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Abstract

 

An early nodulin cDNA, 

 

dd23b

 

, was isolated
from white clover root tissue by differential display RT-
PCR. Its full-length sequence of 340 nucleotides encodes a
predicted 72-amino-acid protein of molecular mass 8.3 kDa,
with a polypeptide region containing cysteine pairs spaced
in the manner of a cysteine cluster protein. This feature,
which is shared by some other late and early nodulins from
pea and broad bean, suggests a role in metal ion binding and
membrane transport. Temporal and spatial expression pat-
terns were determined during infection and nodulation by
the homologous microsymbiont. No expression was found
in unchallenged root tissue over a 7-day sampling period.
Expression was first detectable in roots by RT-PCR 6 h
post-inoculation with 

 

Rhizobium

 

 

 

leguminosarum

 

 biovar

 

trifolii

 

, placing 

 

dd23b

 

 among the earliest nodulins to be
detected to date

 

.

 

 In root nodules, expression occurred pri-
marily in the central symbiotic zone, but also in some host
cells within the infection zone. Addition of purified wild-
type chitolipooligosaccharide Nod factor to axenic white
clover roots induced 

 

dd23b

 

 expression, providing further
evidence for the role of this gene in the early plant response
to infection by rhizobia.
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Introduction

 

Plants are in constant proximity to a multitude of diverse
organisms, some of which are beneficial and some others
harmful. They are not passive targets for associating organ-
isms, but actively affect the structure of rhizosphere com-
munities by releasing attractants and repellents from their
roots (Djordjevic and Weinman 1991; Franssen et al. 1992;
Estabrook and Yoder 1998). During the formation of root-
nodule symbioses between nitrogen-fixing rhizobia and
their legume hosts, the early stages of recognition and infec-
tion are critical to the success of the interaction. When
compatible molecular signals are exchanged, such as the
chitolipooligosaccharide Nod factors synthesised by rhizo-
bia in response to flavonoid 

 

nod 

 

gene inducers released
from roots, a complex chain of developmental events is
initiated during which bacteria and host influence one
another in activities such as cell division, gene expression
and metabolic function (Long 1989; Brewin 1991).

At specific sites of rhizobial attachment on the tips of
developing root hairs, changes in cell-wall architecture
result in the formation of a plant-derived infection thread
(IT, Verma and Long 1983; Mateos et al. 2001), which grows
through the accumulation of Golgi-derived vesicles with
plasma membrane components (Verma and Hong 1996).
The progress of the IT to the cortical cells, which by now are
undergoing unscheduled mitosis to form a nodule primor-
dium, is guided by an organized cytoskeletal system. Within
this IT, colonizing rhizobia migrate to primordia cells and
are released, by endocytosis, into individual cells. Cortical
cell divisions are evident within 12 hours following infection
or Nod factor application (Djordjevic and Weinman 1991)
and, in clovers, this results in an indeterminate nodule with
a persistent meristem. When the IT penetrates a target cell,
synthesis of the IT wall stops (Newcomb 1976), leaving the
membrane-enclosed matrix, which continues to develop
into an unwalled droplet, containing rhizobia. The perib-
acteroid membrane (PBM) enclosing this endosymbiont
unit shares features common to both the plasma membrane
and the vacuolar membrane of the host cell, but also con-
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tains nodule-specific proteins, including Nodulin-26 (Verma
and Hong 1996).

Throughout the symbiotic interaction, induced plant
genes known as nodulins drive changes in plant morphology
and assimilation of fixed nitrogen (Hirsch and La Rue
1997). These newly expressed or upregulated genes have
been divided into early and late types, reflecting their
expression profiles during nodule organogenesis and nitro-
gen assimilation. Early nodulins are putatively involved in
primary host infection and nodule organogenesis, whereas
late nodulins are associated with nodule function, including
nitrogenase activity (Nap and Bisseling 1990; Schultze and
Kondorosi 1998). Some early nodulins have been impli-
cated in cell wall and membrane architecture, examples
being 

 

ENOD5

 

 (Scheres et al. 1990a; Crockard et al. 2001),

 

ENOD12

 

 (Scheres et al. 1990b), 

 

dd17

 

 (Crockard et al. 2001)
and a peroxidase, 

 

rip1

 

, from 

 

Medicago truncatula

 

 (Cook et
al. 1995) whose elevated level of expression in roots 3 h
post–inoculation with 

 

Sinorhizobium meliloti

 

 makes it one
of the most rapidly induced nodulins to be detected to
date. The isolation of such post-inoculation, pre-infection
expressed gene transcripts is rare for nodulins and this high-
lights the gaps in knowledge still to be filled in relation to
the plant’s response to rhizobial challenge.

We have previously reported the power of differential
display (DDRT-PCR) for identifying cDNA fragments dif-
ferentially expressed in clover roots during symbiotic devel-
opment (Crockard et al. 2001) and pathogenesis (Crockard
et al. 1999). In white clover, among the identifiable cDNA
fragments expressed exclusively following challenge with
the homologous wild-type microsymbiont, 

 

Rhizobium legu-
minosarum

 

 biovar 

 

trifolii

 

 ANU843 (ANU843), the first

 

ENOD8

 

, 

 

ENOD17

 

, 

 

ENOD40

 

 and 

 

Nodulin-22

 

 homologues
were isolated. The real benefit of this method, however,
is its capacity for yielding differentially expressed cDNA
fragments of hitherto undiscovered genes. The full length
cDNA of one such fragment, 

 

dd23b

 

, which encodes a small
polypeptide with the structural features of a cysteine cluster
protein (CCP), but displays no overall homology to known
genes in the EMBL and SWISSPROT databases, is the sub-
ject of this study in which we provide evidence for its role in
the very early phase of the plant response to challenge and
infection by rhizobia.

 

Materials and methods

 

Bacterial strain, plant culture and seedling inoculation

 

Rhizobium leguminosarum

 

 biovar 

 

trifolii

 

 ANU843 (homol-
ogous wild type) was the microsymbiont used in this study
and sterile Fahraeus medium (Fahraeus 1957) was used as a
mock inoculation. Cultures were grown in YEM broth
(Vincent 1970) in a rotary shaker at 22

 

°

 

C and subcultured
daily. 

 

Trifolium repens

 

 var. Dutch White seeds were surface-
sterilized in 0.2% mercuric chloride, followed by several
washes in sterile water, before being spread onto water agar
plates, inverted and allowed to germinate overnight in the

dark at room temperature. Healthy seedlings were trans-
ferred to Fahraeus agar plates (Fahraeus 1957), 10 per plate
and incubated vertically in 0.2-

 

µ

 

m-filtered sun bags (Sigma,
Poole, UK) within open-topped black trays in a growth cab-
inet at 22

 

°

 

C, with a 16-h light period and 8 h of darkness.
Prior to inoculation, 1.5 ml of the bacterial culture were cen-
trifuged and the pellet of cells washed twice in 1 ml of Fahr-
aeus medium before re-suspension in 10 ml of the same
medium. Each plate of ten, 3-day-old seedlings received
1 ml of inoculum (10

 

7

 

–10

 

8

 

cfu/ml), washed over the roots for
1 min, then drained off. Mock-inoculated plants received
the same volume of sterile Fahraeus medium. Subsequent
plant growth and harvesting procedures were as previously
described by Crockard et al. (2001).

mRNA extraction and cDNA synthesis

Messenger RNA, to be employed in DDRT-PCR, was cap-
tured from ANU843-inoculated and mock-inoculated root
tissue 5 days post-inoculation (dpi). Messenger RNA for
use in RT-PCR expression assays was extracted from roots
at the following times after inoculation: 1 h, 2 h, 3 h, 6 h,
12 h, 1 day, 3 days, 7 days and 14 days (nodule tissue only).
Each treatment was represented by 40 plants at each sam-
pling time. Messenger RNA was extracted from powdered,
frozen tissue using dT

 

18

 

-labelled magnetic beads (Dynal,
Wirral, UK), as described in the manufacturer’s instruc-
tions, followed by DNase I treatment (Gibco-BRL, Paisley,
UK). First strand cDNA synthesis was carried out using the
First Strand cDNA Synthesis Kit (Amersham Pharmacia
Biotech, Little Chalfont, UK), following the manufacturer’s
instructions. All cDNA treatments were equalized using

 

β

 

-actin primed RT-PCR. To ensure genomic DNA-free
preparations, 

 

β

 

-actin primed RT-minus PCR was used as a
negative control for each mRNA sample, following DNase I
treatment, prior to first-strand cDNA synthesis.

Differential display RT-PCR

Immediately following mRNA capture, first strand cDNA
synthesis was performed as described above, with modi-
fications. mRNA samples from inoculated and mock-
inoculated treatments were increased in volume from 49

 

µ

 

l
(after DNase I treatment) to 100

 

µ

 

l with water. Twelve ali-
quots of 8

 

µ

 

l from each inoculation treatment were placed
into RNase-free 0.5 ml tubes and to each tube was added
5

 

µ

 

l of reaction mix, 1

 

µ

 

l of DTT and 1

 

µ

 

l (25

 

µ

 

M) of the
appropriate dT11-VN anchor primer. The reactions were
incubated at 37

 

°

 

C for 1 h, before dilution to 45

 

µ

 

l with water
and storage at –20

 

°

 

C. This divided the cDNA into 12 sub-
populations per treatment prior to second strand synthesis.
An aliquot of 4

 

µ

 

l of anchored first strand cDNA from each
subpopulation was added to a 0.5-ml tube containing the
corresponding anchor primer (2.5

 

µ

 

M), dNTP’s (2

 

µ

 

M),
2

 

µ

 

Ci 

 

α

 

33

 

P dATP (60 nM), 10

 

×

 

 

 

Taq

 

 buffer (Tris–HCl,
10 mM; KCl, 50 mM; MgCl

 

2

 

, 1.2 mM), 1 unit 

 

Taq

 

 poly-
merase and one of 20 possible random 10-mers (0.5

 

µ

 

M). A
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selection of these reactions was PCR amplified using 40
cycles of 94

 

°

 

C for 30 s, 40

 

°

 

C for 60 s and 72

 

°

 

C for 30 s. The
20-

 

µ

 

l PCR products were dried down and re-suspended in
5

 

µ

 

l of formamide/dye, heated for 2 min at 80

 

°

 

C and placed
on ice. A 2-

 

µ

 

l sample was loaded onto a 6% polyacrylamide
sequencing gel and run at 60 V for 4–5 h. The gel was fixed
(10% methanol, 10% glacial acetic acid) for 2

 

×

 

 10 min and
then rinsed in water for 5 min before drying at 60

 

°

 

C. The dry
gel was overlaid with X-ray film (Hyperfilm, Amersham)
and the positions marked. Overnight exposure at room
temperature and development of the film was followed
by re-alignment of the gel and film, gel uppermost, to allow
band excision. Bands representing differentially expressed
cDNAs were excised from the gel and re-amplified using the
corresponding anchor and 10-mer primers, as in second
strand synthesis, then cloned and sequenced. cDNA frag-
ments were blunt-end ligated into pUC18 using the
Sureclone Ligation Kit (Amersham Pharmacia Biotech)
and transformed into XL-2 Blue Ultracompetent cells
(Stratagene, La Jolla, CA), prior to identification using
an ABI373 automated sequencer (Applied Biosystems,
Warrington, UK) and sequence interrogation using
BLASTN and SWISSPROT databases.

Generation of full-length 

 

dd23b 

 

cDNA by 5

 

′

 

 and 3

 

′

 

 RACE

Full-length cDNA was eluted using the Smart RACE (rapid
amplification of cDNA ends) kit (Clontech, Basingstoke,
UK), according to manufacturer’s guidelines. Primers for

 

dd23b

 

 were designed from its differential display fragment
sequence and used in conjunction with a RACE adaptor
primer, with a priming site at the ends of adaptor-ligated
fragments from a partial cDNA library. Forward and
reverse primers allowed the extension of the 3

 

′

 

 and 5

 

′

 

 ends,
respectively. RACE products were confirmed to be the
target gene by cloning and sequencing.

RT-PCR expression analysis

From the full-length cDNA sequence highly specific for-
ward and reverse expression primers were designed for

 

dd23b

 

 and also for 

 

β

 

-actin. Sequence analysis of PCR prod-
ucts from these primers confirmed that only the intended
target gene was being amplified. Primer pairs had optimum
annealing temperatures of 55

 

°

 

C and amplification products
were of a similar size to the 

 

β

 

-actin product. First strand
cDNA was amplified on a Perkin Elmer 2,400 series thermal
cycler. A pre-soak of 2 min at 94

 

°

 

C was followed by 18
cycles of 94

 

°

 

C for 30 s, 55

 

°

 

C for 30 s, 72

 

°

 

C for 30 s and a final
soak of 72

 

°

 

C for 7 min. Each RT-PCR contained primers for

 

β

 

-actin amplification as well as 

 

dd23b

 

 primers. The use of 

 

β

 

-
actin as an internal control allowed for direct comparison
between treatments, once the 

 

β

 

-actin:target cDNA ratio
was calculated for each RT-PCR. Each reaction volume
contained, in addition to the appropriate primers (1

 

µ

 

M),
dNTP’s (2

 

µ

 

M), Tris–HCl (10 mM), KCl (50 mM), MgCl

 

2

 

(1.2 mM) and 1 unit of 

 

Taq

 

 polymerase. An aliquot of 15

 

µ

 

l
of the 20-

 

µ

 

l reaction volume was analysed by electrophore-

sis and blotted onto Hybond N

 

+

 

 nylon membrane (Amer-
sham Pharmacia Biotech). PCR-amplified probes were
fluorescence-labelled, hybridized and visualized on mem-
branes using the ECL labelling and detection protocol, as
per manufacturer’s instructions (ECL Labelling and Detec-
tion Kit, Amersham Pharmacia Biotech).

Inoculation of clover roots with chitolipooligosaccharide 
Nod factor

To determine if the physical presence of the bacterial
microsymbiont was necessary for 

 

dd23b

 

 induction, chitoli-
pooligosaccharide Nod factor isolated from 

 

R.

 

 

 

leguminosa-
rum

 

 biovar 

 

trifolii

 

 ANU843 (Orgambide et al. 1995) was
added at a final concentration of 10

 

–8

 

M to 2-day-old axenic
clover roots. At 4 days post-treatment, root tissues were
harvested and either observed microscopically or used for
mRNA extraction and RT-PCR expression analyses.

In-situ hybridization analyses

The protocol for preparation of plant material was modified
from that of De Block and Debrouwer (1993), with ele-
ments taken from Leitch et al. (1994). The manufacturer’s
instructions for the RNA Colour Kit (Amersham Pharma-
cia Biotech) were used for probe preparation and detection.
Dutch White clover root nodules were fixed in 4% (w/v)
paraformaldehyde in 1

 

×

 

 PBS, pH 7.2, dehydrated through
an alcohol series and embedded in paraffin wax, followed by
sectioning to 10-

 

µ

 

m thickness and fixing onto poly-

 

L

 

-lysine
coated slides (Sigma), at two to three sections per slide. The

 

dd23b-specific PCR primers used for RT-PCR expression
assays were tagged with a bacteriophage T7 or SP6 pro-
moter initiation site at their 5′ ends. PCR amplification of
nodule cDNA template with these primers resulted in sense
strands having the T7 promoter sites attached while the
antisense strands had the SP6 promoter attached. This facil-
itated T7 and SP6-polymerase mediated transcription of
sense and antisense RNA probes respectively, using the
RNA Colour Kit. Sections were pre-treated by passing
through Histoclear (National Diagnostics, Hull, UK) and
rehydrated through an alcohol series prior to proteinase-K
treatment and acetylation, followed by overnight hybridiza-
tion at 55°C. Washing, blocking and detection followed the
manufacturer’s instructions (RNA Colour Kit). The in-situ
expression of target RNA was then observed and photo-
graphed using a compound binocular microscope (Jenamed
Variant with mf-AKS automatic photomicrographic attach-
ments, VEB Carl Zeiss Jena, GDR).

Results

Differential display RT-PCR products

In addition to the identifiable DDRT-PCR cDNA frag-
ments expressed exclusively following ANU843 challenge,
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including the first white clover ENOD8 and ENOD40
homologues (Crockard et al. 2001), a number of other
symbiosis-specific fragments were eluted with no overall
sequence similarity to known genes in either the EMBL or
SWISSPROT databases. Of these putative early nodulins, a
cDNA fragment of 334 nucleotides, designated dd23b, was
re-amplified from the polyacrylamide gel slice and investi-
gated further.

Full length cDNA generation and characterization of dd23b

The full-length cDNA of this nodulin comprising 340 nucle-
otides (Fig. 1a) was synthesized by RACE as described

above, confirmed by sequencing and further checked
against the EMBL and SWISSPROT databases. This cDNA
(EMBL accession no. AJ440938) encodes a predicted 72-
amino-acid protein of 8.3 kDa, based on the putative initi-
ation codon conforming to the plant initiation codon
consensus sequence NNANNAUGGCU (Heidecker and
Messing 1986). The predicted open reading frame (Fig. 1b)
contains a polypeptide region with cysteine pairs spaced in
the manner of a CCP: Cys–X5–Cys and Cys–X4–Cys. Such
structures have previously been reported for the pea early
nodulins PsENOD3 and PsENOD14 (Scheres et al. 1990a),
the pea late nodulin PsNod6 (Kardailsky et al. 1993), a fam-
ily of five Vicia faba late nodulins (Frühling et al. 2000) and

1A,B

Fig. 1. a Full-length cDNA 
sequence of dd23b with 
underlined regions of sequence 
indicating the priming sites used 
for both RT-PCR and in situ 
expression analyses. b Alignment 
of the deduced amino acid 
sequence of dd23b, the pea early 
nodulins PsENOD3 (P25225) 
and PsENOD14 (P26415), the 
pea late nodulins PsNOD6 
(S43336), PsNI (AB059549), 
PsN6 (AB059550), PsN314 
(AB059551), PsN335 
(AB059553), PsN466 
(AB059553) and the broad bean 
late nodulins VfNOD-CCP1 
(AJ243462), VfNOD-CCP2 
(AJ243463), VfNOD-CCP3 
(AJ243464), VfNOD-CCP4 
(AJ243465) and VfNOD-CCP5 
(AJ243466). Multiple sequence 
alignment was performed with 
the Vector NTI AlignX program. 
Cleavage sites for the putative 
signal peptides were predicted 
using the SignalP program and 
are marked by vertical arrows. 
Cysteine residues conserved 
across the whole group of 
nodulins are marked by asterisks
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five other late nodulins from Pisum sativum (Kato et al.
2002). The relationship of dd23b to the above mentioned
nodulins is shown in the deduced amino acid sequence
alignments in Fig. 1b. No significant overall sequence
homology is shared by dd23b with any of these nodulins, the
highest identity being 33.3% with VfNOD-CCP5. All six
cysteine residues are also conserved in dd23b and VfNOD-
CCP5. Slightly greater identities were found in the putative
signal protein region, principally with PsENOD14 (53%),
VfNOD-CCP5 and PsENOD3 (both 50%). Small regions
of homology were also recognized between dd23b and
phospholipase A2 proteins from various sources.

Quantitative RT-PCR expression analyses

mRNA populations from both mock-inoculated and
ANU843-inoculated white clover root tissue were used to
determine the temporal expression profile of dd23b over an
extended time period (Fig. 2). Constitutive β-actin tran-
script expression was evident in all samples and was used to
calibrate each cDNA population, allowing direct compari-
son between treatments. Using the same membrane-bound
products, no dd23b transcript was detected in root tissue
from any of the mock-inoculated samples over the study
period. In contrast, a bi-phasic pattern of dd23b expression
was observed in clover roots treated with the microsym-
biont, ANU843. At 6 h post-inoculation, a high level of
hybridization was evident using the dd23b-specific probe.
By 12 h post-inoculation, the levels had decreased sub-
stantially and were not detectable at 1 day post-inoculation
(dpi). Weak expression was observed at 3 dpi, increasing
significantly between then and 7 dpi in whole root tissue
samples. In nodule tissue, the transcript levels at 14 dpi of
this early nodulin had increased further in relation to the β-
actin levels, suggesting that expression of this gene persists
throughout indeterminate nodule organogenesis.

Root hair deformations and induction of dd23b by Nod 
factor

Root hairs grown under controlled conditions developed
normally (Fig. 3a). Addition of purified ANU843 chitoli-
pooligosaccharide Nod factors to clover roots at a final
concentration of 10–8 M induced root hair deformations,
in agreement with the findings previously described by
Orgambide et al. (1995). Deformations of the root hairs
included branching, curling and tip swelling (Fig. 3b). Fur-
ther, these effects were only visible on those root hairs that
were developing at the time of Nod factor application, with
subsequent root hairs not significantly affected, consistent
with previous time-lapse microscopy studies of the dynam-
ics of chitolipooligosaccharide action on root-hair develop-
ment (Dazzo et al. 1996). RT-PCR expression analyses of
chitolipooligosaccharide-treated root tissue at 4 dpi (using
the same dd23b-specific primers as in the temporal RT-PCR
assays) clearly demonstrated that the purified wild-type
Nod factors do induce expression of this early nodulin as
effectively as rhizobial inoculation over the same time
period (Fig. 4).

In situ localization of dd23b transcripts

To evaluate the spatial expression pattern of dd23b in clover
root nodules, gene-specific sense and antisense riboprobes
were generated and hybridized to longitudinal serial sec-

2

Fig. 2. Temporal RT-PCR expression analyses of dd23b, using β-actin
product as an internal control in all PCR reactions. Abbreviations for
time points in expression analyses are 1h 1 hour, 1d 1 day and 14 N
14-day-old nodule tissue. Mock-inoculated plants were treated with
sterile Fahraeus medium, whereas symbiotic plants were inoculated
with wild-type Rhizobium leguminosarum biovar trifolii ANU843, the
normal microsymbiont of white clover

3A,B

Fig. 3a, b. Effect of chitolipooligosaccharide Nod factor on white clo-
ver root hairs. Photomicrographs were taken 4 days post-application.
a Untreated roots grown under axenic conditions show normal
(undeformed) root hair development, whereas b treatment with Nod
factor (10–8 M) results in root hair deformations, including curling,
branching and tip swelling
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tions of mature nodules (Fig. 5). The sense riboprobe was
used as a negative control to confirm the specificity of the
in-situ hybridization protocol and it fulfilled this function by
failing to generate a hybridization signal in any region of
the nodule or surrounding tissue (Fig. 5a). When the corre-
sponding antisense riboprobe was hybridized to clover
nodule sections, high transcript levels were observed,
specifically in infected cells of the symbiotic zone (Fig. 5b–
e). This early nodulin clearly defines the interface between
the early and late symbiotic zones within the clover host
nodule. In addition, some sections revealed high transcript
expression in specific cells of the infection zone, possibly
indicating the track of an IT (Fig. 5e). No expression of
dd23b was detectable outside the central nodule tissue,
supporting the conclusion that this is a true early nodulin.

Discussion

Using DDRT-PCR to compare the expression profiles of
mRNA extracted from mock-inoculated or ANU843-
inoculated clover root tissue, an early nodulin, designated
dd23b, was isolated. Extension by RACE produced a full-
length cDNA of 340 nucleotides, encoding a putative open
reading frame of 72 amino acids. Although the predicted
polypeptide displayed no significant identity over its entire
length with any published sequences it did share certain
structural features and a degree of signal peptide sequence
identity with some previously reported nodulins. The main
features shared by dd23b and these nodulins are two cys-

teine pairs conserved across the whole group and separated
by five and four amino acids respectively. Proteins contain-
ing such structures have been termed cysteine cluster pro-
teins (CCPs) by Frühling et al. (1997, 2000) following the
isolation from Vicia faba of a leghaemoglobin gene and a
family of five late nodulins encoding Cys–X5–Cys and Cys–
X4–Cys arrangements. Another five late nodulins from
Pisum sativum have also been classified as CCPs (Kato et al.
2002). Other pea nodulins belonging to the same category
are PsNOD6, PsENOD3 and PsENOD14. Metal binding
and membrane transport functions have been ascribed to
the conserved cysteine residues by Scheres et al. (1990a) on
the assumption that molybdenum and iron must be passed
across the PBM to the bacteroids for the purpose of nitro-
genase synthesis. Additionally, Kato et al. (2002) pointed to
the large iron requirement of leghaemoglobin and proposed
that late nodulins of the CCP type could be involved in
transport of iron for the haeme of this compound. In the
case of early CCP nodulins, the same authors suggested that
they may be associated with rhizobial infection of nodule
cells and that the cysteine residues could act to form disul-
phide bridges. The early expression of dd23b, together with
the length of the ORF and the presence of CCP structures,
suggest a functional similarity to ENOD3 and ENOD14
from pea (Scheres et al. 1990a) and Nodulin-23 from soy-
bean, which is located in the PBM (Jacobs et al. 1987). The
kinetics of expression of dd23b are, however, rather differ-
ent from those of the pea early nodulins. Both PsENOD3
and PsENOD14 were first detected 10 days after inocula-
tion with pea rhizobia (Scheres et al. 1990a), whereas
dd23b, detectable within 6 h of inoculation with clover
rhizobia, represents one of the earliest nodulins isolated to
date. Although the RT-PCR data in Fig. 2 clearly show that
dd23b is induced in the presence of rhizobia and expressed
during the primary root infection phase, it is difficult to
interpret the temporary absence of transcript between the
12-h and 3-day sampling periods. Nevertheless this is
unlikely to be an artefact because we have recorded an
identical expression pattern for another white clover nodu-
lin, dd11, in separate RT-PCR assays conducted on different
plant tissue samples (A.J. Bjourson, J.E. Cooper, unpub-
lished data) and bi-phasic expression has also been reported
for ENOD12 (Scheres et al. 1990b).

The speed of induction of dd23b is matched only by rip1
(Cook et al. 1995), ENOD12 (Scheres et al. 1990b; Pichon et
al. 1992) and ENOD40 (Kouchi and Hata 1993; Yang et al.
1993; Crockard et al. 2001). For comparison, rip1 expression
is increased from low basal levels (as opposed to the com-
plete absence of expression of dd23b in non-challenged
roots) within 3 h of inoculation, reaching maximal levels
between 6–24 h post-inoculation, followed by a gradual
decline coincident with the onset of infection. This peroxi-
dase is also inducible by Nod factor. Consistent with a
role in primary host infection, high resolution enzyme
cytochemistry revealed elevated peroxidase activity pre-
dominantly at the site of incipient penetration of deformed
root hair walls by homologous rhizobia (Salzwedel and
Dazzo 1993). ENOD12 transcript expression is also evident
prior to infection and is also inducible by Nod factor,

4

Fig. 4. RT-PCR of white clover root tissue cDNA populations using
primers specific to dd23b. Tissue was harvested 4 days after inoculation
with sterile Fahraeus medium (lane 1), Rhizobium leguminosarum
biovar trifolii ANU843 (lane 2) or its chitolipooligosaccharide Nod
factor (10–8 M, lane 3). Lane 4 is a molecular ladder. Note that both
Nod factor and ANU843 have induced this early nodulin
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5A–EFig. 5a–e. In situ hybridization analyses of dd23b in nodules from
mature white clover roots sectioned to 10 µm thickness. a No hybrid-
ization signal was detected in the nodule sections probed with the
dd23b sense control riboprobe. b A serial section of the same nodule,
hybridized with the dd23b antisense riboprobe (and magnified in d),
clearly shows the strong expression of transcript in the symbiotic zone

of the root nodule. c Similar transcript accumulation is shown. e
Expression of dd23b is also evident in the infection zone of some sec-
tions, possibly defining the track of an infection thread. nm Nodule
meristem; iz infection zone; esz early symbiotic zone; sz symbiotic
zone; inc inner nodule cortex; onc outer nodule cortex; ic infected cells;
uc uninfected cells
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although its maximal transcription occurs post-infection,
localized to cells around the advancing IT and the infection
zone of the nodule (Scheres et al. 1990a,b; Pichon et al.
1992). Interestingly, we have been unable to detect
ENOD12 in white clover, using methodologies that have
proved successful in our laboratory for the isolation of other
early nodulins (Crockard et al. 2001) and defence-related
genes (Crockard et al. 1999). This suggests that white clover,
like alfalfa (Csanádi et al. 1994), does not require ENOD12
for efficient nodulation and nitrogen fixation. ENOD40 has
been shown to have a complex pattern of expression in
legumes and is induced at the onset of nodule morphogen-
esis prior to the first observable cell division events (Kouchi
and Hata 1993; Yang et al. 1993). Using more sensitive
molecular techniques, constitutive expression of ENOD40
has also been found in legumes such as pea (Matvienko et
al. 1994), alfalfa (Fang and Hirsch 1998) and white clover
(Crockard et al. 2001). The timing of initial induction of
dd23b, at around 6 h post-inoculation, therefore, is similar
to that of ENOD12 and ENOD40. In addition, all three of
these early nodulins are inducible by Nod factors, indicating
an early function in the plant response to homologous
rhizobia.

To determine if the spatial expression profile of dd23b
was similar to any other known early nodulin, in-situ
hybridization analyses were performed on white clover root
nodules. The most prominent transcript expression was in
the symbiotic zone, with a clearly defined initiation point,
thus the spatial pattern of expression differs from that of
rip1, ENOD12 and ENOD40. It also differs from ENOD3
and ENOD14 in pea, in that their expression declines in
older infected cells expressing leghaemoglobin (Scheres et
al. 1990a). Expression of other CCPs from broad bean
(Frühling et al. 2000) and pea (Kato et al. 2002) showed a
similar pattern to that of dd23b in the nitrogen-fixing zone
of effective nodules, but the confinement of their transcripts
to this zone alone was consistent with their classification as
late nodulins and the pea CCPs resembled leghaemoglobin
genes with regard to transcript distribution. For dd23b, tran-
scripts in cells surrounding the IT were also found in some
nodule sections, but not in any other regions outside the
symbiotic zone or in uninfected root tissue, implying speci-
ficity to infected cells. As Nod factor alone was sufficient to
induce the expression of this gene, the physical presence of
bacteria is not essential under these experimental condi-
tions. Verma and Hong (1996) noted that the induction of
some PBM-specific nodulins is not dependent on the phys-
ical presence of rhizobia.

In mature nodules, the PBM represents a novel mem-
brane with properties resembling a mixture of the plasma
membrane and the tonoplast (Udvardi and Day 1997). This
membrane prevents physical contact between the host
cytosol and the colonizing bacteria while facilitating
the exchange of substrates and signal molecules between
the two symbionts (Verma and Hong 1996). Because of the
aforementioned high demand for molybdenum and iron by
the internalized bacteroids, any genes involved in transport
of these metals across the PBM could be expected to be
highly expressed in infected cells over the entire nitrogen-

fixing region of a nodule. In-situ assays showed this to be the
case for dd23b.

The very early expression of dd23b and the localization
of its transcripts in some cells of the nodule infection zone
indicate that this gene plays an additional role(s) in symbi-
otic development. Considered collectively, our findings
strongly suggest that not only does dd23b have an involve-
ment with metal ion transport in the PBM, but that it also
participates in plant-cell infection, possibly via transport
across the IT membrane or, as suggested by Kato et al.
(2002) for other early nodulin CCPs, through the formation
of disulphide bridges during nodule cell infection or sym-
biosome proliferation.
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