed into TOP10 E. coli cells
(Invitrogen). Ten independent clones from each PCR product
were chosen randomly and sequenced with M13 forward and
reverse primers on an ABI3730 with BigDye3.1 (Applied
Biosystems) (Van et al. 2004).

Base callings were performed with SeqScape version 2.0
(Applied Biosystems). After vector sequences were removed,
sequence alignment between paralogous sequences was per-
formed with the software alignment program bl2seq
(http://www.ncbi.nlm.nih.gov).

238

www.cropbio.org



Gene Duplication in Soybean

Table 2. Copy number of soybean sequences

No. of primers

Copy  pCR-based (determined  Sequence-based (deter- Percentage
numbers by the number of bands  mined by the numberof  Total  of total (%)

on agarose gel) peaks on chromatogram}
1 -* 526 520 65.6
2 34 132 166 209
3 6 32 38 4.8
4 4 1 5 0.6

*PCR amplified band was divided into high quality sequence and pocr quality sequence.

Results

Failure of obtaining sequence data from TCs

With PCR primer pairs designed from soybean TCs, four
different patterns were shown based on PCR performance
and sequencing analysis: no band, single band with high
quality sequence (single peak), single band with poor quality
sequence (noisy peaks), and multiple bands (Fig. 1). Out of
the 793 primer sets, 685 (86%) amplified a single PCR prod-
uct (Table 1). Multiple products were produced by 44 (6%)
primer sets and 64 primers (8%) produced no PCR product.
High quality sequence data from two soybean genotypes
were obtained from 520 (66%) of the 793 primer sets. Good
quality of sequence data could not be obtained from 165
cases (21%), although a single discrete PCR product was
observed on an agarose gel.

Locus-specific p
rimer design

3
PCR mmp— —

Good quality

S ks
e

Muftiple bands

Fig. 1. Amplification and sequencing patterns of the PCR primer pairs derived from
TCs for SNP discovery in soybean.

Confirmation of duplicate genes by TA cloning

To examine the mechanism of poor quality sequence
derived from a single band (Fig. 2A), primers (Forward: 5' -
CCTCTCAAGGTGAGAAAGGAGA - 3'; Reverse: 5' -
ATGAATGGCATATAGCATCGTG - 3") derived from

|

TC218232 were studied in detail. After PCR amplification
and cloning, 10 transformed clones were randomly selected
and sequenced. Analysis of these 10 sequences showed that
two groups of sequences with similar size were detected in
the PCR products of TC218232 (Fig. 2B), even though they
were amplified by the same primer set. The nonspecific
peaks from sequences in PCR products amplified by the
above primers were compared between direct sequencing and
paralogous sequences obtained from TA cloning. At the
beginning of the TC218232 sequence, the positions of the
single base substitutions and indels between the paralogous
sequences coincided with the positions of the double peaks
seen in the direct sequencing results (Fig. 2). The occurrence
of short indels following those first few substitutions caused
a frameshift in the direct sequencing, resulting in the produc-
tion of many false single nucleotide changes. The coinci-
dence of paralogous sequences and direct sequencing con-
firmed that the poor sequence quality from a single band was
due to the co-amplification of two or more members within
gene family by the same primer set.

For double bands, PCR products of TC204444 amplified
by primers (Forward: 5' - CCATGGTCATGCTAG-
GTAATTG - 3; Reverse: 5' - CTCAGACCCTTCTCTTTCCA-
GA - 3") were gel-extracted individually for TA cloning. Ten
clones were randomly chosen and sequenced for each of the
double bands. Analysis of these 10 sequences showed that
they were consistent in each of the double bands (data not
shown). Therefore, two members of sequences with different
sizes corresponding to the double bands on the agarose gel
were detected. These results confirmed that the multiple
bands from PCR amplification were likely due to the co-
amplification of two or more paralogous genes with different
sizes by the same primer set.

A Direct sequencing
177 AGAGANNCCNNATGAACAGTTNTTTT NNNNNNNNCHANNNNONNNARNNNNN 227
L i ,

L ity
cvEe T

B Sequencing of cloned PCR product
Cat

Clone 1 AGAGALACCCUATGAACAGTTOTTTT ~ ATGATATCCAACTC-TCCARACTACTG
Clons 5 AGAGALH CCUTATGAACAGTTOTTITT - ATGATATCCAACTC-TCCARACTACTG
JclonEB AGAGAGACCTUATGAACAGTTCTTTT ~ ATGATATCCAACTC-TCCARATTACTG
Clone 4 AGAGAH CCUUATGAACAGTTCTTTT - ATGATATCCAACTC~TCCAAACTACTG
Clone 8 AGAGA ATGRACAGTTCTTTT - ATGATATCCAACTC-TCCABACTACTG
Clone 9 AGAGAGLCCOTATGARCAGTTATTTT ; ATGATATCCAACTC-TCCABAZTACTG
Clone 7 AGAGACCCCATATGAACAGTTATTTT T ATGATATCCAACTCCTCCAAA-TACTG
Clone 2 AGAGACCCCATATGAACAGTIATTTT ¥ ATGATATCCAACTCCTCCAAA-TACTG
Clone 6 AGAGACCCCATATGAACAGTTATTTT T ATGATATCCAACTCCTCCAAA-TACTG

Clone 10 AGAGACCCCATATGAACAGTTATTIT T ATGATATCCRACTCCTCCAAA-TACTG

Fig. 2. Comparison of direct sequencing and sequencing data from ten clones gener-
ated by TA cloning with TC218232 PCR products of ‘Pureunkong’.

(A} Results of partial chromatogram in direct sequencing results.

(B) The alignment of sequences from ten clones.
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Estimates of copy number of gene families

Since poor quality sequence and multiple bands were
caused by the co-amplification of duplicate genes, the failure
data during SNP discovery could be used to estimate the
degree of duplication, generally by counting the number of
amplified bands on agarose gel or peaks of sequencing trace.
Analysis of the average number of fragments amplified by
each of 793 PCR primers showed that 26.3% detect, on aver-
age, 2.23 bands or peaks under high PCR annealing tempera-
ture (Table 2). These data suggest that more than 26% of the
nonrepetitive sequences in soybean may on average be dupli-
cated 2.23 times.

Discussion

The direct sequencing procedure is not always successful
because either the amplification of multiple products with
different sizes or the amplification of multiple paralogous
regions with similar sizes appeared as a single-copy fragment
on an agarose gel. Of the 793 primer sets tested, 44 (6%) and
165 (21%) were amplified multiple bands and produced poor
quality sequence (Table 1), respectively, although much
efforts were made to utilize a high annealing temperature to
amplify unique sequences in the soybean genome. Other
studies have also reported a similar incidence of these two
unexpected outcomes. In order to develop SNPs, Zhu et al.
(2003) directly sequenced fragments of 90 complete genes
and 88 ¢cDNAs. Of these, 3 and 20%, respectively, showed
multiple amplification products and poor quality sequence in
complete genes, while 14 and 24% showed multiple products
and poor quality sequence in cDNAs. Subsequent work by
Van et al. (2004) found that 12% of primers amplified multi-
ple products and 10% showed poor sequence quality data out
of 110 primer sets designed for ESTs.

Cloning is a good method to separate the heterogeneous
sequences produced by the same primer sets. By TA cloning,
our results confirmed that heterogeneous products generated
by the co-amplification of members of a gene family were
the main reason for production of multiple bands or poor
quality sequence data in direct sequencing (Fig. 2). Since
soybean is suspected to be an ancient tetraploid, its genome
is considered to be highly duplicated (Shoemaker et al.
1996). Due to the nature of highly duplicated soybean
genome, the efficiency of direct sequencing would decrease

whereas the cost for SNP discovery would increase.

Discovering the unique polymorphisms that distinguish the
individual gene members within a gene family will be critical
for overcoming this problem. Using this information, it will
be possible to design locus-specific PCR primers that will
amplify only a single member of a gene family. Thus, the
problem of multiple products being sequenced simultaneous-
ly could be eliminated.

Previous methods involving DNA hybridization have pro-
vided some estimates of the potential degree of duplication
within soybean genome, either by counting the number of
hybridization signals in FISH mapping (Pagel et al. 2004) or
the number of fragments that hybridize to a single RFLP
probe (Marek et al. 2001; Shoemaker et al. 1996). PCR
primers used for SNP discovery could amplify multiple gene
family members and this is good evidence for co-amplifica-
tion of multiple genes. In this study, almost 27% of nonrepet-
itive soybean sequences are probably present in 2.33 copies
by counting of amplified bands on agarose gel and sequence
peaks on chromatogram (Table 2). These data are lower than
the observations of Shoemaker et al. (1996) which indicated
that approximately 90% of the examined loci were present in
2.55 copies based on hybridization data. These underesti-
mates may be due to the presence of long intron between
primer binding sites. In addition, sequence divergence or
mutation in the primer region was probably responsible for
the lack of amplification in some duplicate genes.

The soybean genome was highly duplicated and probably
a paleopolyploid (Foster-Hartnett et al. 2002; Schlueter et al.
2004; Shoemaker et al. 1996). The paleopolyploids are often
followed by a diploidization process of switching from tetra-
somic to disomic inheritance (Schlueter et al. 2006). In soy-
bean, the process of diploidization has been quite slow and
incomplete by deletion and tandem duplication, resulting in a
mixture of diploid and tetraploid loci within the current
genome (Schlueter et al. 2007). These duplicate loci may
lead to complicate comparative genome research because
duplications yield networks of synteny between genomes
(Mudge et al. 2004). Even within a single genome, highly
similar duplicated genomic regions may lead to the wrong
direction in genome walking and map-based cloning in phys-
ical and genetic mapping, and genome sequencing studies in
soybean (Paterson 2005). Also, duplicated genomic regions
in a species could provide valuable insight into its genome
structure and evolution, and transfer map information from
well-mapped to poorly-mapped regions. Thus, understanding
of genome duplication is quite essential in the successful
molecular dissection of gene function in the future.
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