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Abstract

A large collection of full-length cDNAs is essential for the correct annotation of genomic sequences and
for the functional analysis of genes and their products. We obtained a total of 39 936 soybean cDNA
clones (GMFLO1 and GMFLO2 clone sets) in a full-length-enriched cDNA library which was constructed
from soybean plants that were grown under various developmental and environmental conditions.
Sequencing from 5’ and 3’ ends of the clones generated 68 661 expressed sequence tags (ESTs). The
EST sequences were clustered into 22 674 scaffolds involving 2580 full-length sequences. In addition,
we sequenced 4712 full-length cDNAs. After removing overlaps, we obtained 6570 new full-length
sequences of soybean cDNAs so far. Our data indicated that 87.7% of the soybean cDNA clones contain
complete coding sequences in addition to 5'- and 3’-untranslated regions. All of the obtained data con-
firmed that our collection of soybean full-length cDNAs covers a wide variety of genes. Comparative
analysis between the derived sequences from
soybean and Arabidopsis, rice or other legumes
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this study will serve as a useful resource for gene discovery from soybean and will also aid a precise anno-

tation of the soybean genome.
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1. Introduction

Soybean [Glycine max (L) Merr.] is one of the most
important crops in the world. The agronomical
importance of soybean has been steadily increasing,
since it is an important source for protein and vege-
table oil for human and animal nutrition. In addition,
soybean serves as a valuable renewable agricultural
source for industrial products, e.g. lubricating oil,
printing ink or biodiesel." Owing to this importance
of soybean, its agronomical features should be distin-
guished at the molecular level to facilitate breeding,
gene discovery or industrial applications.

At the present time, access to a large set of genomic
information is huge benefit for biological or agrono-
mical research. In the past decade, a large amount
of genomic information had been compiled from a
number of organisms involving several model
plants.?~> The vast amount of sequence information,
including not only whole-genome sequences but also
other information such as transcriptome, proteome or
metabolome data, has enabled scientists to extend
our understandings for genomic structures, evolution,
gene discovery or gene functions, etc.®

The genome size of soybean is large (1115 Mb with
2n=40) and it likely arose from complex genome
duplication events.”® It was suggested that at
least one of the original genomes was duplicated
prior to the most recent polyploidization event
in soybean.” Despite such complexity, the draft
sequence of soybean genome has been already
released (http://www.phytozome.net/soybean). Fur-
thermore, genomic sequencing has been conducted
for two model legume plants, Lotus japonicus and
Medicago truncatula, and a large set of Lotus
genomic sequence data are now available.® These
data will provide us a great potential to a broad
range of plant science as well as legume research.

In addition to an entire genome sequence, a catalog
of gene transcripts can also serve as a critical resource
for molecular studies. Actually, >390 000 soybean
expressed sequence tag (EST) sequences have already
been obtained (http://www.ncbi.nlm.nih.gov/dbEST/
) from different tissues, organs, seeds and developmen-
tal stages of soybean. These data serve as a valuable
resource to help describe gene expression profiles and
ultimately classify genes by families and functions.'®
Especially, full-length cDNA collections can serve as a
powerful tool to facilitate genomic or other omics
research efficiently. Several techniques have been

established to prepare full-length cDNA enriched
libraries from various organisms,'' 7' and the useful-
ness of full-length cDNAs has been confirmed in
various plants such as Arabidopsis, rice, poplar, wheat
and maize."*”'? A major advantage of this approach
is that the most of clones contain the complete
coding sequences as well as the 5’- and 3’-untranslated
regions (UTRs). Inclusion of the entire sequence data
dramatically facilitates the subsequent sequencing,
annotation, and protein expression and other func-
tional assays.'® Furthermore, a large collection of
full-length sequences of cDNA clones also provides
a set of protein sequences allowing us to estimate
gene functions by searching homology to other
proteins, conserved domains or motifs. Thus, the
preparation and analysis of full-length cDNA clones
maybe closely connected to soybean genomic
sequencing projects.

In the present study, we report a large-scale collection
of full-length cDNA clones derived from a Japanese
soybean cultivar, Nourin No. 2. Soybean was domesti-
cated in East Asia, where various kinds of landraces
have been established as a result of adaptation to differ-
ent environments and the diversification of food cul-
tures. ‘Nourin No. 2’ is an elite cultivar which had been
developed by cross-breeding and is one of the ancestors
of Japanese modern cultivars. It has many typical fea-
tures of Japanese soybean, for example, a white seed
coat, a relatively large seed size and high protein
content. We constructed a full-length-enriched cDNA
library from Nourin No. 2 and obtained 22 674 non-
redundant cDNA sequences from 5’ or 3’ end sequences
of 39 936 randomly selected clones from the library. In
addition, the entire sequences of 4712 full-length
cDNAs were determined. We designed a web-based
interface to retrieve sequence information of soybean
full-length cDNA clones (http://rsoy.psc.riken.jp/). The
information and resources pertaining to full-length
soybean cDNAs will be publicly available from the
National Bioresource Project for Lotus/Glycine in Japan
(http://www.legumebase.agr.miyazaki-u.ac.jp/).

2. Materials and methods

2.1. Plant materials

Soybean [G. max (L) Merr. cv. Nourin No. 2] was
used to construct a full-length cDNA library. In this
study, we prepared soybean plants under various
developmental and environmental conditions: (1)
drought stress, (2) salt stress, (3) chilling stress
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(4°C), (4) low temperature (15°C), (5) phosphorous
starvation, (6) flooding, (7) nematode infection, (8)
flower buds, (9) nodules and (10) developing seeds.
These growth conditions and treatments are summar-
ized in Table 1, and the procedures are described
as follows.

Drought, salt and chilling stresses. Soybean seeds
were sown in vermiculite for 7 days, then seedlings
were grown hydroponically under greenhouse con-
ditions (36°0’N, 140°1’E, Tsukuba, Japan). Average
temperature was 21°C, and day length was 14 h.
Seedlings were cultured in 30 L vessels containing a
nutrient solution as previously described.?® Two-
week-old seedlings were exposed to a drought stress
by withholding nutrient solution, and salt stress was
produced by supplementing plants with a nutrient
solution containing 100 mM NaCl. For cold stress,
seedlings were transferred into a refrigerate
chamber in which temperature was controlled to
4°C. Seedlings were harvested at 0, 1, 5, 10 and
24 h after the initiation of stresses. Each plant
sample was stored at —80°C until use.

Low temperature treatment. As previously described,
soybean plants were grown in a growth chamber at
22/17°C with 15h light until the first trifoliate
leaves were fully expanded.”’ The only exception was
that culture soil Sankyo Engei Baido, containing
374 mg of N, 647mg of P and 201 mg of K
(Hokkai Sankyo, Sapporo), was used. The plants were
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subsequently grown at 15/15°C for 1h, 1 and 4
days before total RNA was isolated from the whole
shoots.

Phosphorous starvation. Soybean seeds were surface
sterilized with 70% ethanol for 30 s with subsequent
washing in deionized water. Sterilized seeds were
sown in vermiculite for 7 days and seedlings were
subsequently grown hydroponically under green-
house conditions (43°3’'N, 141°2’E, Sapporo, Japan).
Average temperature was 24°C and day length was
13—14 h. Eight seedlings were cultured in a 56L
vessel, containing a nutrient solution made up of
0.83 MM N (NH4NO3), 0 uM (=P solution) or 32 uM
(+P solution) NaH,PO,, 0.38 mM K (KCI), 0.19 mM
K (K2SO4), 0.75 mM Ca (CaCl,-2H,0), 0.82 mM Mg
(MgS0,4-7H,0), 35.8 uM Fe (FeSO4-7H,0), 9.1 uM
Mn (MnSO4-4H,0), 46.3 uM B (H3BO3), 3.1 uM Zn
(ZnSO4:7H,0), 0.16 pM  Cu (CuSO4-5H,0) and
7.4 nM Mo [(NH;)6M0;0,4-4H,0]. The concentration
of phosphorus, as well as the pH (5.3 + 0.1), was
adjusted every day. Plants were harvested after 2
weeks and stored at —80°C until further use.

Flooding treatment. The water content in soybean
seeds was treated at 15% in the humidity condition-
ing chamber. The seeds were immersed and germi-
nated in the tubs with sterilized water at a depth
of 5cm. The flooding treatments were imposed for
3 or 5 days at 25°C under dark conditions.

Table 1. Collection of RNA samples for constructing a soybean full-length cDNA library

Sample name Treatments or strains Condition 1 Condition 2 Tissues Place?
1 Drought stress Removal of media Hydroponics Green Whole Ibaraki
house plants
2 Salt stress 100 mM NacCl Hydroponics Green Whole Ibaraki
house plants
3 Chilling stress 4°C Hydroponics Green Whole Ibaraki
house plants
4 Low temperature 15°C Pot Green Whole Hokkaido1
house plants
5  Pistarvation Nutrient solution without Pi Hydroponics Green Whole Hokkaido2
house plants
6  Flooding Imbibition Hydroponics Green Whole Hokkaido1
house plants
7 SCN infected Heterodera glycines Ichinohe Soil Field Roots Hokkaido1
roots
Flower buds Normal condition Soil Field Flower buds Chiba
Roots and Bradyrhizobium japonicum strains A1017 and Vermiculite and Field Roots Chiba
nodules USDA110 soil
10 Developing seeds Normal condition Soil Field Seeds Saga

We prepared RNA samples from soybean plants distributed by several laboratories in Japan. The regions, conditions and
treatments for soybean plants widely ranged as shown here. Additional information was described in Materials and

Methods.

“The latitude and longitude for each place is as follows: Ibaraki, 36°0’'N, 140°1’E; Hokkaido1, 43°1’N, 141°9’E; Hokkaido2,
43°3" N, 141°2" E; Chiba, 35°8'N, 139°9’E and Saga, 33°2'N, 130°3'E.



336

Germinating seedlings were washed with the water
and were then used for the isolation of total RNA.

Inoculation of soybean cyst nematode (SCN:
Heterodera glycines Ichinohe). Soybean plants were
grown in the field infested with SCN race 3 in
Sarabetsu, Hokkaido (43°1'N, 141°9’E) on 14 May
2003. Ten inoculated plans were harvested after 50
days from sowing and their roots from the plants
were washed free of soil and used for the isolation
of total RNA. Average temperature was 15°C, and
day length was 15 h.

Flower buds and nodules. Soybean plants were grown
in a greenhouse or a field at Matsudo, Japan (35°8'N,
139°9’E; average temperature, 25°C; day length,
14 h). Flower buds were excised from field-grown
soybean plants at 50 days after sowing (DAS), and
roots and nodules were sampled at 20 and 50 DAS.
Alternatively, soybean plants were grown in
vermiculite with a Hyponex solution (HYPONeX
Japan, Osaka, Japan) under a greenhouse condition.
Inoculation with a suspension of Bradyrhizobium
Japonicum strains A1017 and USDA110 (each 1 x
108 cells/mL) was carried out twice on the first and
third day after sowing. Roots and nodules were
sampled at 20 and 50 DAS.

For developing seeds, soybean plants were grown in
a greenhouse at Saga, Japan (33°2'N, 130°3'E
average temperature, 20—27°C; day length, 14 h).
Developing seeds were harvested at 7, 14, 25, 35
and 50 days after flowering. The harvested samples
were separated into six pools by seed-length (under
5 5-7,7-9,9-12,12-15, and over 15 mm), and
they were stored at —80°C until use.

2.2. RNA extraction

Total RNA was extracted from soybean plants using
TRIzol reagent (Invitrogen, CA, USA) according to the
manufacturer’s instruction. An alternative protocol
was used for developing seeds as follows; frozen
samples were crushed to a fine powder with a
mortar and pestle in liquid N,. Each crushed sample
was homogenized with 5 volumes (FW/V) of
100 MM Tris—HCI buffer (pH 8.0) containing
90 mM LIiCl, 45 mM EDTA and 1% SDS, and 2
volumes of water-saturated phenol. After adding 1
volume of 2 M sodium acetate (pH 4.0) and 2
volumes of chloroform, the aqueous phase was separ-
ated by centrifugation at 10 000g for 10 min. The
aqueous phase was re-extracted three times with
phenol:chloroform (1:1, v/v) and chloroform. Total
RNA was precipitated as a lithium salt by adding 3
volumes of 8 M LiCl. For cDNA library construction,
contaminated oligosaccharides were removed from
total RNA with the glass fiber-mediated method
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according to the manufacturer’s instructions

(RNeasy Plant Kit, QIAGEN).

2.3. Construction of a full-length-enriched

cDNA library

Aliquots of total RNA from plant materials (Table 1)
were mixed equally, and the RNA mixture was used
for the construction of a full-length-enriched cDNA
library. Construction of the library was accomplished
by the biotinylated CAP trapper method and trehalose-
thermoactivated reverse transcriptase as described
in the previous reports.'?? The resultant double-
strand cDNAs were ligated into a AFLC-IIl vector.”?

2.4. Both-ends sequencing of soybean cDNA clones

The DNA of each clone was directly amplified from
384 bacterial cultures of a glycerol stock plate by the
RCA method?* using a TempliPhi HT DNA amplifica-
tion kit (GE Healthcare, UK). End sequencing of
39936 clones was carried out using ABlI 3700
capillary sequencers (Applied Biosystems). The M13-21
primer (5’-TGTAAAACGACGGCCAGT-3’) and the 1233
primer (5'-AGCGGATAACAATTTCACACAGGA-3') were
used for forward and reverse sequencing, respectively.

2.5. Sequence data trimming and assembly

Raw sequence data were base-called using the
Phred program?>2® and the low quality region
(Phred quality score <20, and more than 20 bases
repeated) which was found at both edges of each
raw sequence was discarded. We used the sim4
program®’ for the detection of vector sequences.
Sequence data of lengths shorter than 100 bases
after this trim process were omitted. In addition, if
the repetition of a single nucleotide in a sequence
was longer than 10% of its total length, we rejected
such sequence. Sequences with high similarity to the
soybean cystnematode (SCN: Heterodera glycines) gene
(BLASTN e-value <1e—50) were also removed. The
ESTs were assembled by the CAP3 program?® with
40 bp overlap and 90% sequence identity. All EST
sequences were submitted to the DNA Databank of
Japan (DDBJ) under accession numbers BW650749—
BW684913 and DB955456—-DB990717.

2.6. Full-length sequencing for soybean cDNAs

We selected 4712 clones from the GMFLO1 clone
set for full-length sequencing, according to their
expression profiles (as described in Results and discus-
sions). One representative clone from each contig was
selected, and a total of 4712 clones were re-arrayed
from the original plates to new 384-well plates. The
DNA of each clone from the re-arrayed plates was
amplified as described above. Full-length sequencing
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was performed by both primer walking and shotgun
methods using ABI 3730 capillary sequencers
(Applied Biosystems). In the finishing process, the
Phred/Phrap/Consed system?>2®2? was used to
assemble sequences. All full-length sequences
were submitted to the DDBJ under the accession
numbers AK243693—-AK246134 and AK285150—
AK287419.

2.7. Full-length cDNA library quality

The quality of the soybean full-length cDNA library
was evaluated as follows: (i) a clone had both 5’ and
3’ sequence data, (ii) the e-values in a search result
of 5'-sequence with fastx343° was less than 1e—30
against the NCBI non-redundant protein data set,
(iii) the aligned reading frame was oriented in the
plus direction, (iv) the fastx34 alignment of 5’'-
sequence data was initiated by a methionine residue
and (v) a poly (A)" tail existed in the 3’-sequence.
Subsequent to these analyses, clones fulfilling these
aforementioned conditions were regarded as full-
length soybean cDNAs containing 5’-UTR, CDS and
3’-UTR.

2.8. Scaffold construction

To obtain a non-redundant set of transcripts, we
clustered 5’ or 3’ end sequences according to clone
names in the CAP3 output. The ‘ace’ file and the
‘singlets’ from the CAP3 output were parsed to
build scaffolds, which are clusters of sequences repre-
senting a unique transcript for which the positional
relation and direction of the fragments is implied.

2.9. Annotation of the sequences

After these scaffolds were created, the sequences
were queried against several public databases. As a
means to estimate similarity to genes from other
plants, the sequences were assigned to known infor-
mation by the BLASTX search (e-value <1e—05)
against protein data sets from TAIR*' RAP-DB,*? |Gl
Poplar® and KOGs.>33* The sequences were also sub-
mitted to the BLASTN search (e-value <1e—30)
against nucleotide data sets from L. japonicus and
M. truncatula in the NCBI UniGene collections.?> We
subsequently classified the results to show some
differences between soybean and other plants. The
sequences excluded in all searches were submitted
to the InterPro version 4.2 with DBrelease12.13® to
identify their functional domains. On the other
hand, for the detection of novel soybean genes, we
used the data sets from the UniGene cluster and com-
plete CDSs of G. max in GenBank for the BLASTN
analysis. We selected soybean cDNA clones showing
their e-values >1e—100, then they were regarded
as novel soybean transcripts.
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2.10. UTR detection

For detecting UTR sequences in ESTs, we used the
fully sequenced scaffolds of the resulting CAP3
assembly. First, we found potential ORFs in each fully
sequenced scaffold with our original perl scripts.
We selected the longest of potential ORFs with the
sense directions in each scaffold. Then, ESTs which
consisted of the scaffold were aligned with sim4 to
the selected ORFs, and we obtained the start
and end points of CDSs and UTRs in the EST
sequences. We omitted some ESTs in which the edge
position of the sim4 alignment to the selected ORF
was unclear.

3. Results and discussion

3.1. Construction of the soybean full-length-enriched
c¢DNA library
Here, we constructed a soybean full-length-

enriched cDNA library using the biotinylated CAP
trapper method which is optimized to generate a
large percentage of full-length cDNA inserts.' 2% At
first, we prepared 10 kinds of soybean plants in col-
laboration with several project members from
southern to northern parts of Japan (Table 1). Then,
we mixed each RNA sample from soybean plants
that were grown under various conditions, e.g.
drought, salt and cold stresses, Pi starvation, flooding
and SCN infection. Finally, the efficiency of our
library was 1.1 x 10° pfu with a AFLCIII vector, and
we prepared two sets (GMFLO1 and GMFL02) of
19968 cDNA clones (52 x 384-well plates) from
the library.

3.2. The quality of soybean full-length-enriched
cDNA library

The outline of the cDNA library construction and
data analysis was illustrated in Fig. 1. We prepared
two sets of 19 968 clones (GMFLO1 and GMFL02)
and a total of 39 936 clones were sequenced from
5" and 3’ ends. Sequences were subsequently
trimmed for low quality reads and vector contami-
nation. In addition, we detected and removed 902
SCN transcripts from the obtained sequence data.
It is possible that the SCN transcripts could be con-
taminants from SCN-infected soybean plants
(Table 1). After these processes, 37 834 clones
(18670 from GMFLO1-set and 19 164 from
GMFLO2-set) were available for further analyses. We
obtained a total of 68 661 EST sequences consisting
of 36 512 5-ESTs and 32 149 3’-ESTs. Both 5’ and
3’ ends of sequences could be assigned for 30 827
clones (14 740 from GMFLO1-set and 16 087 from
GMFLO2-set). However, sequences from only one-



338

Preparation of soybean plants
under various conditions

J

RNA mixture

J

Construction of a cDNA library
with biotinylated CAP-trapper

72"

GMFLO01 GMFLO02
19968 clones 19 968 clones

Y ¢

Sequencing for 5'- and 3'- ends

68661 ESTs —

J

Assembly and clustering

22674 scaffolds

J

Full-length sequencing

G = @

Figure 1. Scheme for construction and data processing of a soybean
full-length-enriched cDNA library. We constructed a soybean
full-length-enriched cDNA library using a biotinylated CAP-
trapper method from multiple sources of soybean plants
under various conditions (Table 1). A total of 39 936 cDNA
clones (GMFLO1 and GMFLO2 clone sets) were sequenced and
68 661 both-end sequences were derived. These sequences
were deposited to the DDBJ. The sequences were clustered into
22 674 scaffolds. We subsequently selected 4712 clones for
full-length cDNA sequences and deposited them to DDB].

side sequence could be detected for remaining 7007
clones. All sequences were tagged with unique clone
IDs as GMFLO1-XX-YYYF/R or GMFLO2-XX-YYYF/R. In
this nomenclature system, X and Y refer to plate
numbers and well numbers in each plate, respectively.
The letters F and R indicate forward or reverse
sequences, respectively. All sequences were deposited
to DDBJ with the accession numbers BW650749—
BW684913 and DB955456—DB990717. Clones
which had both read sequences showing significant
sequence similarity to known proteins were analyzed
to confirm whether they contained initiation codons
and poly (A)* tails. The results suggested that 87.7%
of the clones contained entire open reading frames
in their inserts.

Table 2 summarizes the results from sequence data
analysis. The sequences were assembled into 11 036
contigs and 15 255 singletons using CAP3.?® The
CAP3 assembly data were able to further clustered,
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Table 2. Summary of soybean cDNA sequences for assembly and
clustering

Groups Records
Number of initial clones 39936
Number of available clones 37 834
Number of good sequences 68 661
5’-EST sequences 36512
3’-EST sequences 32149
Average trimmed EST length (bp) 526.2
Clones with 5’- and 3’-sequences 30827
Contigs 11036
Average contig length (bp) 697.4
Singletons 15255
Scaffolds 22674
Max. scaffold size (no. of EST) 199
Average scaffold size (no. of EST) 1.7
Distinct genes 13526
Putative splicing variants 4325
Full-length sequenced clones 4712
Full-read clones in EST sequences 2580
A total of full-length cDNA sequences 6570

resulting in the construction of 22 674 scaffolds
as non-redundant EST sequences. This set of 22 674
scaffolds was then used as a basic material for
further analyses. We built a cluster profile representing
the number of clones per scaffold (Fig. 2). These
data showed that a large number of scaffolds
contain a small number of clones, suggesting that
the redundancy of soybean cDNA library was
relatively low.

As described above, our cDNA library contains
multiple RNA samples from soybean plants that
were grown under various conditions (Table 1). The
inclusion of RNA samples from multiple growth con-
ditions is advantageous since it increases the variation
of transcripts in the library. For example, it is likely
that abiotic stress treatments might enhance the pro-
portion of stress-responsive genes in the library. In
addition, several specific tissues, such as developing
seeds, flower buds and nodules, might increase
tissue-specific genes in our collection.

3.3. Full-length sequences of soybean cDNAs

If properly constructed, a full-length-enriched cDNA
library should contain a high proportion of full-length
cDNA clones and maintain complete coding regions,
splicing information and 5’- and 3’-UTR sequences.
Thus, the entire sequences of full-length cDNA
clones will be extremely informative. Here, we deter-
mined 4712 full-read cDNA sequences that were
selected from the GMFLO1 clone set. The majority of



No. 6]

O©CONOOHWN =

Number of clones
N

1 10 100
Number of scaffolds

1000 10000 100000

Figure 2. Distribution of numbers of soybean cDNA clones involved
in each cluster of sequence assembly. We derived 68 661
sequences from 39 936 soybean cDNA clones, and clustered
them into 22 674 scaffolds. Sequence assembly performed by
CAP3 reveals a large distribution of the numbers of clones per
scaffold.

the sequences consist of stress-responsive genes
which were identified by a large set of microarray
data from soybean plants under drought, salt, cold
stresses and ABA treatments (Todaka et al., unpub-
lished results). The microarray was constructed in
the format of a 44K custom oligonucleotide microar-
ray (Agillent Technologies, CA, USA) from a data set of
soybean full-length cDNAs and a public EST database
(Todaka et al., unpublished results). All sequences of
full-length cDNAs were deposited to the DDBJ with
accession numbers AK243693-AK246134 and
AK285150-AK287419.

Figure 3 shows length distributions of soybean
cDNA inserts and ORFs from 4712 full-length cDNA
sequences. The full-length sequences ranged from
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Figure 3. Length distributions of soybean cDNA inserts and ORFs.
Sequence length of soybean cDNA inserts (A) and its ORFs (B)
was obtained from a total of 4712 full-length sequences of
soybean cDNAs. Used definitions and calculation methods
were described in the Materials and methods section.

413 to 7338bp, and their average size was
1539 bp. Seki et al. (in RIKEN Plant Science Center)
determined full-length sequences of 21 005 RIKEN
Arabidopsis Full-Length (RAFL) cDNA clones the
average size of RAFL cDNA inserts was estimated to
be 1445bp3’ (Seki et al, unpublished results).
Although the average size of soybean cDNA inserts
was slightly longer than Arabidopsis, it was similar to
other plants, e.g. rice and wheat had the average
1.5kb cDNA inserts.'”3® We then extracted the
longest ORFs from those full-length sequences and
the average size of soybean ORFs was 1042 bp and
the median was 933 bp which was similar to
Arabidopsis (1097 bp) or rice (947 bp).?® Since
these data were in accordance with those from
other published data, we have confidence that our
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soybean c¢DNA library successfully captured a wide
range of cDNA inserts without any bias. It is likely
that our utilization of a phage vector, AFLC, which is
optimized to capture long cDNAs®® maximized our
chances for construction of the full-length-enriched
soybean library.

The 4712 full-length cDNA sequences were classified
into eukaryotic clusters of orthologous groups of
proteins (KOGs) in Fig. 4. KOGs include proteins
from seven eukaryotic genomes:>*3* three animals

A
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(Caenorhabditis elegans, Drosophila melanogaster and
Homo sapiens), one plant (Arabidopsis thaliana),
two fungi (Saccharomyces cerevisiae and Schizosaccharo-
myces pombe) and an intracellular microsporidian para-
site (Encephalitozoon cuniculi). Of these, 3015 (64.0%)
were assigned to KOGs by BLASTX (e-value <1e-5).
This result may represent the functional classification
of abiotic stress-responsive genes in soybean, because
the majority of 4712 clones were selected from microar-
ray analysis using soybean plants under drought, salt,
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Extracellular structures
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Carbohydrate transport and metabolism
Amino acid transport and metabolism
Nucleotide transport and metabolism
Coenzyme transport and metabolism
Lipid transport and metabolism
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Secondary metabolites biosyn
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J
A RNA processing and modification Information
K  Transcription storage and
L  Replication, recombination and repair processing
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Figure 4. Functional annotation of soybean genes. The 22 674 scaffolds (A) and 4712 full-length sequences (B) of soybean cDNAs were
classified into functional groups by the KOG database.** The colors of each functional group are indicated in the table. Graphs are
outlined with multi-color frames which represent four subcategories: ‘information storage and processing’ (light red), ‘cellular
processing and signaling’ (bright yellow), ‘metabolism’ (greenish brown) and ‘poorly characterized’ (pink).



No. 6]

cold stresses and ABA treatments as described above.
However, Fig. 4B shows that the proportion of each
KOG subcategory was similar between 22 674 scaffolds
and 4712 full-length cDNA clones. Further analysis is
necessary to discuss an expression profile of soybean
stress-responsive genes in which signal transduction
and metabolic pathways should be activated for cellular
responses to abiotic stress.>® On the whole, the distri-
bution of the functional classification of all scaffolds
built by our collected soybean genes was comparable
with those identified from a similar study performed
with a collection of Populus nigra.'®

In addition to the 4712 full-length sequences, we
obtained additional 1858 sequences of full-read
cDNAs within 22 674 scaffolds from 5’ and 3’ end
sequences assembly. We then compared a total of
6570 full-length sequences with known soybean
mRNA sequences containing CDSs that were reported
in GenBank as of July 2007. As a result, we found that
5898 sequences were assigned as new full-length
sequences of soybean cDNAs. We will continue
further sequencing of other full-length cDNAs of our
collection in an attempt to identify additional novel
full-length sequences.

3.4. Comparative analysis with other plants

By using the BLAST program,*® soybean cDNA
sequences were compared with other plants,
Arabidopsis thaliana, Oryza sativa (rice), Populus
trichocarpa (poplar), L. japonicus and M. truncatula
(Table 3). The data query was 22 674 non-redundant
soybean sequences (scaffolds) derived from 5’ and 3’
ends of soybean cDNA clones. Data subjects were
31921, 40041 and 45555 gene sets of
Arabidopsis, rice and poplar, respectively (Table 4).
The result revealed that 21047, 19969 and
21 277 of soybean cDNA clones showed homology
to Arabidopsis, rice and poplar sequences (BLASTX
e-value <1e—5). We found that 1194 scaffolds
(5.3%) did not match with Arabidopsis, rice and
poplar sequences. Comparative analyses between
soybean and L. japonicus or M. truncatula should be
able to confirm whether the 1194 sequences
contain legume-specific or soybean-specific genes.
However, we found that a large number of soybean
sequences did not match with the other legume
sequence data sets. This lack of matching probably
occurred since the data sets for other legume
models have not yet been saturated, e.g. 148 457
records of L. japonicus and 232299 records of
M. truncatula primarily consisting of ESTs. This problem
can be solved in the future when the genomic infor-
mation is accumulated for soybean, L. japonicus or
M. truncatula. As a result of the comparative analyses,
we detected 1085 sequences (4.8%) that did not
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Table 3. Comparative analysis of cDNAs between soybean and
other plants

Species  No. of Hit No No hit No hit in
records hit among all searches
species
Ath 31921 21047 1627
Osa 40 041 19969 2705 1194
Ptr 45555 21277 1397 1085
Lja 148 457 13987 8687
5789
Mtr 232299 14798 7876

Soybean full-length cDNA sequences from 22 674 scaffolds
were submitted to BLASTX search (e-value <1e — 5) against
data sets of Arabidopsis thaliana (Ath), rice (Osa) or poplar
(Ptr), or BLASTN search (e-value <1e — 30) against data
sets of L. japonicus (Lja) or M. truncatula (Mtr). All sequence
data were obtained from public databases. The URLs are
http://www.arabidopsis.org/ (Ath: 31 921 records), http://
rapdb.lab.nig.ac.jp/ (Osa: 40 041 records), http://genome.
jgi-psf.org/Poptr1_1/ (Ptr: 45555 records) and http://
www.ncbi.nlm.nih.gov/ (Lja: 148 457 records and Mtr:
232 299 records).

Table 4. List of data sets for comparative analyses with other
plants

Source
TAIR7 release®

RAP1 based on the IRGSP sequence
build 3°

JGI Populus trichocarpa ver1.1¢

Collected in NCBI (GenBank) as of
July 2007 and cleaned from
contamination of vector and
Escherichia coli genomic sequences

Data set
A. thaliana proteins

O. sativa proteins

P. trichocarpa proteins
L. japonicus transcripts
M. truncatula transcripts
G. max transcripts d

G. max mRNA sequences
containing CDSs

NCBI-nr 28 May 2007 release?
NCBI-KOGs 3 March 2003 release?

Non-redundant proteins

Orthologous groups of
proteins for eukaryotic

The version and date of data sets were listed for Arabidopsis,
rice, poplar, L. japonicus, M. truncatula, soybean, non-
redundant protein sequences and KOGs. Data sets were
obtained from public databases as indicated by superscripts.
“http://www.arabidopsis.org/.

Phttp://rapdb.lab.nig.ac.jp/.
“http://genome.jgi-psf.org/Poptr1_1/.
dhttp://www.ncbi.nlm.nih.gov/.

match with all data subjects (Table 3). Among them,
520 sequences correspond to soybean ESTs and
these sequences were therefore identified as true
soybean-specific genes. The 520 sequences were
submitted to InterPro to obtain functional domain
information from soybean-specific genes (Table 5).
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Table 5. Putative functions of soybean cDNAs which were not homologized to other plants data sets
InterPro Name InterPro ID No. of genes
Nodulin IPRO03387 24
Proteinase inhibitor 14, serpin IPRO00215 5
Albumin | IPRO12512 4
Peptidase M, neutral zinc metallopeptidases, zinc-binding site IPRO06025 3
Plant lipid transfer/seed storage/trypsin-alpha amylase inhibitor IPRO03612 3
Aldo/keto reductase IPRO01395 3
Ankyrin IPRO02110 2
Peptidase S1 and S6, chymotrypsin/Hap IPRO0O1254 2
ATP-dependent DNA ligase IPRO00977 2
Glycine rich IPRO10800 1
Protein of unknown function DUF581 IPRO07650 1
Zinc finger, C2H2-type IPRO07087 1
Late embryogenesis abundant protein 3 IPRO04926 1
Aminotransferases class-1 pyridoxal-phosphate-binding site IPRO04838 1
Immunoglobulin/major histocompatibility complex IPRO03006 1
Phosphotransferase system, HPr serine phosphorylation site IPRO02114 1
Aldehyde dehydrogenase IPRO02086 1
C-5 cytosine-specific DNA methylase IPRO01525 1
Annexin IPRO01464 1
Lipoxygenase IPRO00907 1
Endoplasmic reticulum targeting sequence IPRO00886 1
GPCR, family 2, secretin-like IPRO00832 1
Oxidoreductase, molybdopterin binding IPRO00572 1
Glutelin IPRO00480 1
ATPase, F1/V1/A1 complex, alpha/beta subunit, nucleotide-binding IPRO0O0194 1
Glyceraldehyde 3-phosphate dehydrogenase IPRO00173 1
Peptidase, cysteine peptidase active site IPRO0O0169 1

InterPro is a database of protein families, domains and
functional sites in which identifiable features found in
known proteins can be applied to unknown protein
sequences.®® Among them, 64 sequences were
assigned to InterPro ID. The results showed that the
total and non-redundant number of InterPro IDs were
66 and 27, respectively. The InterPro ID analysis indi-
cated that the majority of soybean-specific sequences
could be assigned to some legume-specific proteins,
for example, nodulins and trypsin inhibitors, etc.

We obtained 5-UTR regions from 8211 sequences
and 3’-UTR regions from 7607 sequences using
13 381 clones in the 6570 fully sequenced scaffolds.
The average lengths of 5'-UTR and 3’-UTR were
123.13 bp (standard variation+ 123.31) and
247.52bp (+108.14), and the median lengths
were 75 and 233 bp, respectively (Fig. 5). In
Arabidopsis or rice, it was reported that the median
lengths of 5-UTR were 82—-88 and 123 bp, respect-
ively 3®. This indicates that 5’-UTR length of soybean
was similar to that of Arabidopsis rather than that of

rice. It is reasonable because both soybean and
Arabidopsis belong to dicot plants, whereas rice is
monocot. Although the detailed reason for this
similarity is not known at this time, future compara-
tive studies with additional plants should address
whether such shorter 5’-UTR regions are specific to
soybean, legumes or dicots.

As a means to identify novel transcripts from our
cDNA clones, we compared the 22 674 soybean
sequences with known soybean sequences in
GenBank to identify new transcripts in our clones.
As of July 2007, the GenBank database contains
386 196 records of the soybean nucleotide
sequences (ESTs and mMRNAs). Subsequent to our
sequence analysis, we found that 3022 scaffolds did
not match with soybean sequences. As a result, they
were regarded as new soybean transcripts. These
data also suggest that the soybean full-length cDNA
library captures a wide variety of transcripts with
relatively low redundancy. In general, redundancy in
a cDNA library can be reduced incorporating the
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Figure 5. Length distributions of 5’- and 3’-UTR sequences of soybean cDNA clones. The 5’-UTR (A) and 3’-UTR sequences (B) were derived
from 68 661 soybean EST sequences. The definitions and calculation methods were described in the Materials and methods section.

normalization processes.*' Although our library was
not normalized, it successfully produced a large
number of cDNAs (93% of soybean UniGene set),
suggesting that it should be a good source for obtain-
ing information from non-redundant soybean cDNAs.
Various RNA samples, as shown in Table 1, might
extend the variation of transcripts in the soybean
full-length-enriched library.

3.5. The value of the soybean full-length-enriched
cDNA library and the full-length cDNA collection
We report here a large number of sequences of
soybean cDNAs, and the majority of them contain

CDS. The value of this information is expected to
increase when it is integrated to whole-genome
sequence of soybean. For example, 5-UTR data in
full-length cDNA sequences will help to identify the
promoter sequences, or full-length sequences will
allow us to outlook for gene structures of paralogs
or gene families which resemble each other in
soybean genome. Actually, we compared our cDNA
sequence data (22 674 scaffolds) with predicted
62 199 transcripts from the soybean draft genome
(JGI-DOE; http://www.phytozome.net/soybean), but
20.2% of cDNA sequences showed low similarity.
Also, we analyzed a public data set of soybean
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abase of cDNAs.

full-length sequences of cDNA clones also provide a set of protein sequences allowing us to estimate gene
functions by searching homology to other proteins, conserved domains or motifs. Full-length cDNAs are also
useful to develop molecular markers using their sequence information.

BLAST Search

Keyword Search
Search for gene information using arbitrary keywords (ex. WRKY), Soybean TU ID, scaffold ID, contig ID and clone ID (ex. GMFL02-09-F14) in the
|ﬂﬂ'l

Figure 6. The web-based interface to the soybean full-length cDNA database. The query set should be prepared as nucleotide and peptide
sequences, or keywords for gene functions/annotations. This website includes a full-set of BLAST programs against five data sets of
nucleotide—G. max c¢cDNA (RIKEN), G. max mRNA (GenBank), G. max (UniGene), L. japonicus (UniGene) and M. truncatula
(UniGene)—and four data sets of peptide—UniProt-TrEMBL plants, Arabidopsis thaliana (TAIR), Oryza sativa (RAP-DB) and Populus
trichocarpa (JGI). These tools can be accessed from the following URL: http://rsoy.psc.riken.jp/

transcripts (Ver.2 2006-09-28 release, 116 965 data
from TIGR Plant Transcript Assemblies DB;*? http://
plantta.tigr.org/), and we found that 16.0% of TIGR’s
data showed low similarity to the predicted tran-
scripts. These results indicate that the prediction of
soybean gene structures is still incomplete now, and
our cDNA collection will be a great help for annota-
tion of soybean genome data.

Another effective approach using full-length cDNAs
is to analyze gene functions and structures. First, the
utilization of full-length cDNAs enables us to demon-
strate an expression pattern of single transcript in
detail. This is possible because a full-length cDNA rep-
resents a single splice variant from each transcription
unit. Secondly, they are easy to use for a gene transfer
system and lead us toward better understanding of
gene functions through gain-of-function or loss-of-
function analyses. Recently, a large-scale screening
system of transgenic plants using full-length cDNA
clones and agrobacterium-mediated transformation
had been established, i.e. the FOX-hunting system
(Full-length  c¢cDNA Over-eXpressing gene hunting
system) enables us to survey a lot of gene functions
within a short period*3. In addition, it will be useful
for constructing a microarray on which specific oligo-
nucleotide probes for each soybean cDNA clones are

printed and the system clearly demonstrated a tran-
scriptome in soybean (Todaka et al., unpublished
results).

Our information from soybean full-length cDNA
clones could also be useful for generating molecular
markers. First, SSCP or CAPS markers can be developed
by PCR based on 5’- and 3’-sequences of cDNA clones.
Furthermore, full-read cDNA sequences are likely to
be an important material for finding SNP or SSR
markers. Actually, the development of molecular
markers has already been conducted by using our
soybean full-length ¢cDNA collection (Dr K. Harada,
personal communication). Our collection will be also
useful for comparative genomics such as synteny
analysis of soybean and other plants, for example,
L. japonicus. Now we have a lot of information of
genomic resources from soybean and L. japonicus,
which will provide us various opportunities to acceler-
ate understanding of legume systems.

Here we reported on the soybean full-length cDNA
resource which will be arranged and maintained by
each cDNA clone. We also developed a web-based
interface of the soybean full-length cDNA database
which will enable researchers to gain easy access
to the data (http://rsoy.psc.riken.jp/). The website
contains a BLAST program which allows a search
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of soybean full-length cDNA clones based on
sequence similarity, as well as a keyword search
against gene functions or annotations (Fig. 6).
The information and resources of the soybean full-
length cDNA clones will be distributed from
the National Bioresource Project for Lotus/Glycine in
Japan (http://www.legumebase.agr.miyazaki-u.ac.jp/).
As described above, full-length cDNAs are high poten-
tial resources because they can provide various outputs
for post-genomic life sciences. We hope that the
soybean full-length cDNA collection will be useful in
various situations of legume research.
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