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Abstract

Thirteen nodule-specific or nodule-enhanced genes
have been revealed by suppressive subtractive hybrid-
ization (SSH) with two mRNA populations of infected
and uninfected control roots of Astragalus sinicus.
Eleven of them encode small polypeptides showing
homology to cysteine cluster proteins (CCPs) that
contain a putative signal peptide and conserved cys-
teine residues. Among these CCP-like genes, AsG257
codes for a homologue of the defensin 2 family and
AsD255 contains a scorpion toxin-like domain at the
C-terminus. Sequence analysis of a genomic AsD255
fragment which was isolated revealed that one intron
separates the first exon encoding the signal peptide
from the second exon encoding the cysteine cluster
domain of this nodulin. Another two genes, AsE246
and AsIB259, encode two different products similar to
lipid transfer proteins (LTPs). Virtual northern blot and
reverse transcription—polymerase chain reaction (RT-
PCR) analysis indicated that the other genes except
AsIB259 and AsC2411 were expressed exclusively in
inoculated roots and that their expression was 2-4 d
later than that of the leghaemoglobin (Lb) gene during
nodule development. Transcription of AsIB259 was
also detected in uninfected control roots but with a
significant decline in expression and a temporal expres-
sion similar to Lb. AsC2411 had a basal expression

in control roots identified by RT-PCR. Sequence
alignment showed that the putative proteins AsE246
and AsIB259 show lower homology with LTPs from
legumes than with those from other plants.

Key words: Astragalus sinicus L, cysteine cluster protein, lipid
transfer protein, nodulin, suppressive subtractive hybridization.

Introduction

Legumes have established symbiotic associations with soil
micro-organisms such as rhizobia and fungi to obtain min-
eral nutrition. The symbiosis between leguminous plants
and rhizobia leads to the formation of a novel root organ,
the nodule. In mature nodules, nitrogen-fixing rhizobia can
supply the host plant with ammonium. Two major classes
of nodules are developed on legume roots: the indetermi-
nate type and the determinate type. Indeterminate nodules,
usually formed by temperate legumes, display a character-
istic zonation. The apical meristem is zone I, followed by
infection zone II where post-meristematic cells gradually
differentiate and become infected with rhizobia. The major
transcriptional changes occur in the amyloplast-rich inter-
zone II-III. The nitrogen-fixing zone III is filled with
bacteroids enclosed by peribacteroid membrane derived
from the plant, and the last zone is the senescent zone IV
(Vasse et al., 1990; Brewin, 1991; Hirsch, 1992). Determinate
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consensus sequence.
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nodules are commonly formed on the roots of tropical
legumes such as Lotus japonicus, Glycine, or Vigna. In this
class of nodules, hypodermic cell division only persists
for several days and subsequent growth is completed by
cell expansion. The result of this is that the central tissue
containing nitrogen-fixing cells is consistent and there is no
zonation in mature nodules (Brewin, 1991; Hirsch, 1992).

In recent years, dozens of nodulin genes have been
isolated from various leguminous plants, especially the
model legumes Medicago truncatula and Lotus japonicus.
To date, nearly 700 000 nucleotide sequences represent-
ing the Fabaceae are available from the National Center
for Biotechnology Information (Graham et al., 2004), and
functional genomic studies have been carried out on the
model legumes M. truncatula and L. japonicus, and on the
crop legume soybean (VandenBosch and Stacey, 2003). By
screening sequences homologous to cysteine cluster pro-
teins (CCPs) identified by Gyorgyey et al. (2000) against
the M. truncatula expressed sequence tags (ESTs),
Mergaert et al. (2003) detected 311 distinct tentative con-
sensus sequences (TCs) or singletons belonging to a gene
family named NCR (nodule-specific cysteine-rich). The
NCR polypeptides are very small (60—90 amino acids) and
highly divergent, with the exception of a conserved signal
peptide and a conserved cysteine motif with a character-
istic arrangement of four, six, eight, or 10 cysteine residues
probably involved in disulphide bridges at the C-terminal
domain. Gene expression profiles have revealed that they
are all nodule specific and exhibit distinct temporal and
spatial expression patterns coupled to different stages of
development from nodule primordial to senescent nodules.
It has been shown by green fluorescent protein fusions
expressed in onion (Allium cepa) epidermal cells that the
signal peptide targets the polypeptides in the secretory
pathway. A concerted action in nodule development has
been suggested by the co-regulation of certain NCR genes
with the genes coding for a potentially secreted calmodulin-
like protein and for a signal peptide peptidase. Besides
galegoid legumes forming indeterminate nodules such as
M. truncatula, pea (Kato et al., 2002), broad bean (Friihling
et al., 2000), white clover (Crockard er al., 2002), and
Galega orientalis (Kaijalainen et al., 2002), CCP homo-
logues were also identified in the soybean genome with
hybridization of M. truncatula nodule-specific CCPs to
soybean bacterial artificial chromosomes (BACs) by
Graham et al. (2004). However, the same authors failed
to identify nodule-specific CCPs from soybean or
L. japonicus forming determinate nodules.

Although so many nodulin genes have been reported,
it is still unclear about the exact roles of most of them,
just as for the CCP genes described above. More impor-
tantly, it remains undefined how much information about
other legumes, especially legume crops, can be acquired
directly from legume models (VandenBosch and Stacey,
2003).

Astragalus sinicus L. (Chinese milk vetch) is one of the
most popular legumes, widely grown as a green-manure-
cum-forage in Asian countries including China, Japan, and
Korea. In addition, it is used as one of the important Chinese
traditional medicines. Astragalus sinicus has a specific
symbiotic relationship with the rhizobia of Mesorhi-
zobium huakuii which forms indeterminate-type nodules
(Chen et al., 1991). Also, it sets up symbiosis with the
endomycorrhizal fungus Glomus intraradices. Astragalus
sinicus 1s a very specific host plant and usually forms
nodules only with rhizobia isolated from itself (Chen
and Shu, 1944). The only reported exception of cross-
inoculation was with a rhizobial strain isolated from
Astragalus ciceri (Malek et al., 1998). To work with
a smaller size than M. truncatula and shorter generation
time, the interaction between Chinese milk vetch and M.
huakuii can be studied by using a test tube nodulation
system. To date, there is very little information on the
involvment of nodulation in the Chinese milk vetch.
More than 100 nodule-specific or nodule-enhanced cDNA
clones were isolated from Chinese milk vetch by differ-
ential display, and a novel nodulin gene, AsNODc22,
coding for an 18 kDa protein with unknown function, was
identified (Fujie et al., 1998). Subsequently, Naito et al.
(2000) reported another nodule-specific gene AsNODf32
encoding a polypeptide similar to cysteine proteinase.

To identify the genes involved in nodule formation and
to increase usable molecular probes, a cDNA library of A.
sinicus genes specifically expressed in infected roots was
generated using a polymerase chain reaction (PCR)-based
suppressive subtractive hybridization (SSH) technique in
this study. Thirteen nodule-specific or nodule-enhanced
genes have been identified and their expression patterns are
presented. Among the 11 genes encoding CCP-like pro-
teins, the putative AsG257 polypeptide carries a defensin 2
domain. The remaining two genes, AsE246 and AsIB259,
code for lipid transfer protein (LTP)-like proteins. Possible
functions of these genes in nodule formation are discussed.

Materials and methods

Plant growth and inoculation

Seeds of A. sinicus were surface-sterilized by 5 min treatment with
95% (v/v) ethanol, 10 min with 5% (v/v) NaClO, and eight washes
with axenic water, and were then germinated at room temperature in
the dark for 2 d.

The germinated seeds were transferred to sterilized sand pots,
fertilized with Fahraeus nitrogen-free nutrient solution, and cultivated
in a greenhouse with a 16 h light/8 h dark cycle at 18-22 °C. Six-
d-old seedlings were inoculated with M. huakuii 7653R.

RNA and DNA preparation

For SSH, virtual northern blotting, and rapid amplification of cDNA
ends (RACE), RNA was isolated from inoculated and non-inoculated
control plant roots at 21-26 days after inoculation (dai) by using
TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol.
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For gene expression analysis, RNA was isolated from infected
roots at different dai (1, 3, 5, 7, 9, 12, 15, and 21 dai, respectively),
roots with nodules removed (27 dai), nodules (27 dai), leaves (27
dai), leafstalks (27 dai), and uninfected roots (4, 6, and 33 d after
sowing, respectively) to proceed to reverse transcription (RT)-PCR.

DNA was extracted from leaves by grinding in liquid N, with
10% (w/w) PVP, adding lysis buffer [1.5% (w/v) CTAB, 75 mM
TRIS-HCI (pH 8), 15 mM EDTA (pH 8), 1.05 M NaCl, 4% (v/v) -
mercaptoethanol], preheating to 65 °C, heating for 30 min at 65 °C,
and centrifuging for 5 min at 12 000 rpm. The supernatant was mixed
with an equal volume of chloroform/isoamyl alcohol (24:1, v/v) and
blended gently upside down until milkiness appeared in the lower
bottle-green liquid. After centrifugation, DNA was precipitated from
the colourless supernatant with 0.1 vol. of 10 M ammonium acetate
and 2 vols of 95% (v/v) alcohol for 10 min at room temperature, and
centrifuged for 10 min at 12 000 rpm. The pellet was washed with
70% (v/v) ethanol, dried in air, and resuspended in sterile distilled
deionized water.

SMART cDNA synthesis

cDNA was synthesized and amplified using the Clontech SMART
PCR cDNA Synthesis Kit (Clontech, Palo Alto, CA, USA) with the
following modification. Total RNA (1 pg) was reverse transcribed at
42 °C for 1 h in the presence of both cDNA synthesis (CDS) primer
and SMART II oligonucleotide. Tricine-EDTA buffer (40 pl) was
added to 10 pl of the first-strand reaction product and incubated
at 72 °C for 7 min. Then 1 pl of the diluted cDNA was added to
a 100 pl reaction mixture for long-distance (LD) PCR. The LD-
PCR was conducted at 95 °C for 15 s, 65 °C for 30 s, and 68 °C
for 6 min on a PTC-100™ Peltier Thermal Cycler for 17 cycles. This
PCR product was used for virtual northern blotting.

Suppression subtractive hybridization and construction of
a subtractive cDNA library

The library was constructed using the Clontech PCR-Select cDNA
Subtraction Kit. Briefly, 2 pg of poly(A) RNA were purified from
total RNA of inoculated and non-inoculated roots at 21-26 dai with
the PolyATtract® mRNA Isolation Systema III (Promega, Madison,
WI, USA) and then used as the template to synthesize two cDNA
populations that were then digested with the Rsal restriction en-
zyme. The digested DNA fragments from each cDNA population
were used as tester cDNAs and driver cDNAs for forward and
reverse subtraction. The cDNAs synthesized from inoculated roots
were used as the tester in forward subtraction to clone genes specific
for the infected roots, and those from non-inoculated roots were
used as the tester in reverse subtraction.

Two subtractive cDNA libraries, one for infected roots and the
other for uninfected control roots (data not shown), were constructed.

Differential screening by dot blotting

Inserts of the SSH library clones were amplified from 1 pul of plasmids
using T7 and SP6 promoter primers. An 8 pl aliquot of amplific-
ation products was denatured with 0.4 N NaOH (freshly made) and
10 mM EDTA (pH 8.2). A 2 pl aliquot of each mixture was blotted
onto a Hybond™-N* nylon membrane (Amersham Pharmacia
Biotech Limited, Little Chalfont, Buckinghamshire, UK) and four
identical blots were made. The blotted membranes were washed in
2% SSC and the DNA was cross-linked to the membrane by baking
the blots for 2 h at 80 °C in an oven. Four sets of membranes were pre-
pared for hybridization: one was hybridized with subtracted cDNA
probes made from infected roots, the second with unsubtracted
cDNA probes from infected roots, and the other two with subtracted
and unsubtracted cDNA probes from uninfected control roots,
respectively.

To produce probes, subtracted and unsubtracted cDNAs from
infected or uninfected control roots were digested with Rsal to re-
move the adaptor sequences and were labelled with >?P using a Ran-
dom Primer DNA Labeling kit (Takara, Dalian, China) following
the manufacturer’s instructions. Membranes were prehybridized at
65 °C for 14 h in 5X SSC, 5X Denhardt’s, 0.5% (w/v) SDS and
100 pg ml~" salmon sperm DNA, hybridized overnight at 65 °C,
then washed at 65 °C twice in 2X SSC/0.5% SDS, twice in 1x SSC/
0.5% SDS, and twice in 0.1X SSC/0.5% SDS. The blots were
exposed to X-ray film under an intensifying screen at —80 °C.

Differential fragments were selected by comparing the four
identical membranes hybridized with four different cDNA probes.
The SSH clones showing a more intense signal after hybridization
to the cDNA probes from infected roots were sequenced for a simi-
larity database search.

Virtual northern blotting

The cDNA fragments of candidate clones were amplified using T7
and SP6 promoter primers. The adaptors were then removed and used
to prepare probes as described above. A 25 pl aliquot of SMART
cDNAs was resolved in a 1.2% (w/v) agarose gel, denatured, and
transferred to Hybond™-N* nylon membrane. The membranes were
hybridized as described above. A ubiquitin cDNA fragment
(Madsen et al., 2003) was amplified and used as a loading control.

RT-PCR

Total RNA (1 pg) was treated with DNase I (RNase free, Takara) and
used for cDNA synthesis and amplification with primers deduced
from the SSH cDNA sequences (Table 1) in a final volume of 50 ul
following the protocol of the supplier [One Step RNA PCR Kit
(AMV), Takara]. First-strand cDNA was synthesized at 50 °C for
30 min, the enzyme was then inactivated for 2 min at 94 °C, and
was followed by PCR cycles (denaturation 94 °C for 30 s; annealing,
with the temperature depending on the primers for 30 s; elongation,
72 °C for 1 min) and a final 5 min extension step at 72 °C. Thirty
PCR cycles were carried out. Aliquots (5 pl) of PCR products were
analysed by electrophoresis in 2% agarose gels. As a constitutive
control, the same procedure but with a total of 15 cycles was
performed to amplify an 18S rRNA fragment. RT-PCR analysis was
repeated at least twice with similar results.

Full-length cDNA cloning by RACE

Both 5" and 3' ¢cDNA ends of the different fragments were obtained
using the SMART™ RACE cDNA Amplification Kit (Clontech) and
gene-specific primers (Table 2). The full-length cDNA or genomic
DNA products could be assembled by overlapping 5'- and 3'-RACE
fragments or generated by LD-PCR using primers designed from the
extreme 5’ and 3’ ends of target cDNA and the 5'-RACE-Ready
cDNA or genomic DNA as template, which were then cloned into
pGEM-T vector (Promega).

Sequence analysis

The amino acids of target cDNA sequences were deduced and the
sequences aligned using BioEdit software (Hall, 1999). Homology
searches were performed through the BLAST programs (http://
www.ncbi.nlm.nih.gov/, http://ca.expasy.org/). InterProScan (http://
www.ebi.ac.uk/) (Quevillon et al., 2005) and Pfam databases
(http://www.sanger.ac.uk/Software/) (Bateman et al., 2004) were
searched to identify conserved amino acid motifs. Signal peptides and
putative cleavage sites were predicted by SignalP 3.0 Server (http://
www.cbs.dtu.dk/services/) (Nielsen et al., 1998; Bendtsen et al.,
2004). The theoretical pl (isoelectric point) and molecular weight
were predicted with Compute pl/Mw tool (http://ca.expasy.org/
tools/) (Gasteiger et al., 2005).
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Table 1. Primer sequences used for RT-PCR and the expected sizes of RT-PCR products

Gene Size of Primer sequences for

products (bp) one-step RT-PCR (5'-3")
AsA244 310 GTCAAGTAACTGTGGAAAG GGTTGTGATTCTCAAGTGT
AsA257 339 CAAAGACATTGTTACAAATATC GGGATATGGCTATAATTCTTA
AsC2411 247 CAAAGTCATTGTTACAAGTCT GCAATCATTCCATGTGTTCA
AsF259 202 CCAAAATTGGGAGAGATATG GTTGGATTTTTAAGGTAAAGG
AsG2411 322 GGGTGGGAATATGCCTTTA CGTTGCTACAACTCCCATA
AsIC258 275 CATTATTGCAAGTCCCATAAA GGTGCTATTTATTTCCCTAC
AsIIA255 300 GTGGTAATTATGAAGCTTGT CAAAGCCATTTATTGAAAAAG
AslIC2512 287 CACGTAAGGAAAGCCCAA CGAGCTTAGATACGTATCC
AsD255 493 CTGCAATGATTCTCTTCTTTT CCTACGTGACCGCTAAGA
AsD2410 440 GGATGAAGTTTTGTAGTAATC CATTTTACGAGTGGATATCAG
AsG257 224 GTGTCAAGTGTATTTCTACG CTTAAATCCTCTATAGCCCT
AsE246 368 GCAATATAGAAATCCCCAAG CAGTCGAAGGATGTGTTGA
AsIB259 356 GTGATGAACATGAAGTTTAAG GGGTAATGAAGGTTGCATC
AsB2510 399 GTTTCACTGAGGCACAAG CTGCTTCCCAAGCAGCA
18S rRNA 432 GACAGACTGAGAGCTCTT CATTCAATCGGTAGGAGC

Table 2. Gene-specific primer (GSP) sequences used for rapid amplification of cDNA ends (RACE)

Gene GSP sequences for 5" RACE GSP sequences for 3' RACE

AsA244 CATCGACACATTCTTTCAATGCACTTCGGTTT CAACTAACGTTGACGCAATTCGTGTGCA
AsA257 ATGCACCTCACTGTCCAACCAGGAGCAG TCCTGAAATTGGGGACACTGCTCCTGGT
AsC2411 TATGCACTTCAATTCCCAACCAGGCTCC TTCCGACTGTAAAAAACTTTGGACGCCG
AsF259 TACACTTCGATTTCCAACCAGAAGGTGCTG TTAACGCTATTCGATGTAAAGATGATGCCG
AsG2411 CCACACATATTGTTCCATAACCAGCGAAGCCA AACAAATGTTGATGGGGCTGATGAATGTATAA
AsIC258 CGCATAACCAGGGGATGGCACATAAAGA TCAATGTGAAACGGATGAAGACTGTAAGGG
AsIIA255 CATAATCGATCAATGCACTTCGCTTCCCAA ACGCTATGCCATGTGAAACAGATGACGACT
AslIC2512 CAGTCGACATCATTTATACATGGCATACCTGG TCCCTGTTTCTTATGGCAATTAATGTTAACGC
AsD255 GGTTCCAGCAGAGACACTTCCTTTTCGG TAGAGGAAACGGGAAAAAAAGGGGGAAA
AsD2410 CCACCGTAGAACGCAGTAACTAATCCCC GGGGATTAGTTACTGCGTTCTACGGTGG
AsG257 TTTCGAGTTCCTTCGCCAGGTCTCATCC AAGGATGAGACCTGGCGAAGGAACTCGA
AsE246 TTCAGGGAGTGCTTCAGCATTAGCGTTG GTGTTGAATCCATCCATGACTGAGGCAG
AsIB259 GGAAGGAATGGCAACAGCAGCAGAAAGA TGTTCTATGGTTGATGTTTTGCTTCAAATGCA
Results carboxylase of Sesbania rostrata (very low similarities),

Characterization of the subtractive cDNA library and
analysis of SSH cDNA sequences

Two subtracted cDNA libraries were generated by SSH.
One was enriched with A. sinicus cDNA sequences that
correspond to preferentially transcribed genes in the roots
inoculated with M. huakuii and the other to those genes in
non-inoculated roots (data not shown). The resulting SSH
cDNA fragments were cloned, and a total of ~400 clones
were obtained.

Initial screening of the cDNAs to remove false positives
was performed by dot blotting. The clones corresponding
to genes with at least a 3-fold increase in transcript accu-
mulation in infected roots compared with uninfected
control roots were sequenced. Nineteen groups of different
inserts were identified after annotation and redundancy
analyses. BLAST searches indicated that 13 cDNA clones
showed significant homology with Lb, and one clone,
AsB2510, contained an open reading frame. Two fragments
were identical with the A. sinicus asparagine synthetase
gene and the other seven fragments were similar to the
genes encoding ENOD?2, nodulin-26, phosphoenolpyruvate

putative cysteine proteinase of Capsicum annuum, diphos-
phonucleotide phosphatase 1 of Lupinus luteus, RNA
helicase of Arabidopsis thaliana, and M. truncatula clone
mth2-10i23, respectively. Moreover, 31 fragments did not
show any significant match.

Confirmation of expression for selected clones

To verify the candidates as differentially expressed in the
inoculated roots, virtual northern blotting was performed.
The results showed (Fig. 1) that 12 clones examined were
expressed only in the inoculated roots; the remaining clone,
AsIB259, only displayed stronger signal intensities com-
pared with control roots. The full-size cDNA sequences
of the 13 clones were obtained by RACE and analysed by
computer. Among them, AsC2411, AsA257, and AsD2410
showed two transcripts (Fig.1), but only one full-length
cDNA was isolated.

Primary structure of the 13 genes under investigation

Sequence analysis of the 13 genes indicated that the 11 of
them encode polypeptides similar to the CCPs (Friihling
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AsA244 . AsA257
AsD255 . AsF259
AsD2410 . AsIC258
AsliC2512 ! AsE246
Ubiquitin E AsG257

. AsC2411 . -
. AsG2411 .
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' ‘ AsiB259 . -
-

Fig. 1. Virtual northern blot analysis for the genes predominantly or exclusively expressed in the infected roots. The left column represents the infected
roots and the right column represents the uninfected roots. Each sample of SMART cDNAs was resolved in a 1.2% (w/v) agarose gel, transferred to
a Hybond N* nylon membrane, and hybridized with radiolabelled probes. Ubiquitin is the loading control.

et al., 2000; Mergaert et al., 2003), the similarities in-
cluding a small size (58—126 amino acids), the presence
of a conserved signal peptide at the N-terminus, and
conserved Cys-X;4-Asp-Cys and Cys-X4-5-Cys elements
in their C-terminal halves. In addition, a transmembrane
region was also revealed at the N-terminal domain by
InterProScan.

Despite the sequences of their signal peptide domain
being highly conserved, the alignment of the 11 deduced
polypeptide sequences displayed relatively low homologies
at the amino acid level (Fig. 2). A hydrophobic N-terminal
domain of 25-30 amino acids of the 11 sequences was
predicted as a signal peptide with high probability, and a
cleavage site for removal of the signal peptide was pre-
dicted for nine of them, the exceptions being AsA257 and
AsF259 for which a signal anchor was predicted with the
SignalP program. According to the cysteine motif, the 11
genes could be divided into three major groups: the first
group, comprising AsA257, AsC2411, AsF259, AsG2411,
AsIC258, AslIA255, and AsIIC2512, contained two pairs
of cysteines, whereas the second group involving AsA244,
AsG257, and AsD255 had six conserved cysteines.
AsD2410 with eight cysteines constituted the third group.
The amino acids around the cysteine residues resembled
the family NCR (nodule-specific cysteine rich) (Mergaert
et al., 2003). However, a few deviations and new features
in the structure of both cysteine clusters were found (Fig. 2).

Two types of changes were found: (i) a charged residue
(lysine or glutamate) more predominant than proline
following C4; and (ii) glycine and a proximate aromatic
residue (tryptophan or tyrosine) between C4 (or C5) and C6
were conserved even more than proline. Two new features
were observed: (i) aspartate commonly appeared at the third

amino acid after C3; and (ii) a hydrophobic residue com-
monly appeared as the first amino acid after C6 and a
conserved acidic amino acid (aspartate or glutamate) as the
second (Fig. 2).

Motif searches using Pfam and InteroProScan revealed
that the eight shorter sequences (AsA244, AsA257,
AsC2411, AsF259, AsG2411, AsIC258, AsIIA255, and
AsIIC2512, 59—70 amino acids) showed significant matches
with several late nodulin sequences which are homolo-
gous to the Pisum sativum (garden pea) ENOD?3 protein
(Table 3; Scheres et al., 1990). AsG257 and AsD255
were identified to contain a scorpion toxin-like domain
(0.0018 and 0.00027, respectively) at the C-terminus,
and AsG257 had a trusted match (domains scoring higher
than the gathering threshold) with the defensin 2 domain
(1.2e-05). No significant matches with AsD2410 were
detected (Table 3).

The genomic DNA sequences of AsD255 and AsA257
were isolated. When compared with the full-length cDNA
sequences, two introns were identified in AsD255. One
with 125 nucleotides was displayed between the first and
second nucleotide of the 61st codon (Leu6l; Fig. 3),
which separated the first exon from about three-fifths of
the full-length polypeptide sequence of AsD255. Another
91 nucleotide intron was beyond the open reading frame
of AsD255 and between the second and third nucleotide
of one stop codon (Fig. 3). Unexpectedly, no intron was
found in the genomic DNA sequence of AsA257.

The other two cDNAs, AsE246 and AsIB259, were
revealed to contain a AAI_plantLTP and AAI_LTSS
domain. A signal peptide and the cleavage site were pre-
dicted for them. A transmembrane region was also
discovered at the N-terminal domain. Although they were
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Fig. 2. Alignment of the deduced polypeptide sequences of Astragalus sinicus late nodulins AsA257, AsC2411, AsF259, AsG2411, AsIC258,
AsITA255, AsIIC2512, AsA244, AsG257, AsD255, and AsD2410, the early pea nodulin PSENOD3 (AAB23537), and Vicia faba late nodulin Vf-CCP1
(CAB96472). Identical residues conserved in at least 50% of the sequences are in black, whereas similar amino acids are on a grey background.
The signal peptides are underlined. The conserved cysteines are numbered as described in the text.

Table 3. Sequence analysis of nodule-specific or nodule-enhanced genes revealed by SSH from A. sinicus

Gene Accession no. Length of putative Best homology Domain analysis with
polypeptide (no. (BLASTP, NCBI) Pfam (trusted matches)
of amino acids) and E value and E value

AsA244 DQ199634 70 Hypothetical protein, Galega orientalis CAB51773, 0.002 Nodulin late, 1e-08

AsA257 DQ199641 68 ENOD3, Pisum sativum AAB23537, 0.18 Nodulin late, 1.5e-08

AsC2411 DQ199638 60 ENOD3, Pisum sativum AAB23537, 0.23 Nodulin late, 9e-14

AsF259 DQ199639 64 Late nodulin, Vicia faba CAB96475, 0.036 Nodulin late, 7.2e-11

AsG2411 DQ199636 63 Hypothetical protein, Galega orientalis CAB51773, 2e-04 Nodulin late, 1.4e-13

AsIC258 DQ199640 58 Late nodulin, Vicia faba CAB96475, 0.007 Nodulin late, 6.7e-14

AsIIA255 DQ199635 59 ENOD3, Pisum sativum AAB23537, 0.002 Nodulin late, 7.3e-11

AsIIC2512 DQ199637 62 Late nodulin, Vicia faba CAB96475, 0.006 Nodulin late, 4.2e-14

AsD255 DQ199650 101 No hits below le

AsD2410 DQ199646 126 No hits below le

AsG257 DQ199643 90 No hits below le Defesin 2, 1.2e-05

AsE246 DQ199648 132 NLTP, Lycopersicon esculentum CAJ19705, 2e-15 Tryp_alpha_amyl, 1.9e-11

AsIB259 DQ199649 148 Unknown protein Arabidopsis thaliana AAL66904, 6e-11 Tryp_alpha_amyl, 0.0071

AsB2510 DQ199647 148 Leghaemoglobin, Sesbania rostrata CAA31859, 3e-54

predicted to come from the same protease inhibitor/seed
storage/LTP family, the amino acid sequences deduced
from the two cDNAs shared only 19% identities. The
BLASTP program revealed that AsE246 was homologous
to the non-specific LTP from Lycopersicon esculentum
with 61% similarity (42% identity), LTP 1 from Euphorbia
lagascae with 58% similarity (43% identity), and AsIB259
homologous to protease inhibitor/seed storage/LTP family
protein from Arabidopsis thaliana with 48% similarity
(35% identity). Sequence alignment showed that the pre-
dicted AsE246 protein had significant similarity with LTPs
from various plants (Fig. 4A), whereas AsIB259 more

closely resembled several unknown proteins or LTPs of A.
thaliana or Oryza sativa (Fig. 4B). In contrast, AsE246 and
AsIB259 displayed lower homology to the LTPs from
legumes at the amino acid level (Fig. 4C).

The theoretical molecular weight and isoelectric point
(pI) of the putative proteins from the 13 genes are shown
in Table 4.

Expression analysis of the genes identified

In order to analyse gene expression profiles during nodule
development, RT-PCR was performed (Figs 5, 6). A new
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set of infected and uninfected control plants were grown as
described for SSH. RNA was extracted from the infected
roots, and from control roots and other organs. All RNA
preparations were checked for DNA contamination by PCR
using 18S rDNA primers (data not shown). Comparative
RNA accumulation levels of the 13 genes are shown in
Figs 5 and 6. To distinguish between induction of the
genes caused by the infection process and by develop-
ment of young roots, RNA samples corresponding to 4-d-
old and 6-d-old uninfected control roots were included in
the RT-PCR analysis. Except for AsC2411 and AsIB259,
no visible products were obtained after amplification,

GGGCCATAGACGTGGAAAATAATGACTAAAAGTCTCAAGTATATTTCTGCAATGATTCTCTTCTTTTTTCTATIT 75
GP*TWKIMTKSLKY I SAMILFEEELTF

CTTCATTTCACCAATGGTGATTGGTTTCCAAAAAACAATCCGACT TTGAGGGATGAAGTGGTAGAAGTAGAGGAA 150

LHFTNGDWFPEKNNPTLRDEVVEVEE
ACGGGAAAAAAAGGGOGAAAAGGGGCAAGCCATGATAAATCAGATAACATTCGTAAGCTTATCATTCAAAGCCTC 225
TGKKGGEKGGSHDEKSDNTIL

TTTTCATTATCTTTTTATAATACATTTATTTTATTTTTTTTAAAATACCTTTATTCTGTTTTAATAATATTGATA 300
TTTATCCATTTTTACATTACATGTCAGTGCATAGCAGTGAAGTTCCATGTCTTTATGACGATGACTGTATAGAC 374
HSSEVPCLYDDDCTID

TATTGCAAAAGTGTGGGCTATGCACGTTATAAGTGTAAACCGAAAAGGAAGTGTCTCTGCTGGAACCTCCATACT 449
YCKSVGYARYKCKPKRKCLCWNLIHT

TAATGGTATTAAACTGAGTAATAACTTACTTATCGTACAAATATGATTGTCTCTTATTA' CCTCTAACATT 524

kK

TGTTAGTCTGCCTTTCAACAGACATTCATTAAATGCGGTCAACGCGGTTTGACCTGTCAGTCCAAGAGGAGAAGT 599
GCTAGTTTGACTCTAGGAATCATTTCAAGTTTGGGATTCGACAGTGCTAAAAACTTAGATGATTTTGGAGCAAGC 674
AAATGCTTCGTTCGACACAAGACTGAACATGTGAACGTGGGCGAGATAGTTATTTGTTTTCAAATTCTTAGCGGT 749
CACTTAGTTTTAAATTTTCTCTCATTGTGTAACTAGTATAAATAAGAGTTTTCCTGATGGAAAACTTGTCGCATT 824
TTCACATACTTAGTTTCTTAAGCTTTAATCCTCCAACACATTATCGTGAGACACGAACAACAGACTGCGAATGTA 899
TGAACTTGCGTACCACCCTTGAAGCAATTTACTGTTTTCCTTAAAATTCCTGCAAAAAAAAAAAAAAAAAAAAAA 974
AAAAAAGTA 983

Fig. 3. Genomic DNA and translated sequence of the AsD255 clone.
The putative amino acid sequence is shown with a predicted signal
peptide (dotted line) and six cysteine residues (bold characters). One
intron interrupting the AsD255 coding region and another beyond the
coding region are underlined. The start codon and two proximate stop
codons are in bold.

Table 4. Comparison of the putative polypeptides of 13 genes
identified

Primary Signal peptide Processed polypeptide
polypeptide

No. of pl No. of pl kDa

amino acids amino acids
AsA244 30 4.37 40 9.42 4.72
AsA257 68 4.66 7.53
AsC2411 26 9.70 34 4.44 3.40
AsF259 64 6.52 7.24
AsG2411 26 5.59 37 4.04 4.00
AsIC258 25 8.34 33 4.36 3.63
AsIIA255 26 8.34 33 6.02 3.82
AsIIC2512 26 8.34 36 4.86 4.03
AsD255 24 9.70 77 6.98 8.82
AsD2410 24 9.19 102 9.13 12.27
AsG257 24 9.31 66 8.94 7.60
AsE246 23 5.75 109 8.66 12.10
AsIB259 28 8.50 120 9.15 13.54

indicating that the gene induction was infection specific
(Fig. 5). The AsC2411 gene showed only a basal expression
in all control roots which was similar to that detected in
young infected roots, and it was strongly induced during
nodule development (Figs 5, 6). The AsIB259 gene was
not expressed in the young roots, but was expressed in
mature 33-d-old control roots as well as nodules and infected
roots (Figs 5, 6). As a symbiotic marker characteristic in
functional nodules, the A. sinicus leghaemoglobin gene
AsB2510 was used, and its expression started ~5 dai.
With the exception of As/B259, which was similar to
AsB2510, the remaining 12 genes were detected 7-9 dai
(Fig. 5). Their transcriptional levels were very high in root
nodules, and some of them could also been detected in
infected roots from which the nodules had been removed
at decreased levels. No amplification products could be
detected in leaves and leafstalks.

Discussion

Fifty-three gene clones expressed differentially in the
inoculated roots of Chinese milk vetch compared with
uninfected control roots were isolated by the SSH pro-
cedure. Of these clones, the full-length cDNA sequence
of 13 genes were obtained by RACE and analysed by
computer. Although no significant identity with any pub-
lished sequences was displayed over the entire length of the
predicted polypeptides, 11 of the 13 genes did share certain
structural features with some previously reported nodulin
genes, mainly including a relatively well conserved signal
peptide at the N-terminus and a conserved cysteine motif
at the C-terminus. In addition, RT-PCR analysis showed
that they were expressed 2—4 d later than the leghaemo-
globin gene AsB2510 of A. sinicus during nodule de-
velopment and so were classified as late nodulin genes
according to Nap and Bisseling (1990).

Mergaert et al. (2003) suggested that NCR polypeptide
genes had an intron presenting at a conserved position
and that they were all nodule specific. We also verified
a 125 nucleotide intron in AsD255, but no intron was de-
tected in AsA257. Interestingly, AsA257 and AsF259 were
predicted to have a signal anchor. The signal anchor was
an uncleaved signal peptide and the resulting protein was
named as a type Il membrane protein (Nielsen and Krogh,
1998). In contrast to previously reported CCPs and the
other 10 genes encoding these proteins, the transcript
of AsC2411 was detected in uninfected control roots by
RT-PCR which is more sensitive than northern analysis
(Figs 5, 6).

Nodule-specific CCP homologues have been identified
in V. faba (Friihling et al., 2000) and G. orientalis
(Kaijalainen et al., 2002). Kato et al. (2002) characterized
five CCP genes with reduced expression in ineffective
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A
AsE246(As)
LTP(Le)
LPTI1(El)
LTP2(Lp)
NLTP(Nt)
LTP(An)
LT1(0s)
LTP(Pc)
LTP(Mx)
LTP(Lc)
LTP4(Ng)
PLTP(Zm)
NLTP(Ec)
Consensus

AsE246(As)
LTP(Le)
LPTI1(El)
LTP2(Lp)
NLTP(Nt)
LTP(An)
LT1(0s)
LTP(Pc)
LTP(Mx)
LTP(Lc)
LTP4(Ng)
PLTP(Zm)
NLTP(Ec)
Consensus

B
AsIB259(As)
Unknown1(At)
0J991214(0s)
LTP(At)
Unknown(0s)
Unnamed(At)
Unknown2(At)
LTP(At)
Consensus

AsIB259(As)
Unknownl(At)
01991214(0s)
LTP(At)
Unknown(0Os)
Unnamed(At)
Unknown2(At)
LTP(At)
Consensus

C
AsE246(As)
AsIB259(As)
NLTP(Mb)
LTP(Ps)
NLTP(Ps)
LTP(Ms)
MtN5(Mt)
LTPI(Vr)
AKCS9(Vu)
LTP(Ca)
Consensus

AsE246(As)
AsTB259(As
NLTP(Mb)
LTP(Ps)
NLTP(Ps)
LTP(Ms)
MtN5(Mt)
LTPI(Vr)
AKCS9(Vu)
LTP(Ca)
Consensus
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Fig. 5. RT-PCR analysis of mRNA for the 13 genes under investigation
in the total RNA isolated from: 4, 4-d-old uninfected roots; 6, 6-d-old
uninfected roots (harvested just before inoculation); 1, infected roots 1 d
post-inoculation (dai); 3, infected roots at 3 dai; 5, infected roots at 5 dai;
7, infected roots at 7 dai; 9, infected roots at 9 dai; 12, infected roots at
12 dai; 15, infected roots at 15 dai; 21, infected roots at 21 dai. As
a symbiotic marker characteristic of functional nodules, amplification of
A. sinicus Lb AsB2510 was included. The 18S rRNA was amplified by
RT-PCR as a constitutive control.

nodules on P. sativum and thought that their successive
expression during nodule development was associated
with nitrogen-fixing activity. Crockard et al. (2002) iso-
lated an early nodulin homologous to CCPs from white
clover root and suggested that dd23b was related to
metal ion transport in the peribacteroid membrane and to
plant cell infection. From M. truncatula, 114 nodule-
specific TCs showing similarity to CCPs were reported
by Fedorova et al. (2002). Subsequently, an extremely
large and nodule-specific CCP family composed of
>300 genes was identified in M. truncatula by Mergaert
et al. (2003) and by Graham er al. (2004) using com-
putational approaches. Further, Graham et al. pointed
out that CCPs were not specific to galegoid legumes and
functioned in indeterminate nodule formation as hypo-
thesized by Mergaert et al. (2003) because homologous
sequences were detected in the soybean genome.

Due to motifs similar to plant defensins, the function of
CCPs as antimicrobial defensins was suggested (Mergaert
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AsG2411

AsIC258

Asl{A255

ASIIC2512
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AsG257
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18SrRNA

M

Fig. 6. RT-PCR analysis of mRNA for the 13 genes under investigation
in the total RNA isolated from: UR, 33-d-old uninfected roots; P, petioles
at 27 dai; L, leaves at 27 dai; IR, infected roots with nodules removed
at 27 dai; N, nodules at 27 dai. The 18S rRNA was amplified by RT-PCR
as a constitutive control.

et al., 2003; Graham et al., 2004). As the molecular
effectors of innate immunity, defensins are widely distrib-
uted in the animal and plant kingdoms and thought to be
members of small (1540 members) gene families (Boman,
2003). Plant defensins are small, generally basic proteins
of 45-54 amino acids and their tertiary structures share
a common o/f motif stabilized by eight cysteine residues
and composed of three antiparallel B-sheets and one a-helix
(Almeida et al., 2002). This kind of structural pattern
was also found in insect defensins and some scorpion

Fig. 4. Alignment of the deduced amino acid sequences of AsE246 and AsIB259 with LTPs or LTP-like proteins from various plants. Compared with
AsE246 and AsIB259, identical residues conserved in at least 50% of the sequences are on a grey background. The signal peptides of AsE246 and
AsIB259 are underlined. The consensus sequence is based on the identical residues conserved in all sequences, expect cysteine. (A) Comparison between
the deduced sequence of AsE246 and the LTPs from various plants (CAJ19705, AAM00272, AAB07487, AAM74206, BAC77694, AAP97429,
AAF26451, AAT8066, AAZ22829, AAT68263, AAB06443, and P23802). (B) Comparison between the deduced sequence of AsIB259 and the
unknown proteins or LTPs from Arabidopsis thaliana and Oryza sativa (AAK96826, CAE01523, NP_568160, XP_475631, BAB10801, AAM65889,
and NP_850700). (C) Comparison of the deduced sequences of AsE246 and AsIB259 with the LTPs from legumes (1SIY_A, AAF61436, CAA74892,
AAZ32875, MTY 15371, AAQ74627, Q43681, and CAAO05771). As, Astragalus sinicus; Le, Lycopersicon esculentum; El, Euphorbia lagascae;
Lp, Lycopersicon pennellii; Nt, Nicotiana tabacum; An, Atriplex nummularia; Os, Oryza sativa; Pc, Pyrus communis; Mx, Malusxdomestica;
Lc, Lycopersicon chilense; Ng, Nicotiana glauca; Zm, Zea mays; Ec, Eleusine coracana (finger millet); At, Arabidopsis thaliana; Mb, mung bean
(Vigna radiata var. radiata); Ps, Pisum sativum; Ms, Medicago sativa; Mt, Medicago truncatula; Vr, Vigna radiata; Vu, Vigna unguiculata (cowpea);

Ca, Cicer arietinum.
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neurotoxins (Kobayashi et al., 1991; Cornet et al., 1995).
The plant sequences containing this motif have different
functions ranging from storage, protection, enzyme inhibi-
tion and lipid transfer, to cell wall structure (José-Estanyol
et al., 2004). Since the plant defensins were first isolated
from wheat and barley grains (Colilla et al., 1990; Mendez
et al., 1990), more plant defensins have been isolated from
a variety of tissues including leaves (Terras et al., 1995),
flowers (Park et al., 2002), and seeds (Almeida er al.,
2000; Chen et al., 2002) of different plants. Recently,
Hanks et al. (2005) reported 16 putative cysteine-rich
defensins by using a cloned seed defensin from M. sativa
as the BLAST query for the Institute for Genomic Re-
search’s (TIGR) M. truncatula gene index (MtGI version
7). By searching in the almost completed A. thaliana
genome using motif models, >300 defensin-like genes
were identified in Arabidopsis (Silverstein et al., 2005).

Indeed, motif analysis has led to the identification of
AsG257 as attributable to the defensin 2 family, which is
a member of the scorpion toxin-like knottin superfamily
and contains six conserved cysteines all involved in intra-
chain disulphide bonds. Although AsA244, AsD255, and
AsG257 have similar conserved cysteine elements, the
Cys-X5-Cys-X3-Cys-Xg-Cys-X5-Cys-X;-Cys  pattern  of
AsD255 and AsG257 was more coincident with the
cysteine motif of the scorpion toxin-like domain than
the Cys-Xs5-Cys-X4-Cys-X7-Cys-X4-Cys-X;-Cys motif of
AsA244. For example, the arthropod defensin family
including insect and scorpion cysteine-rich antibacterial
peptides have a Cys-X,-Cys-X3-Cys-Xo-Cys-X5-Cys-X-
Cys motif (Bulet et al., 1992; Yamada and Natori, 1993).
In addition, the charge of the 11 mature proteins differed
from positive, to negative to nearly neutral (Table 4). The
results in Table 4 showed that the processed polypeptides
AsA244, AsD2410, and AsG257 were basic and AsD255
was almost neutral. The remaining seven were all acidic.
The different amino acids around the cysteine residues
and different charge situation could explain why the other
CCP-like proteins with the exception of AsG257 had
no significant hit with the defensin family.

Like AsD2410, AsE246 and AsIB259 also contain eight
cysteines. However, the eight-cysteine pattern of AsE246
and AsIB259 is distinct from that of AsD2410. The last
six cysteines of AsD2410 constitute the same model as
AsD255 and AsG257 (Fig. 2). The polypeptides of AsE246
and AsIB259 show a similar pattern in a region contain-
ing eight cysteine residues to the 8CM (eight-cysteine
motif) family proteins. This protein has a signal peptide at
the N-terminus and a conserved eight cysteine motif
formed by <100 amino acid residues near the C-terminal
end, with the consecutive third and fourth cysteines in the
polypeptide chain and the fifth and sixth cysteines
separated by only one residue (José-Estanyol et al.,
2004). The 8CM family proteins include glutamine-rich
2S-albumins, cell wall proline-rich structural proteins

termed hybrid proline-rich proteins (HyPRPs), and LTPs
with the same 8CM domain but with a hydrophilic
character (José-Estanyol et al., 2004).

Two LTP-like genes, AsE246 and AsIB259, were
identified in this study. Apart from sequence homology
with LTPs from different plants (Fig. 4A), other character-
istics of AsE246 such as an evaluated molecular weight of
12.1 kDa, an isoelectric point of 8.66, and a signal peptide
with a hydrophobic region at the N-terminal end are similar
to most LTPs (Kader, 1996). In contrast, the molecular
weight and isoelectric point of AsIB259 are higher than that
of AsE246 (Table 4). There are four additional amino acid
residues between the first and second cysteine of AsIB259
that is more in agreement with the several LTP-like proteins
of A. thaliana or O. sativa (Fig. 4B). Expression analysis
showed that the two L'TP-like genes had a different expres-
sion profile. The AsE246 gene was expressed strongly in
the inoculated roots at 9 dai and the transcript of As/IB259
was detected at 5 dai and accumulated abundantly at 7 dai
(Fig. 5). Moreover, the expression of AsE246 was restricted
to nodules, which indicated that the unique LTP-like gene
was specific to nodule development. The transcription of
AsIB259 detected in mature roots but not in young roots
indicated that the LTP-like gene could be related to root
development as well as to the infection process.

LTP-like genes have been isolated from several legumes
(Choi et al., 1996; Liu et al., 2003; Carvalho et al., 2004).
Krause et al. (1994) isolated a gene encoding the LTP-
like protein from Vigna unguiculata root, AKCS9, which
was expressed in all tissues tested except nodules. In re-
cent studies, no LTP transcripts were found in nodules of
P. vulgaris or in nodules of V. unguiculata (Verdoy et al.,
2004). Another LTP-like protein MtN5 was reported to
be one of the early markers expressed before infection
during root nodule development of M. trunctula (Gamas
et al., 1996; El Yahyaoui et al., 2004). Compared with
the LTPs from non-leguminous plants, AsE246 and
AsIB259 show very low similarities to AKCS9 and
MtN5 (Fig. 4C). AsE246 and AsIB259 should be the first
nodule-specific or enhanced examples of LTP genes that
are induced during the late stages of interaction between
leguminous plants and rhizobia.

LTPs have been shown to be involved in plant biotic
and abiotic stresses (Garcia-Olmedo et al., 1995) and trans-
fer of lipids from one membrane to another in vitro
(Kader, 1996). They were found to be secreted and located
in the cell wall and could exert different functions such
as furnishing cutin monomers to the cuticle (Sterk et al.,
1991; Thoma et al., 1993), involving the permeabilization
of membranes during the antifungal response (Cammue
et al., 1995; Kader, 1996), and binding to specific mem-
brane lipoproteins or to elicitin membrane receptor sites
(Blein et al., 2002). Some members of the LTP family are
known food allergens or have a relationship to asthma
(Sanchez-Monge et al., 1992; Pastorello et al., 2001).
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Why are so many antimicrobe-like proteins such as
CCPs including AsA244, AsA257, AsC2411, AsD2410,
AsD255, AsF259, AsG2411, AsIC258, AsIIA255, and
AsIIC2512, defensin-like protein AsG257 and LTP-like
proteins AsE246, AsIB259, involved in root nodules?
Apparently, the encoded proteins are needed in high quan-
tities because they are expressed abundantly in nodules.
Their different expression patterns suggest that they are
differentially regulated. During the early steps of nodule
formation, typical defence responses such as the produc-
tion of phytoalexins and pathogenesis-related proteins are
suppressed in the plant (Mithofer, 2002; Mitra and Long,
2004). Graham et al. (2004) suggested that the CCP genes
could be induced as a secondary defence to avoid oppor-
tunistic infections by other soil micro-organisms and pro-
tect the nodule from pathogenic organisms during nodule
formation when typical defence responses are shut down.
Their extreme sequence variations could target specific
pathogens without harming beneficial rhizobia while pro-
viding broad-spectrum antimicrobial activity. However,
the plant defensins are generally basic proteins (Thomma
et al., 2002) whereas eight of the 11 CCPs are acid to
neutral. De Samblanx et al. (1997) revealed that the
activity of Rs-AFP2 against filamentous fungi could be
increased by the substitution of two neutral residues by
arginines, and the replacement of a basic lysine residue by
a neutral glutamine residue decreased its antifungal activ-
ity. It has been demonstrated that there might be no
correlation between the three-dimensional structure of
plant defensins and their action mechanisms that could be
related to surface distribution of amino acid residues
(Almeida et al., 2002; Melo et al., 2002). Considering
that the peptides have been shown to bear signalling
activity in plants (Lindsey et al., 2002), some of the
antimicrobe-like polypeptides may not be acting as anti-
microbial factors but as signals to mediate nodule form-
ation and development. In fact, Maldonado et al. (2002)
have identified a putative LTP protein that could advance
long distance signalling by interacting with a lipid-derived
molecule in Arabidopsis. The sequence similarity between
the nodulation-related proteins and the proteins associated
with plant defence supports the theory of a common ori-
gin of plant defence and symbiotic responses. Originally,
these proteins might function as the common signalling
components involved in plants’ perception of soil micro-
organisms and then could functionally differentiate whether
to ‘accept’ or ‘refuse’ reaction during the involvement.
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