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Abstract To identify genes related to initiation of storage root
development in sweetpotato, a cDNA library was constructed
with early stage storage roots (0.3^1 cm in diameter). Single-
pass sequences of the 5PP ends of 2859 sweetpotato cDNA clones
were assembled into 483 clusters and 442 singletons. Compar-
ison of sweetpotato expressed sequence tags (ESTs) to nodula-
tion/tumorigenesis-related sequence databases (nodule-, tumor-,
potato tuber- and development-related sequences) revealed that
homologs of 39 sweetpotato EST sequences potentially involved
in gene regulation, signal transduction and development were
present in at least one of the nodulation/tumorigenesis-related
sequence databases. Northern blot analyses of these 39 sequen-
ces identi¢ed 22 di¡erentially expressed genes in early stage
storage root and ¢brous root. These di¡erentially expressed
genes will be potential candidates for research to elucidate the
molecular processes related to sweetpotato storage root induc-
tion.
0 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Sweetpotato (Ipomoea batatas) is one of the world’s impor-
tant food crops. With more than 133 million tons in annual
production, sweetpotato currently ranks as the ¢fth most im-
portant food crop, on a fresh-weight basis, in developing
countries after rice, wheat, maize, and cassava. Sweetpotato
storage root is a commercially valuable organ that provides a
high level of biomass and nutrients per hectare.

Sweetpotato forms colorless ¢brous roots in the early stage
of root development. Some of the colorless ¢brous roots
thicken, produce skin colors and develop into storage roots.
Research has been focused on the e¡ects of soil temperature,
humidity, light intensity, photoperiod and carbon dioxide on
the thickening growth and/or yield of sweetpotato storage
roots [1^7] and studies on the shape and/or color of the stor-

age root can also be found [4,8]. Nevertheless, almost no
physiological or molecular information is available on the
storage root-induction conditions in sweetpotato. In the case
of the potato tuber, another well-known storage organ, tuber
initiation is induced by short days, high light intensity, and
high sucrose levels, and inhibited by high nitrogen levels, high
temperatures and gibberellic acid [9]. However, the fact that
the potato tuber develops from the stolon, underground stem,
not from the root suggests that distinct induction mechanisms
are possibly involved in potato tuber and sweetpotato storage
root.

Large-scale single-pass sequencing of cDNAs generated
from speci¢c tissue has e⁄ciently aided discovery of genes
related to speci¢c metabolic or signaling pathways in speci¢c
tissues. To facilitate the gene discovery process, a speci¢c
library was often enriched with speci¢c transcripts by elimi-
nating abundant non-speci¢c sequences and/or the library was
compared against an expressed sequence tag (EST) database
to mine putative target genes [10].

As the ¢rst step to gain insight into the molecular processes
occurring in the initiation of storage root development in
sweetpotato, large-scale single-pass sequencing was employed
with cDNA clones of early stage storage root. The 2859 par-
tial sweetpotato sequences were obtained. Among them, 39
potential gene regulation-, signal transduction- and develop-
ment-related ESTs were found to be present in at least one
of the nodulation/tumorigenesis-related sequence data sets.
These 39 sequences were used to identify the genes transcrip-
tionally regulated during the early stage of storage root devel-
opment.

2. Materials and methods

2.1. Plant material
Sweetpotato cultivar (I. batatas cv. Jinhongmi) was obtained from

the Mokpo Experiment Station, National Honam Agricultural Ex-
periment Station, RDA, Korea. Plants were grown in the greenhouse
at 28G 3‡C.

2.2. cDNA library construction and sequencing
Total RNA was extracted from young storage roots (SRs) (0.3^1.0

cm in diameter) using the modi¢ed method with guanidinium^SDS
lysis bu¡er [11] and the CsCl gradient method [12]. Poly(A)þ RNA
was prepared with Poly(A) Track mRNA isolation system (Promega,
Madison, WI, USA). A cDNA library was constructed using the
ZAP-cDNA synthesis kit and the ZAP-cDNA Gigapack0III Gold
packaging extract (Stratagene, La Jolla, CA, USA) according to the
manufacturer’s instructions. After in vivo mass-excision of a cDNA
library, more than 5000 colonies were randomly picked and cultivated
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for storage of the colonies and the isolation of plasmid DNA. Plasmid
DNA was puri¢ed with an AccuPrep1 Plasmid Extraction kit (Bio-
neer, Nami, Cheongwon-gun, Korea). cDNA inserts were ampli¢ed
by PCR with T3 primer (5P-AATTAACCCTCACTAAAGGG-3P).
PCR products were cleaned with Sephadex G50 (DNA grade, Amer-
sham Pharmacia, Piscataway, NJ, USA) in ¢lter plates (MultiScreen-
HV plates, Millipore, Bedford, MA, USA). Sequence reactions were
run on an automated DNA sequencer RISA-384 (Shimadzu, Naka-
gyo, Kyoto, Japan).

2.3. Sequence processing and analysis
Sequence data was analyzed using the SGI Origin 3200 Unix ma-

chine (SGI, Mountain View, CA, USA). The ABI formatted chroma-
togram sequences were processed using PHRED [13]. Sequences that
were less than 200 bp or s 4% ambiguous were not further processed.
Before clustering of the ESTs, sequences were analyzed using Repeat-
Masker software (http://ftp.genome.washington.edu/RM/RepeatMas-
ker.html) with default parameters to screen out the interspersed re-
peats, vectors and low-complexity DNA sequences. Possible non-
sweetpotato and non-nuclear sequences were eliminated by searching
for BLASTN matches for the ESTs with strong homology (below
E-value at 10310) to mitochondrial, chloroplastidic, and ribosomal
RNA genes using the Mendel DB (www.mendel.ac.uk.genomedb.
html). To remove redundant ESTs, sequences were clustered and con-
sensus sequence into groups that contained more than 100 bp of core
sequence using StackPack S/W (provided by SANBI, http://www.
sanbi.ac.za). Groups that contained only one sequence were classi¢ed
as singleton.

2.4. Functional classi¢cation and comparative analysis
To assign the functions of ESTs, sweetpotato sequences were

aligned to the GenBank nucleotide sequence database using the
BLASTX algorithm with an E-value cut o¡ at 10310 or lower. Based
on the BLASTX comparison results, sweetpotato ESTs were classi¢ed
according to their predicted function.

For comparative analysis, we performed a BLASTN search against
5719 potato tuber ESTs (extracted from NCBI Solanum EST) and
41 558 development-related ESTs (extracted from NCBI EST others)
and a BLASTX search against 66 nodule-related protein sequences
(extracted from NCBI nodule-related database) and tumor-related
protein sequences (provided by Weizmann, GeneCard).

2.5. Northern analysis
25 Wg total RNA was denatured, electrophoresed and then trans-

ferred onto Tropilon-Plus1 (Tropix, Bedford, MA, USA) nylon mem-
brane using the downward alkaline capillary method [14]. Biotin-la-
beled probes were prepared by PCR ampli¢cation. PCR conditions
included 95‡C 3 min for predenaturation and then followed by 30
cycles of 95‡C 30 s, 60‡C 30 s, 72‡C 60 s using dNTP mixed with
biotin-labeled dCTP (Invitrogen, Carlsbad, CA, USA). SK-primer as
5P primer and T7-primer as 3P primer were used. Labeled probes were
puri¢ed using a PCR puri¢cation kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. The membranes were
hybridized at 60‡C for 16 h and washed twice with 0.1USSC/1%
SDS at 60‡C for 15 min, then hybridized bands were detected using
the Southern-Star1 system (Tropix, Bedford, MA, USA).

3. Results and discussion

3.1. Sequencing and clustering of sweetpotato ESTs
A sweetpotato cDNA library was constructed with the

mRNAs extracted from early stage storage roots (0.3^1.0
cm in diameter). Initially, 5P-end sequences of 3159 cDNA
clones were obtained and the sequence process gave rise to
2859 high quality ESTs. The average read length of these
ESTs, after vector trimming and removal of low quality se-
quences, was 400 bp. The average insert size of the corre-
sponding ESTs was 800 bp. The 2859 sweetpotato EST se-
quences of early stage storage root have been submitted to the
dbEST and GenBank databases (accession numbers
BU690119 to BU692977).

To identify ESTs that belong to the same gene, 2859 ESTs

were clustered into groups. The storage root ESTs represent
up to 925 independent genes, 483 clusters assembled from
more than two ESTs and 442 singletons. Relatively high
(84.5%) redundancy (number of ESTs assembled in clusters/
total number of ESTs) and the low number of active genes in
the storage root probably re£ect the characteristics of non-
photosynthetic storage organs and/or the characteristics of
genome organization in autohexaploids. The ESTs of mature
potato tuber, the storage organ of the potato, also showed
high levels of redundancy (74.8%) [15].

3.2. Functional categorization of sweetpotato ESTs
Approximately 71.7% of the sweetpotato ESTs were as-

signed a function by aligning them with the translated sequen-
ces of the GenBank nucleotide sequence database using the
BLASTX algorithm with an E-value cut o¡ at 10310 or lower.
A relatively large number of sequences (28.3%) were similar to
proteins of unknown functions or produced no match in the
database. When these sweetpotato ESTs were classi¢ed using
the functional classi¢cation of the Munich Information Center
for Protein Sequences for Arabidopsis thaliana, only 32% of
ESTs were classi¢ed and 68% of ESTs were revealed as un-
classi¢able. Thus, the functional classi¢cation of sweetpotato
ESTs was carried out according to the previously reported
classi¢cation [16^21] with the predicted function (Fig. 1).
Sweetpotato storage root consisted of a relatively high per-
centage of genes involved in metabolism (20.5%) and protein
metabolism (9.9%) and a relatively low percentage of sequen-
ces in cellular organization (2.0%) and development (1.9%). A
relatively large fraction of sweetpotato sequences were classi-
¢ed as genes involved in cellular gene expression (9.6%) and
signal transduction (5.4%). This probably re£ects the transi-
tional growth phase of ¢brous root to storage root. It is note-
worthy that 1% of ESTs showed similarities with genes of
nodulation- or tumorigenesis-related proteins such as early
nodulin 93 (ENOD93), early nodulin 18 (ENOD18), early
nodulin binding protein 1, methylenetetrahydrofolate dehy-
drogenase1 (MTD1), tumor-related protein and translational-
ly controlled tumor protein. These were classi¢ed as nodule or
tumor development. The ESTs in this category may possess a
high potential to be involved in sweetpotato storage root for-
mation.

Fig. 1. Functional classi¢cation of the sweetpotato storage root
ESTs.
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3.3. Identi¢cation of genes possibly related to storage root
induction

During the early stages of storage root formation, the ¢-
brous roots having the latency to develop into the storage
roots alter their growth pattern. They display a cessation of
elongation growth and the initiation of radial growth. Then,
cells are rapidly divided and expanded. These characteristics
of storage root formation are also common features found in
nodulation/tumorigenesis-related tissues such as nodule for-
mation in legumes, tumor development in animals and tuber
development in potato. Thus, sweetpotato EST data was com-
pared to nodule-, tumor-, potato tuber- and development-re-
lated sequence data sets to screen genes involved in storage
root induction.

By comparison of sweetpotato ESTs to nodulation/tumori-
genesis-related sequence databases, it was found that homo-
logs of 39 sweetpotato EST sequences potentially involved in
gene regulation, signal transduction and development, includ-
ing nodule or tumor development, were present in at least one
of the nodulation/tumorigenesis-related sequence databases
(10 were in nodule-, 12 tumor-, seven potato tuber- and 21
development-related databases). Northern analyses of these 39
sequences identi¢ed three distinct groups based on the di¡er-
ential expression patterns in ¢brous root of non-storage root
stage (Table 1 and Fig. 2D), ¢brous root of storage root stage
(FRS) (Table 1 and Fig. 2D) and SR (Table 1 and Fig. 2D).
In the ¢rst group are genes whose transcription was up-regu-
lated in SR (Fig. 2A), transcription of genes in the second
group was down-regulated in SR (Fig. 2B) and the transcrip-
tion of genes of the third group was increased in FRS (Fig.
2C). Predicted functions of genes in each group are listed in
Table 2.

Transcription of seven sweetpotato genes was elevated in
SR. Transcription of the putative GIGANTEA gene
(BU690683) and J8-like protein (BU692118) was strongly in-
duced in SR. The Arabidopsis GIGANTEA gene was reported
to be related to the controlling of the circadian rhythms and
photoperiodic £owering time [22,23]. More recently, it was
found that it is a nuclear protein and involved in phyto-
chrome signaling [24]. Although at present, it cannot be de-
termined if the sweetpotato GIGANTEA homolog is possibly
involved in controlling the induction time of storage root in
the non-photosynthetic tissue, it will be one of the promising
candidates for future research to elucidate the regulatory pro-
cess occurring upon the initiation of storage root develop-
ment. J8-like protein, known as calmodulin antagonist, was
reported to inhibit human ocular melanoma cell invasion by
reducing the attachment of melanoma cells to matrix proteins
[25,26]. However, the function of the J8 protein homolog in
plants has not been elucidated. The putative nodulin-like pro-
tein (ENOD93) (BU690467), late embryogenesis abundant
protein 5 (LEA5) (BU690505), calmodulin-like protein
(BU690910), dermal glycoprotein precursor (BU692109) and

transcription factor-like protein (BU692562) were also up-
regulated in SR. This result suggests that calmodulin-depen-
dent signal transduction and nodulation-related genes are pos-
sibly related to storage root induction processes in sweetpo-
tato. The roles of these genes in storage root induction remain
to be investigated.

The transcription levels of 10 sweetpotato genes were de-
creased in SR in that expression of the putative MADS-box
protein (BU691821) was severely suppressed. Recently, two
MADS-box protein genes (ibMADS3 and ibMADS4) were
isolated from sweetpotato and shown to express preferentially
in vegetative tissues, especially root tissues: white ¢brous

Table 1
Each sweetpotato root used in Northern analysis

Root Description

FRN (Fibrous Roots of Non-storage root stage) Colorless ¢brous roots of sweetpotato plants on which no ¢brous root has begun to
develop into storage root

SR (Storage Roots) SRs whose diameters range from 0.3 to 1.0 cm
FRS (Fibrous Roots of Storage root stage) Colorless ¢brous roots of sweetpotato plants on which some of ¢brous roots have

begun to develop into storage roots

Fig. 2. RNA blot analysis of the expression patterns of selected
EST clones. Total RNA was isolated from ¢brous root of non-stor-
age root stage (FRN), FRS and SR. The loading of an equal
amount of total RNA in each lane was veri¢ed by ethidium bro-
mide staining. A: Expression patterns of genes whose transcription
was up-regulated in SR. B: Expression patterns of genes whose
transcription was down-regulated in SR. C: Expression patterns of
genes whose transcription was up-regulated in FRS. D: Illustration
of each sample used in Northern analysis.
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roots, pigmented roots, and developing storage roots [27].
Transcripts of these two genes in roots were found in the
vascular cambium region where the most active cell prolifer-
ation occurs during storage root development. Thus it was
suggested that these two genes may be involved in initiation
of storage root development. The sequence comparison of
BU691821 to these MADS-box genes revealed that
BU691821 is a new MADS-box gene rather than a homolog
of ibMADS3 or ibMADS4. The transcription of putative
NAM (no apical meristem) -like protein (BU690278), transla-
tionally controlled tumor protein (BU690420), G10-like pro-
tein (BU691892), glycine-rich protein (BU691944), develop-
mental protein DG1118 (BU692218), MTD1 (BU692366)
and putative proteasome regulatory subunit (BU692536) was
down-regulated in SR. The transcription levels of a hypothet-
ical protein (BU690434) and a no-hit protein (BU691948)
were also decreased in SR. The signi¢cance of transcriptional
down-regulation of these genes in the early stage storage roots
needs to be further examined.

Transcription of ¢ve sweetpotato genes was elevated in
FRS. Transcription of the putative tumor-related protein
(BU692795), ENOD18 (BU690168) and expansin precursor
(BU691452) was strongly induced and the transcription levels
of putative MAP kinase kinase 4 (BU691108) and extensin-
like protein (BU692899) were moderately increased in FRS.
The tumor-related protein (TID91) was isolated from tobacco
genetic tumors, and it was highly expressed in tobacco callus
and moderately expressed in genetic tumors of tobacco [28].
The functional role of TID91 in genetic tumor and callus
formation has not been elucidated. The cDNA and gene of
nodulin ENOD18 (VfENOD18) were isolated from broad
bean [29]. The corresponding transcripts were detected in
early and late stages of nodule development and localized
exclusively in the nitrogen-¢xing zone III. Expansins were ¢rst
reported as cell wall proteins that mediate pH-dependent ex-
tension of the plant cell wall and growth of the cell. More
recently, these proteins were found to be involved in a variety
of plant processes such as morphogenesis, softening of fruits

and growth of the pollen tube in grasses [30]. The structure,
function and suggested mode of action of expansins have
recently been reviewed [31]. The fact that transcription of
tumor-related protein, ENOD18 and expansin precursor ho-
mologs is highly induced in FRS suggests the possibility that
these genes are involved in the initiation of storage root de-
velopment and molecular initiation of storage root develop-
ment may already be triggered in FRS.

At present, the functional roles of these di¡erentially ex-
pressed genes in the storage root induction process cannot
be determined. These 22 di¡erentially expressed genes, how-
ever, possibly play certain roles in storage root induction by
regulating the processes, including cessation of elongation
growth of ¢brous root, initiation of radial growth of storage
root and promotion of thickening growth by rapid cell divi-
sion and expansion.

4. Conclusion

The EST data presented here is the ¢rst overview of genes
that are expressed at the initiation stage of storage root devel-
opment. The genes possibly related to the storage root induc-
tion were also identi¢ed. These genes can be exploited to un-
ravel regulatory networks involved in the storage root
induction process in sweetpotato and possibly in other root-
crops. This EST data will make it feasible for molecular
breeders to develop new varieties of rootcrops with higher
or more e⁄cient production capacities.
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