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Abstract Although an important oil crop, peanut has

only 162,030 expressed sequence tags (ESTs) publicly

available, 86,943 of which are from cultivated plants. More

ESTs from cultivated peanuts are needed for isolation

of stress-resistant, tissue-specific and developmentally

important genes. Here, we generated 63,234 ESTs from our

5 constructed peanut cDNA libraries of Ralstonia solana-

cearum challenged roots, R. solanacearum challenged

leaves, and unchallenged cultured peanut roots, leaves and

developing seeds. Among these ESTs, there were 14,547

unique sequences with 7,961 tentative consensus sequences

and 6,586 singletons. Putative functions for 47.8 % of the

sequences were identified, including transcription factors,

tissue-specific genes, genes involved in fatty acid biosyn-

thesis and oil formation regulation, and resistance gene

analogue genes. Additionally, differentially expressed

genes, including those involved in ethylene and jasmonic

acid signal transduction pathways, from both peanut leaves

and roots, were identified in R. solanacearum challenged

samples. This large expression dataset from different pea-

nut tissues will be a valuable source for marker develop-

ment and gene expression analysis. It will also be helpful

for finding candidate genes for fatty acid synthesis and oil

formation regulation as well as for studying mechanisms of

interactions between the peanut host and R. solanacearum

pathogen.

Keywords Arachis hypogaea L. � Expressed sequence

tags � Fatty acid biosynthesis � Bacterial wilt resistance �
Signal transduction

Introduction

Groundnut or peanut (Arachis hypogaea L.) is an important

crop for oil and protein production. It provides one of the

most valuable resources of nutrition for human consump-

tion in developing countries. In China, the peanut planting

area is about 5 million ha, with the total annual production

of 14 million tons, and comprises 40 % of the world’s

peanut shell production (http://faostat.fao.org/site/339/

default.aspx). Due to the fact that about 60 % of edible

oil in China is imported, groundnut is a promising crop for

oil production to meet the demand of domestic consump-

tion. However, the oil content and fatty acid composition of

most cultivated peanut plants need to be improved, as well

as their resistance to biotic and abiotic stresses, which

greatly affect peanut production.

Isolation and characterization of candidate genes is of

vital importance for peanut genetic improvement. Although

peanuts are morphologically diverse, and resistance to

several pathogens (Guo et al. 2008) has been reported, the

genetic diversity of cultivated peanut is relatively low

(Kochert et al. 1996). As a consequence, polymorphic

genetic markers are lacking in cultivated peanut. Currently,

it is nearly impossible to identify candidate genes via the

map-based cloning method. A variety of other techniques

have been developed successfully to identify candidate

genes in peanut, including two-dimensional electrophoresis
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followed by tandem mass spectrometry of isolated proteins

(Jain et al. 2006), suppression subtractive hybridization

(Nobile et al. 2008; Tirumalaraju et al. 2011) and sequence

homolog based cloning (Chi et al. 2010; Li et al. 2005).

However, these gene isolation methods are based on

sequence similarities between amino acid or nucleotide

sequences of peanut and other sources. Expressed sequence

tag (EST) profiling is also based on sequence similarity but

provides an efficient means for gene isolation. It has been

widely used to identify genes involved in specific biolog-

ical functions, especially in organisms where genomic data

are not available (Gueguen et al. 2003). ESTs can also be

used for functional marker development, and they can

provide a valid and reliable source of gene expression data.

In an unbiased cDNA library, the number of ESTs

matching particular genes should reflect the abundance of

the corresponding cDNAs in the library and the level of

their mRNAs in the tissue from which the library was

derived (Ewing et al. 1999). EST sequencing has been

widely used for gene isolation, and the public EST data has

grown exponentially since its first application. In plants,

this method was initially used for the model species Ara-

bidopsis thaliana (Rounsley et al. 1996) and Oryza sativa

(Yamamoto and Sasaki 1997), and has subsequently been

used in many other plant species (Asamizu et al. 2000;

Fernandes et al. 2002; Shoemaker et al. 2002; Sterky et al.

1998; Yamamoto and Sasaki 1997). With accumulating

data from various plant species and functional analysis of

new genes, the information based on sequence similarity

will become more reliable and will greatly facilitate the

study of peanut genes.

Compared with the large number of ESTs sequenced in

other plants, such as Arabidopsis, rice, maize and wheat,

peanut ESTs are still lacking. Before the submission of

our peanut EST data, only about 162,030 Arachis ESTs

have been deposited in Genbank and are publicly avail-

able. Cultivated peanut is an alloploid with a large gen-

ome of about 2,800 Mbp. Thus, compared with its large

genome, the number of ESTs of peanut available is still

small, which greatly hampers the advance of peanut

genomic studies. Although peanut ESTs have increased

significantly in recent years, and the data has been widely

used for candidate gene isolation and marker development

(Liang et al. 2009; Luo et al. 2005b), most of the data has

been derived from peanut leaves and developing seeds. To

our knowledge, ESTs from roots of cultivated peanut have

not been sequenced. The gene expression patterns to

biotic stresses such as leaf spot caused by Cercosporidium

personatum (Luo et al. 2005a), virus infection caused by

tomato spotted wilt virus (Guo et al. 2009) and aflatoxin

contamination caused by Aspergillus parasiticus (Guo

et al. 2008) have been analyzed via EST sequencing, but

no information is available on how the host peanut plant

responds to Ralstonia solanacearum infection. Bacterial

wilt in peanut caused by R. solanacearum is a serious

problem which has been long prevalent in southern part of

China (Liao 2005). In this study, a large set of expressed

genes was sequenced from root, leaf and developing seed,

which included both previously described and novel

genes. This information will facilitate future genomic

studies in peanut.

Materials and methods

Peanut cDNA library construction and quality

assessment

Peanut line 06-4104 bearing the characteristics of high oil

content and high resistance to bacterial wilt was used in

our experiment. The oil content in the seeds reached

56 %, and the survival rate to the infectious agent

R. solanacearum amounted to 95 % in three successive

years in a field trial. Developing seeds were collected

from R2 to R7 stages (Boote 1982) and pooled together to

make the NSL cDNA library. Unchallenged leaves and

roots were collected in peanut plants 20 days after sowing

to make the NLL and NRL cDNA libraries, respectively.

R. solanacearum challenged leaves and roots were also

collected after 12, 24, 36, 48 and 72 h of infection, and the

material from challenged roots and leaves were pooled to

make the RLL and RRL cDNA libraries, respectively.

Altogether, 5 cDNA libraries were constructed in our

study.

Total RNA was extracted using Trizol agent (Invitrogen,

USA) according to the manufacturer’s instructions. And

mRNA was subsequently purified using the mRNA

PolyATract@mRNA Isolation System (Promega, USA).

The first and second strand cDNA was synthesized using

the Creator SMART cDNA Library Construction Kit (from

Clontech, Takara, Beijing, China) as suggested by the

manufacturer. Double stranded cDNA was then subjected

to SfiI digestion, and fragments larger than 500 bp were

collected and ligated with the pDNR-LIB vector.

The quality of the cDNA library was first assessed by

colony PCR of 96 randomly picked clones to determine the

average insert size and percentage of clones without

inserts. Subsequently, 384 randomly picked clones were

sequenced to determine the ratio of contaminating

sequences (e.g., vector, E. coli) and average length of valid

sequences. The randomicity of the cDNA library was

determined by calculating the ratio of unique sequences

(contigs ? singletons)/reads. The primary cDNA libraries

with a titer more than 1 9 106 pfu/ml, recombination rate

more than 99 % and the average inserts length of about

1.2 kb were used for subsequent analysis.
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Plasmid preparation and 50 sequencing

Plasmid constructs were transformed into E. coli DB 10B

(Invitrogen), grown overnight on solid LB containing IPTG

and X-Gal. Approximately 10,000 clones were picked,

grown overnight in LB medium containing chlorampheni-

col in 96-well plates. Plasmids were isolated and sequenced

on an ABI 3730 sequencer using the M13 universal primer

that anneals to the plasmid backbone upstream of the 50 end

of the cDNA inserts.

Clustering of cDNA sequences

Phred (Ewing et al. 1998, 1999) was used with default

parameters to determine each base call from files extracted

from sequencers. Low quality sequences were rejected, and

then the vector sequence was trimmed using a crossmatch

program (Green 2004). DNA sequences of more than

100 bp were then accepted and saved in FASTA format.

The EST contig assemble is done using the PHRAP

program.

Functional annotation and classification

Unigenes were compared with the NCBI non-redundant

nucleotide database and non-redundant protein database

using BLASTN and BLASTX (Altschul et al. 1997),

respectively, with the same E value cutoff of 1E-5.

Unigenes were identified by sequence similarity compari-

son against the SWISS-PROT database (SWISS-PROT was

downloaded from the European Bioinformatics Institute)

with BLAST at E values B1E-10. Unigenes were assigned

functional annotations by sequence similarity comparison

against the Clusters of Orthologous Groups (COG) of

proteins database (Tatusov et al. 1997, 2003) with BLAST

at E values B1E-10. A Perl script was written to assign the

functional class of unigenes. Unigenes were first compared

with the Kyoto Encyclopedia of Genes and Genomes

(KEGG, release 46) database (Kanehisa et al. 2006) using

BLASTX at E values B1E-10. A Perl script was used to

retrieve GO information from the BLAST result and to

establish unigene pathway associated with the established

database. InterPro domains (Mulder et al. 2003) were

annotated using InterProScan (Zdobnov and Apweiler

2001) release 16.0, and functional assignments were

mapped using Gene Ontology (GO) (Harris et al. 2004).

And WEGO (Ye et al. 2006) was used to carry out GO

classifications and to generate a GO tree.

Results

After trimming low-quality sequence and removing vector

and contaminant host sequences, a total number of 63,234

high-quality ESTs out of 68,788 clones were obtained with

a mean length of 509 bp (Supplement figure 1). The ESTs

were assembled into 7,961 contigs and 6,586 singletons,

which altogether represented up to 7,346,235 bp and

accounted for *0.3 % of the peanut genome (*2.8 Gbp).

The developing seeds produced the most abundant unig-

enes, which comprised more than 50 % of the total unig-

enes, while unchallenged leaves produced the least number

of genes (\20 %). It is likely that a small number of genes

are needed for the unchallenged leaf to carry out its func-

tion, while more genes are required to play a biochemical

roles during seed development and under pathogenic

challenge attack, as has been demonstrated that only a

small number of unigenes were isolated from leaves

compared with that of roots and developing seeds

(Table 1). The distribution of putative open reading frames

(ORFs) of these unigenes indicated that the average length

exceeded 300 bp (Supplement figure 1), which was useful

for gene function annotation. The fact that the number of

ESTs in each cluster ranged from 1 to 781 with an average

of 4.35 per cluster (Supplement table 1) and all ESTs were

obtained from non-normalized cDNA libraries, indicating

that the data could be used to reveal global gene expression

pattern.

Similarity and functional category analysis of peanut

ESTs

Before the annotation process, the longest ORFs of all

unigenes were determined by dynamically translating

them in all six reading frames. A total of 363 unigenes

containing short ORFs (B100 nucleotide bases) were

Table 1 Assembly result of

peanut cDNA libraries
Libraries Assembled ESTs Contigs Singlets Unigenes Redundancy (%)

DSL 20,580 3,516 3,912 7,428 63.9

NLL 10,593 968 1,904 2,872 72.9

RILL 11,158 1,478 2,617 4,095 63.3

NRL 10,820 1,517 3,124 4,641 57.1

RIRL 10,056 1,511 3,183 4,694 53.3

Total 63,207 7,961 6,586 14,547 77.0
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considered non-informative ones and were subsequently

excluded from the following analysis. The remaining

14,184 ORF positive unigenes (containing 61,510 ESTs)

were compared with the sequences deposited in NCBI

nucleotide (Nt) database and NCBI non-redundant protein

(Nr) database using BLASTN and BLASTX, respectively.

Out of 13,932 high quality unigenes, 10,046 (72.1 %) had

significant similarities with sequences in the Nt database,

and 11,865 (85.2 %) had significant similarities with

sequences in the Nr database (Table 2). The remaining

2,067 un-annotated unigenes may represent novel peanut-

specific genes.

Sequences of peanut ESTs from the 5 libraries were

further characterized by classification into functional cat-

egories by COG protein analysis (Tatusov et al. 1997,

2003). Details of the genes included in each category are

given in Supplement figure 2. Only 3,317 (22.8 %) out of

the total unigenes could be assigned to functional catego-

ries. Among them, metabolism occupied a significant

proportion (39.4 %), followed by cellular processes and

signalling (21.5 %), information storage and processing

(20.4 %) and poorly characterized ones (18.7 %).

From the beginning of the experiment, we strived to obtain

a high proportion of full-length genes in the cDNA libraries.

Using the Arabidopsis genome as a reference, we found that

*42.3 % of the unigenes had a 50 head sequence (containing

the authentic or putative start codon) via BLASTX analysis.

However, when using the non-redundant database, about

45.8 % of unigenes had a 50 head sequence. The rates of genes

with a 50 head sequence in each of the libraries are listed in

Table 2. Because we used oligo dT as primer for reverse

transcription, few of the genes did not contain the 30 end (poly

A tail), as confirmed by clone isolation and sequencing. Full-

length genes inserted in the plasmids will greatly facilitate

their functional analysis, otherwise additional time and effort

to performing rapid amplification of cDNA end (RACE) will

be required.

Using BLASTN to search the Nt database, *70.8 %

of the unigenes could be annotated. Through BLASTX

analysis, 12,117 (83.3 %) showed significant similarity

to the sequence in the Nr database, and the remaining

2,430 unigenes with no significant similarity were con-

sidered novel genes in A. hypogaea. Out of 14,547

unigenes analyzed via BLASTX, a total of 1,461 unig-

enes matched first to Arabidopsis sequences, which

included 65 hypothetical proteins and 377 unknown or

unnamed proteins. A total of 633 and 761 sequences

matched first to soybean and medicargo, respectively,

while only 192 unigenes matched first to the peanut

sequence. Surprisingly, a large portion of the ESTs

(5,730) matched first to Vitis vinifera, but only 6 of those

sequences were functionally annotated. The remaining

sequences were hypothetical or unnamed protein prod-

ucts, indicating that most of the genes expressed in

peanut shared low sequence similarity with known and

functionally analyzed sequences.

We were able to compare the unigene sequences with

those of other species in the public genome databases. As

expected, peanut ESTs showed the highest similarity to

ESTs of soybean (mean identities of putative coding

sequences (CDS) and proteins were 86.27 and 74.65 %,

respectively), followed by another legume crop Medicago

truncatula. The mean sequence similarities in the CDS and

protein between peanut and the dicot Arabidopsis plant

were 84.05 and 64.17 %, respectively. The least sequence

similarities were detected in monocot cereal crops of rice

and sorghum. The detailed comparisons of sequence sim-

ilarities were illustrated in Supplement figure 3. The fact

that similarities between peanut and other plants exceeded

84 % in CDS and 60 % in protein suggested that the peanut

ESTs will be very valuable in that much genomic infor-

mation can be extracted from the sequences by bioinfor-

matic analysis.

Transcription factors in peanuts

Because transcription factors play important regulatory

roles in genomes, we characterized related sequences in

Table 2 Full-length evaluation of unigenes based on homology analysis

Total DSL Leaf Root

Total NLL RILL Total NRL RIRL

Total unigenes 14,547 7,428 5,622 2,872 4,095 7,371 4,641 4,694

Match the homologue protein in Arabidopsis thalianaa 11,470 5,993 4,705 2,448 3,484 5,956 3,845 3,871

Match the head of homologue protein in Arabidopsis thaliana 4,850 2,752 2,167 1,127 1,719 2,812 1,866 1,981

Match the homologue protein in NCBI Nrb 11,498 6,040 4,668 2,421 3,466 5,968 3,855 3,852

Match the head of homologue protein in NCBI Nr 5,267 3,001 2,294 1,180 1,814 2,957 1,952 2,072

a Arabidopsis thaliana protein data were downloaded from TAIR (http://www.arabidopsis.org/), June 19, 2009. Using the blast with E value

B1E-10 as cutoff
b Data were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/), 20080310. Using the blast with E value B1E-10 as cutoff
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peanut ESTs using Arabidopsis transcription factor datasets

as queries. In peanut, a total of 3,505 ESTs encoding 1,062

putative transcription factors were identified. The most

abundantly expressed transcription factors belonged to the

Trihelix and C2H2 family, accounting for *45 % of the

total expressed transcription factors, followed by AP2-

EREBP, C3H, bHLH, NAC, bZIP, WRKY, TCP, MYB,

C2C2-CO-like, Homeobox, GRAS and CCAAT-HAP2

transcription factors, each of which was sequenced more

than 50 times in this EST project (Fig. 1). These tran-

scription factors were rarely expressed, with \10 clones

sequenced in the respective cDNA libraries (data not

shown). At the same time, most of these transcription

factors belonged to gene families containing many unig-

enes, and the expression of each unigene was rare com-

pared with the large number of all transcription factors. For

example, among the most commonly found transcription

factors sequences that contain C2H2 or the Trihelix

domain, the majority of unigenes were represented by only

one clone (Supplement figure 4).

Identification of tissue-specific genes in peanut

More than 10,000 clones in each cDNA libraries derived

from leaves, roots and developing seeds were sequenced

from the same peanut line, which allowed us to search for

tissue-specific genes based on their expression pattern.

When an EST is highly expressed (based on cluster size) in

one tissue but is not sequenced in other tissues, it is likely

that the gene is tissue-specific. With larger numbers of

sequenced ESTs in different libraries, the probability of

determining such genes becomes higher. Table 3 lists

detailed information on the highly expressed tissue-specific

genes of peanut. Most of the seed-specific genes were

storage protein related genes, such as those encoding ara-

chin, allergen and globulin, as well as those related to fatty

acid metabolism, such as oleosin and desaturase. In con-

trast, most genes with leaf-specific expression were related

to photosynthesis. Although many genes were annotated to

genomic or marker sequences of other plants based on

BLAST analysis to Nt and Nr database, further annotation

with the Swissprot and/or KEGG databases indicated that

these genes were all related to photosynthesis. Similar to

genes in leaves, many root-specific genes were annotated

as genomic or marker sequences according to their

sequence similarity. When comparing the seed- and leaf-

specific genes, the abundance of root-specific genes was

much lower, accounting for only 0.5 % of the total genes

expressed.

Of the 14,547 unigenes clustered from peanut leaf, root

and seed, 4,188 genes were specifically expressed in the

developing seed, 3,301 genes were specifically expressed

in root, and 2,298 genes were expressed only in leaf

(Fig. 2). Meanwhile, 1,114 genes were expressed in all

tissues, indicating that they were constitutively expressed

genes.

Fig. 1 Number of unigenes in

each transcription factor family.

Transcription factors of

Arabidopsis were searched

against A. hypogaea ESTs, and

then the target genes were

classified according to the

sequence similarity with the

known transcription factor

family. Each bar represents the

number of unigenes in one

transcription factor family

J Plant Res (2012) 125:755–769 759

123



T
a

b
le

3
A

b
u

n
d

an
tl

y
ex

p
re

ss
ed

ti
ss

u
e

sp
ec

ifi
c

E
S

T
s

in
p

ea
n

u
t

U
n

ig
en

e
ID

A
cc

es
si

o
n

n
o

.
E

v
al

u
e

A
n

n
o

ta
ti

o
n

O
rg

an
is

m
N

o
.

o
f

cl
o

n
es

se
q

u
en

ce
d

D
S

L
N

L
L

R
IL

L
N

R
L

R
IR

L

S
ee

d
sp

ec
ifi

ca
ll

y
ex

p
re

ss
ed

g
en

es

O
C

P
co

n
ti

g
1

2
7

3
8

-1
3

g
b

|A
A

G
0

1
3

6
3

.1
|

1
.0

0
E

-
1

1
6

A
ra

ch
in

A
ra

ch
is

h
yp

o
g

a
ea

1
,2

7
7

0
0

0
0

O
C

P
co

n
ti

g
1

2
7

3
-5

sp
|P

4
3

2
3

8
|

1
.0

0
E

-
1

4
2

A
ll

er
g

en
A

ra
h

1
A

ra
ch

is
h

yp
o

g
a

ea
1

,1
8

5
0

0
0

0

O
C

P
co

n
ti

g
1

2
7

1
2

g
b

|A
A

U
2

1
4

9
9

.2
|

3
.0

0
E

-
6

7
O

le
o

si
n

1
A

ra
ch

is
h

yp
o

g
a

ea
1

1
6

0
0

0
0

O
C

P
co

n
ti

g
1

2
5

5
5

g
b

|A
B

Q
6

2
9

7
2

.1
|

2
.0

0
E

-
1

4
T

IN
Y

-l
ik

e
p

ro
te

in
P

o
p

u
lu

s
tr

ic
h

o
ca

rp
a

3
3

0
0

0
0

O
C

P
co

n
ti

g
1

2
5

7
5

g
b

|A
B

I8
4

2
5

2
.1

|
6

.0
0

E
-

8
2

T
o

n
o

p
la

st
in

tr
in

si
c

p
ro

te
in

al
p

h
a

T
IP

A
ra

ch
is

h
yp

o
g

a
ea

3
5

0
0

0
0

O
C

P
co

n
ti

g
1

2
5

2
0

g
b

|A
B

K
9

2
1

8
0

.1
|

6
.0

0
E

-
8

9
1

1
S

se
ed

st
o

ra
g

e
g

lo
b

u
li

n
p

re
cu

rs
o

r
B

1
A

ra
ch

is
h

yp
o

g
a

ea
3

0
0

0
0

0

O
C

P
co

n
ti

g
1

2
4

2
5

g
b

|A
A

F
8

2
2

9
3

.1
|

1
.0

0
E

-
1

0
7

M
ic

ro
so

m
al

o
le

at
e

d
es

at
u

ra
se

A
ra

ch
is

h
yp

o
g

a
ea

2
3

0
0

0
0

O
C

P
co

n
ti

g
1

2
3

6
6

sp
|Q

0
4

6
7

2
|

8
.0

0
E

-
4

4
S

u
cr

o
se

-b
in

d
in

g
p

ro
te

in
p

re
cu

rs
o

r
G

ly
ci

n
e

m
a

x
2

1
0

0
0

0

O
C

P
co

n
ti

g
1

2
2

9
6

g
b

|A
A

F
6

1
7

3
0

.1
|

1
.0

0
E

-
6

9
B

et
a-

k
et

o
ac

y
l-

A
C

P
sy

n
th

et
as

e
I

G
ly

ci
n

e
m

a
x

1
8

0
0

0
0

O
C

P
co

n
ti

g
1

2
4

0
6

-2
em

b
|C

A
N

7
3

6
6

8
.1

|
4

.0
0

E
-

9
9

H
y

p
o

th
et

ic
al

p
ro

te
in

V
it

is
vi

n
if

er
a

1
7

0
0

0
0

L
ea

f
sp

ec
ifi

ca
ll

y
ex

p
re

ss
ed

g
en

es

O
C

P
co

n
ti

g
1

2
7

4
0

sp
|Q

0
2

9
8

0
|

3
.0

0
E

-
4

5
R

ib
u

lo
se

b
is

p
h

o
sp

h
at

e
ca

rb
o

x
y

la
se

V
it

is
vi

n
if

er
a

0
4

3
2

2
8

1
0

0

O
C

P
co

n
ti

g
1

2
7

3
4

-2
g

b
|A

B
K

9
5

6
6

7
.1

2
.0

0
E

-
0

8
P

h
o

to
sy

st
em

II
su

b
u

n
it

T
A

ra
b

id
o

p
si

s
th

a
li

a
n

a
0

3
1

2
3

0
0

O
C

P
co

n
ti

g
1

2
7

2
5

g
b

|A
B

I8
4

2
5

8
.1

|
3

.0
0

E
-

5
6

P
h

o
to

sy
st

em
I

p
sa

H
p

ro
te

in
V

it
is

vi
n

if
er

a
0

1
6

4
2

0
0

0

O
C

P
co

n
ti

g
1

2
7

2
3

-2
g

b
|A

B
C

4
6

7
0

8
.1

|
1

.0
0

E
-

3
6

C
h

lo
ro

p
la

st
p

h
o

to
sy

st
em

II
1

0
k

D
a

p
ro

te
in

V
it

is
vi

n
if

er
a

0
1

3
5

3
9

0
0

O
C

P
co

n
ti

g
1

2
7

2
6

g
b

|A
A

Q
8

4
1

6
8

.1
|

9
.0

0
E

-
8

9
P

S
I

re
ac

ti
o

n
ce

n
te

r
su

b
u

n
it

II
I

C
it

ru
s

si
n

en
si

s
0

1
2

2
5

4
0

0

O
C

P
co

n
ti

g
1

2
7

0
1

-3
g

b
|A

B
K

9
6

4
3

9
.1

|
2

.0
0

E
-

2
3

P
h

o
to

sy
st

em
II

su
b

u
n

it
X

P
o

p
u

lu
s

tr
ic

h
o

ca
rp

a
0

8
1

6
0

0

O
C

P
co

n
ti

g
1

2
7

1
1

-7
d

b
j|
B

A
F

8
0

4
7

4
.1

|
9

.0
0

E
-

2
8

P
h

o
to

sy
st

em
I

re
ac

ti
o

n
ce

n
te

r
su

b
u

n
it

V
it

is
vi

n
if

er
a

0
7

3
2

1
0

0

O
C

P
co

n
ti

g
1

2
7

2
2

-2
g

b
|A

A
G

6
1

1
2

0
.1

|
3

.0
0

E
-

7
0

R
ib

u
lo

se
b

is
p

h
o

sp
h

at
e

ca
rb

o
x

y
la

se
V

it
is

vi
n

if
er

a
0

6
2

5
4

0
0

O
C

P
co

n
ti

g
1

2
6

9
5

g
b

|A
B

K
9

6
1

6
4

.1
|

2
.0

0
E

-
5

2
P

la
st

o
cy

an
in

,
ch

lo
ro

p
la

st
p

re
cu

rs
o

r
S

o
la

n
u

m
ly

co
p

er
si

cu
m

0
5

0
3

3
0

0

R
o

o
t

sp
ec

ifi
ca

ll
y

ex
p

re
ss

ed
g

en
es

O
C

P
co

n
ti

g
1

2
6

7
7

-2
–

–
H

y
p

o
th

et
ic

al
p

ro
te

in
V

it
is

vi
n

if
er

a
0

0
0

5
1

1
8

O
C

P
co

n
ti

g
1

2
6

0
3

em
b

|C
A

N
6

1
3

5
2

.1
|

3
.0

0
E

-
2

2
P

ro
te

as
e

in
h

ib
it

o
r

V
it

is
vi

n
if

er
a

0
0

0
3

2
8

O
C

P
co

n
ti

g
1

2
6

7
1

-2
g

b
|A

C
A

2
3

2
0

7
.1

|
1

.0
0

E
-

4
4

K
u

n
it

z
tr

y
p

si
n

p
ro

te
as

e
in

h
ib

it
o

r
G

ly
ci

n
e

m
a

x
0

0
0

2
2

2
2

O
C

P
co

n
ti

g
1

2
6

1
7

-2
em

b
|C

A
B

4
5

6
5

1
.1

|
2

.0
0

E
-

9
0

P
la

sm
a

m
em

b
ra

n
e

in
tr

in
si

c
p

ro
te

in
P

is
u

m
sa

ti
vu

m
0

0
0

1
7

1
5

O
C

P
co

n
ti

g
1

2
5

3
9

re
f|

X
P

_
0

0
1

4
9

0
1

7
4

.1
|

2
.0

0
E

-
0

9
K

er
at

in
as

so
ci

at
ed

p
ro

te
in

1
2

.2
E

q
u

u
s

ca
b

a
ll

u
s

0
0

0
1

3
1

9

O
C

P
co

n
ti

g
1

2
4

7
6

-2
g

b
|A

A
A

0
2

9
4

7
.1

|
6

.0
0

E
-

8
4

N
o

d
u

li
n

-2
6

G
ly

ci
n

e
m

a
x

0
0

0
1

7
5

O
C

P
co

n
ti

g
1

2
3

8
0

em
b

|C
A

O
6

9
8

7
1

.1
|

1
.0

0
E

-
5

0
H

y
p

o
th

et
ic

al
p

ro
te

in
V

it
is

vi
n

if
er

a
0

0
0

1
5

5

O
C

P
co

n
ti

g
1

2
4

5
1

-2
re

f|
N

P
_

5
6

7
3

9
1

.1
|

1
.0

0
E

-
2

2
P

ro
te

as
e

in
h

ib
it

o
r

A
ra

b
id

o
p

si
s

th
a

li
a

n
a

0
0

0
1

5
1

O
C

P
co

n
ti

g
1

2
4

5
3

-4
em

b
|C

A
O

2
1

7
1

8
.1

|
1

.0
0

E
-

5
1

T
ra

n
sc

ri
p

ti
o

n
fa

ct
o

r
M

Y
B

5
9

V
it

is
vi

n
if

er
a

0
0

0
1

3
5

O
C

P
co

n
ti

g
1

2
4

2
9

-4
g

b
|A

A
G

3
4

8
0

7
.1

|
7

.0
0

E
-

7
2

G
lu

ta
th

io
n

e
S

-t
ra

n
sf

er
as

e
1

7
G

ly
ci

n
e

m
a

x
0

0
0

1
1

0

760 J Plant Res (2012) 125:755–769

123



Isolation of fatty acid biosynthesis and oil formation

genes in peanut

Because most genes for fatty acid biosynthesis and oil for-

mation are well studied in plants such as Arabidopsis, soybean

and rapeseed, it is possible to isolate corresponding genes in

peanut based on nucleotide and putative amino acid sequence

homology. As expected, most genes for fatty acid and oil

formation in peanut have been sequenced, including previ-

ously functionally annotated DGAT, Oleosin, FAD2, FAT,

PEPC. Some genes, such as DGAT and FAD2, have even been

well characterized in peanut (Chu et al. 2009; Saha et al.

2006). Recently, those genes encoding acetyl-CoA carboxy-

lases, acyl carrier protein, type II fatty acid synthase enzymes

have also been analyzed in peanut (Li et al. 2009, 2010a, b).

However, some genes involved in fatty acid biosynthesis in

peanut have not been isolated before, and sequence search

identified genes homologous to those from soybean, Arabid-

opsis, maize, rice, and even lotus and grape. Most genes were

expressed in peanut seeds, while some were also expressed in

root and leaf tissues, indicating that some fatty acid biosyn-

thesis pathways play fundamental roles for the survival and

growth of the peanut plant (Supplement table 2). We also

isolated regulatory genes that may control oil content in

peanut, such as LEAFY COTYLEDON1, FUSCA, abscisic

acid insensitive, dof, glabra2 and phospholipase D, which

have been previously confirmed in Arabidopsis and other

plants to play important roles in regulation of oil formation.

Although these regulatory genes were low in abundance, the

expression of most genes was predominantly in the seed,

making them potential target genes for improvement of oil

content and fatty acid composition.

Resistance gene analogues isolation from peanuts

Out of the 14,547 unigenes isolated from peanut, only 81

unigenes were putative resistance gene analogues (RGAs),

most RGAs were sequenced \4 times from all 5 cDNA

libraries constructed, and the highest number of clones

from one putative RGA was only 10. The low abundance of

these putative RGAs in different peanut libraries made it

difficult to correlate their expression with peanut bacterial

wilt resistance. The RGAs predominantly expressed in

peanut in this study were genes containing the TIR-NBS-

LRR and CC-NBS-LRR domains (62 and 17 unigenes,

respectively). Out of 81 RGAs analyzed, 6 RGAs were

expressed in roots, leaves and developing seeds, indicating

that they were constitutively expressed and could be

involved in the basal resistance of plants. It is also inter-

esting to note that of the 81 putative RGAs analyzed, 14

unigenes also belonged to the Trihelix transcriptional fac-

tor family, and 23 unigenes belonged to the WRKY tran-

scriptional factor family (Supplement table 3), indicating

that some disease resistance genes can lead to the expres-

sion of multiple functionally important genes.

Differentially expressed genes after R. solanacearum

infection

Gene expression changes were detected in the highly

resistant peanut line, and the results demonstrated that the

patterns of expressed transcripts of both leaf and root were

greatly changed after R. solanacearum infection. Of the

total 5,622 leaf unigenes, 2,750 were newly expressed gene

after pathogenic infection. Similar changes occurred in

roots, and about 37 % of the total genes were novel

(Fig. 3). The GO analysis categorized the functions of most

of the differentially expressed genes to cell and cell part,

binding and catalytic activity, and cellular and metabolic

processes (Fig. 4). Similar expression patterns were

detected in both leaf and root, indicating that these gene

categories may be pathogen-related or responsible for

disease resistance in peanut. Those genes involved in post-

translational modification and translation and ribosomal

structure were up-regulated after pathogenic challenge in

both leaf and root, indicating a common signal transduction

process occurred in both tissues and may have benefited the

peanut plant in recognizing and defending against the

pathogenic attack.

Possible signal transduction pathway for bacterial wilt

resistance in peanut

We hypothesized that the specific genes stimulated by or

involved in resistance to R. solanacearum attack should

have similar signal transduction pathways in leaves and

roots of peanut. To find the pathway that may participate in

disease resistance, the criteria set for differential expression

were less stringent, and the ratio of clones of two libraries

[1.5 was considered to be significantly different in the

Fig. 2 Overlapping of unique EST sequences from different tissues

of peanut
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analysis. Although a large portion of the genes could not be

characterized, many differentially expressed genes were

ethylene responsive transcription factors or were involved

in the ethylene signal transduction pathway (Table 4). Out

of 51 genes encoding putative ethylene responsive tran-

scription factors, 12 genes were up-regulated either in leaf

or root. Other components of the ethylene signal trans-

duction pathway, such as EIN3, MAPK, MAPKKK and EIL,

as well as genes involved in ethylene synthesis such as

ACC oxidase were also expressed in both root and leave

after pathogenic attack, indicating that ethylene biosyn-

thesis or the ethylene signal transduction pathway may play

Fig. 3 Overlapping of peanut EST sequences. a Common and unique

genes of unchallenged and R. solanacearum challenged peanut leaf.

b Common and unique genes of unchallenged and R. solanacearum
challenged peanut root. OCPNLA, OCPRLA, OCPNRA, OCPRRA

represents unchallenged leaf library, R. solanacearum challenged leaf

library, unchallenged root library, R. solanacearum challenged root

library, respectively

Fig. 4 GO and COG analysis of differentially expressed genes in

peanut leaf and root after R. solanacearum challenge. a GO analysis

of differentially expressed genes in peanut leaf after R. solanacearum
challenge, b GO analysis of differentially expressed genes in peanut

root after R. solanacearum challenge, c COG analysis of differentially

expressed genes in peanut leaf after R. solanacearum challenge,

d COG analysis of differentially expressed genes in peanut root after

R. solanacearum challenge
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a role in peanut bacterial wilt disease resistance. Similarly,

many components of the jasmonic acid (JA) signal trans-

duction pathway genes, such as coil and cullin were also

significantly affected after pathogenic attack, and JA bio-

synthesis genes such as LOX, AOS, AOC, OPR and JA

carboxyl methyltransferase were also significantly

increased after bacterial infection (Table 5). These results

indicated that resistance to bacterial wilt is probably

associated with the ethylene and JA signal transduction

pathways, and the detailed analysis of those genes may

help to uncover the mechanism of bacterial wilt resistance

in peanut. Calmodulin-related genes were also abundantly

expressed in both root and leaf, but their expression levels

did not greatly differed in root and leaf after pathogenic

attack. At the same time, genes corresponding to the sali-

cylic acid (SA) signal transduction pathway could hardly

be detected in both root and leaf, indicating that this

pathway is probably not involved in peanut bacterial wilt

resistance or response.

Secondary metabolism may be involved in resistance

to bacterial wilt

Secondary metabolism is an important plant defense sys-

tem, but whether it is involved in peanut bacterial wilt

resistance is still unknown. Our results indicated that many

genes that did not change in leaf were significantly

increased in roots after pathogenic attack, including

polyphenol oxidase, phenylalanine ammonia lyase (PAL),

many isoforms of resveratrol synthases, isoflavone reduc-

tase and cytochrome P450 monooxygenase. A small pro-

portion of genes were up-regulated only in leaf such as

those encoding thiazole biosynthetic enzyme, and even the

expression of the gene encoding nitrilase was down-regu-

lated after bacterial infection (Table 6). Considering that in

the field, the first and the most critical step for bacterial wilt

disease initiation and development is the interaction of

pathogen and root of peanut, it is possible that the root is

more sensitive than leaf. Therefore, the secondary metab-

olism of peanut in root was stimulated to a greater extent

compared to that of leaf after pathogenic attack, indicating

that the induction of genes involved in secondary metab-

olism likely contributes to increased resistance to bacterial

wilt in peanut.

Discussion

Large-scale EST sequencing is a useful means to under-

stand the genome of organisms due to the massive infor-

mation provided by the genome-scale expression data. As

of June 2011, *162,000 Arachis ESTs were publicly

available. Among these, 86,943 genes were from cultivated

peanut (A. hypogaea), and 75,087 ESTs were from wild

peanut species, A. duranensis, A. ipaensis and A. steno-

sperma. A number of EST sequencing projects has been

Table 5 Expression of jasmonic acid signal transduction related genes after pathogen attack

Genes Accession no. Species Gene description E value Expression

Leave Root

coil

OCPcontig11208 gb|AAZ66745.1| Arabidopsis thaliana Coronatine-insensitive protein 1 8.00E-58 ND UP

OCPcontig11333 gb|AAZ66745.1| Arabidopsis thaliana Coronatine-insensitive protein 1 1.00E-108 ND UP

cullin

OCPcontig9735 dbj|BAC10548.1| Arabidopsis thaliana Cullin-1 5.00E-77 DOWN ND

LOX

OCPcontig6948 gb|ABS32276.1| Lens culinaris Lipoxygenase 1.00E-121 UP UP

OCPcontig7711 gb|AAY87056.1| Glycine max Seed lipoxygenase-2 6.00E-58 UP UP

AOS

OCPcontig4546 emb|CAC86899.1| Glycine max Allene oxide synthase 9.00E-39 ND UP

AOC

OCPcontig11463 gb|ABK94763.1| Arabidopsis thaliana Allene oxide cyclase 3 5.00E-87 UP UP

OPR

OCPcontig11304 gb|AAY27752.1| Arabidopsis thaliana 12-oxophytodienoate reductase 3 1.00E-136 UP DOWN

OCPcontig786 dbj|BAA12160.1| Arabidopsis thaliana 12-oxophytodienoate reductase 2 2.00E-54 UP ND

Jasmonic acid carboxyl methyltransferase

OCPcontig8825 gb|AAO27257.1| Brassica rapa Jasmonate O-methyltransferase 3.00E-56 UP ND

UP, ND, DOWN represent up-regulated, non-differentially expressed and down-regulated genes, respectively, after R. solanacearum challenge
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carried out in peanut previously (Bi et al. 2010; Dang et al.

2008; Guo et al. 2008; Luo et al. 2005b; Yan et al. 2005).

These data have helped to clarify nature of the resistance of

peanut plants to stress such as fungus and virus infection,

as well as to provide useful information for marker

development. A genetic map based on EST-SSR markers

has been developed (Liang et al. 2009). By analyzing

63,207 high-quality ESTs and the clustered 14,547 unig-

enes from developing seeds, roots and leaves in this study,

we were able to draw an overall picture of its profiles and

to gain a better understanding of the genes encoded by the

peanut genome. The expression profile will be useful in

studying molecular functions during peanut development

and in discovering potential bacterial wilt resistance and

agronomically important genes. Although much informa-

tion is still lacking because many genes could not be

functionally annotated or because bioinformatics analysis

based on sequence comparisons would require experi-

mental validation, the accumulated data produced here and

those already deposited in GenBank will aid in developing

high-density cDNA microarrays for transcriptome analysis

to find target genes. The ESTs of the same gene from

various peanut varieties will also help to find new single

nucleotide polymorphic (SNP) markers, which would

greatly improve the efficiency of marker selection because

of their wide distribution. However, cultivated peanut is

allotetraploid, with one gene theoretically having at least

two copies (one from A genome and another from B

genome), and some genes belong to a family of similar

genes which adds to the genomic complexity. Thus, having

more sequences available from various cultivated peanut

species and tissues will be fundamental for new marker

development and advancement of future peanut genomic

research. Due to the paucity of peanut information in

global repositories such as NCBI, only half of the pod

abundant transcripts have been meaningfully annotated

(Payton et al. 2009), and a large proportion of genes from

root could not be functionally annotated. In most cases, we

were unable to determine the exact function of a given

molecule and could not annotate most of the A. hypogaea

genes due to the fragmented nature of the EST clusters and

large evolutionary differences from the model plant.

Therefore, the underlying mechanism of resistance based

on differential gene expression may be misleading. How-

ever, it is highly conceivable that, together with the

acquisition and functional analysis of their full-length

cDNA sequences rapidly accumulating in the public dat-

abases, we will be able to functionally characterize most of

these genes in the near future.

The analysis of abundantly expressed genes in tissues

indicated that there are major categories of genes expressed

in specific tissues. In the developing peanut seeds, the

decrease of carbohydrates has been shown to be

accompanied by the accumulation of crude fat, while the

protein content does not change greatly (Pickett 1950). Our

EST data from developing seed showed similar results. The

majority of abundant transcripts in peanut seeds encoded

storage proteins such as arachin and conarachin. The

oleosin protein was also abundantly expressed. Oleosin

plays an important role in the formation and stability of oil

bodies (Chuang et al. 1996) and thus is of vital importance

for oil accumulation in peanut seeds. At the same time,

granule-bound starch synthase was also abundantly

expressed in peanut seeds. Granule-bound starch synthase

is responsible for the synthesis of amylose in starch gran-

ules (Denyer et al. 2001). These results indicated that

protein and lipid formation in peanut is partially regulated

at the transcriptional level, consistent with results of pre-

viously reported microarray analysis (Payton et al. 2009).

In leaves, the abundantly expressed genes were predomi-

nantly related to photosynthesis, while auxin-repressed

protein and metallothionein were also highly expressed.

The findings were similar to those from leaves of grape,

ginseng and oilseed rape (Guo et al. 2009; Lee et al. 1998).

It was expected that the photosynthesis-related proteins

were the most prevalent in leaves since they would facili-

tate the production of energy and materials for many

activities such as cell division, growth, elongation, devel-

opment and differentiation. Meanwhile, in peanut roots,

molecules such as aquaporin, ABA-responsive protein,

lectin, lipid transfer protein, catalase, glutathione S-trans-

ferase, PR10 and Ara h8 allergen were abundantly

expressed. These types of genes are also upregulated in

peanut pod subjected to fungal infection and drought stress

(Luo et al. 2005c), and their expression may help the plant

to tolerate the biotic and abiotic stresses frequently

occurring in soil.

Altering fatty acid composition and increasing oil con-

tent are two major goals in plant lipid genetic engineering,

as *50 % of peanuts are crushed for oil production in

China. Many potentially useful functional genes from

peanut were isolated in this work such as Fad 2, DGAT and

oleosin. Regulatory genes for oil content such as lec1, fus3,

ABI3, fus6, glabra2 were also isolated from peanut. The

functional analysis of these genes in other plants such as

Arabidopsis and Brassica napus (Wang et al. 2007) indi-

cated that they play an important role in the regulatory

process of oil formation, which may help us to understand

the genetic background underlying the oil content trait and

to manipulate their expression in order to improve peanut

oil content. It should be noted that some genes are also

biochemically important for fatty acid synthesis but not for

oil formation, and thus have other uses such as in abiotic

and biotic stress resistance (Upchurch 2008). The tissue-

specific expression of some genes will shed light on the

molecular function of these molecules. Some peanut
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protein components have also aroused much health con-

cerns because of allergenicity. In this study, one of the

allergen genes, Ara H8, was the most abundantly expressed

ESTs in peanut seeds. Ara H8 has been described relatively

recently, and it shows sequence homology to several

pathogenesis-related (PR) proteins and may itself be a PR

protein. This gene seemed to be expressed not only in

seeds, but also in roots and leaves. When the leaves were

challenged with R. solanacearum, Ara H8 expression was

greatly enhanced, which was quite different from other

allergens genes expressed in developing seeds. This result

was also slightly different from the result obtained in a

previous study (Proite et al. 2007), which reported that it is

expressed abundantly in roots of A. stenosperma. These

results indicated that some peanut allergen genes may play

a role in pathogenic resistance.

Activation of defense responses towards pathogen

infection is associated with fine-tuned transcriptional reg-

ulation and the global alteration of gene expression patterns

(Eulgem and Somssich 2007). Therefore, in this study, the

gene expression pattern after R. solanacearum infection

was analyzed to elucidate the possible mechanism of dis-

ease resistance. As the expression of many genes involved

in the ethylene and JA signal transduction pathway were

upregulated, the results suggest that they may be involved

in the development of bacterial wilt resistance (Tables 4,

5). It has been reported previously that treatment with other

microorganisms such as Pythium oligandrum can induce

both the JA and ethylene signal transduction pathways,

which may serve as resistance mechanisms against bacte-

rial wilt (Hase et al. 2006, 2008). The involvement of

ethylene and JA-mediated defense pathways in bacterial

wilt resistance has also been suggested via virus-induced

gene silencing of candidate genes (Chen et al. 2009). JA

and ethylene have been demonstrated to promote the pro-

duction of secondary metabolites in other plants (Dittrich

et al. 1992). In this work, the expression of genes involved

in secondary metabolism significantly increased after

pathogenic attack (Table 6), which may further support the

conclusion that the JA and ethylene signal transduction

pathways participate in disease resistance. By contrast,

based on the gene expression data in this work, it seems

that the SA signal transduction pathway plays a small role

in the resistance mechanism as the related genes did not

change significantly after pathogenic attack. In contrast, in

tomato, the exogenous chemical application to initiate SA

signal transduction (Pradhanang et al. 2005) and the

comparative analysis between resistant and susceptible

lines that indicated SA plays an important role in the host

plant mechanism of resistance (Afroz et al. 2009). These

conflicting results further support the hypothesis that the

resistance mechanism to R. solanacearum is diverse (Lin

et al. 2008; Robatzek et al. 2007), and the genetic

improvement strategy to this disease should be host-specific.

Therefore, even though resistance genes have been isolated

from Arabidopsis (Deslandes et al. 2002), they cannot be used

as candidate genes to enhance disease resistance in other

crops. The analysis of gene expression in this study will

contribute to the understanding of resistance mechanisms of

peanut to bacterial wilt disease. The availability of this large

set of sequences will also help to find the markers closely

linked to bacterial wilt and eventually resistance genes.

Although many experimental studies are still needed to

be performed in order to confirm the assumptions based on

analysis of the expressed sequence data, this work can

greatly contribute to (1) better understanding of the com-

plexity of the peanut genetic background, (2) development

of new markers such as SSR and SNP, (3) the isolation of

candidate genes such as those with functions in fatty acid

biosynthesis, TAG formation and bacterial wilt resistance,

as well as regulatory and tissue-specific genes.

Conclusions

In the present study, 5 cDNA libraries with about 46 %

clones containing full length genes have been constructed.

A total of 63,234 peanut ESTs from peanut leaf, root and

developing seeds have been sequenced. Transcription fac-

tor genes, tissue-specific genes, fatty acid biosynthesis and

oil formation regulation genes, and RGA genes, as well as

genes responsive to R. solanacearum infection have been

obtained. These data will be served as valuable resources

for peanut genomic work in the future.
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