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The roots of most higher plants form arbuscular mycorrhiza, an
ancient, phosphate-acquiring symbiosis with fungi, whereas only
four related plant orders are able to engage in the evolutionary
younger nitrogen-fixing root-nodule symbiosis with bacteria1.
Plant symbioses with bacteria and fungi require a set of common

signal transduction components that redirect root cell develop-
ment2,3. Here we present two highly homologous genes from
Lotus japonicus, CASTOR and POLLUX, that are indispensable
for microbial admission into plant cells and act upstream of
intracellular calcium spiking4, one of the earliest plant responses
to symbiotic stimulation. Surprisingly, both twin proteins are
localized in the plastids of root cells, indicating a previously
unrecognized role of this ancient endosymbiont in controlling
intracellular symbioses that evolved more recently.

Upon recognition of a bacterial symbiotic signalling molecule,
the ‘Nod factor’, root hairs of legumimous plants reprogramme
their development5,6. Tip growth is redirected to form a curl that
entraps a bacterial microcolony to initiate the formation of the
infection thread. These events are preceded by the rapid formation
of transient subcellular gradients of proton, potassium, chloride and
calcium ions, followed after about 10 min by oscillations in intra-
cellular calcium concentration, the ‘calcium spiking’ response7. We
used Lotus japonicus mutants to identify the molecular players of
this electrochemical prelude to symbiosis. Mutants affected in the
CASTOR or POLLUX genes exhibit very similar phenotypes; they do
not form root nodules or arbuscular mycorrhizal symbiosis. Root
hairs treated with Mesorhizobium loti or Nod factor show branching
and tip swelling (Fig. 1a–f, and data not shown), but infection
threads are never formed. Similarly, in the arbuscular mycorrhizal
symbiosis, fungal entry into root epidermal cells is not supported,
and infection attempts are aborted8–11. Root hairs of all tested
castor12 and pollux mutants lacked the Nod-factor-induced calcium
spiking that is typically seen with wild-type (Fig. 1g). However, root-
hair branching was observed in these non-spiking mutants (Fig. 1e, f)
and so some of the earliest plant responses to Nod factors can be
genetically uncoupled. These results demonstrate that CASTOR and
POLLUX act very early in a signal transduction chain leading from the
perception of Nod factor to the activation of calcium spiking. They
are also required for the execution of the appropriate morphological
response of the root hair, because only branching and deformation,
but not curling or infection thread formation, were observed.

The CASTOR and POLLUX genes were isolated through positional
cloning and by their strong sequence similarity. Using the extensive
collection of microsatellite (simple sequence repeat (SSR)) markers
available for L. japonicus13, the CASTOR and POLLUX genes were
positioned close to the bottom ends of chromosomes 1 and 6,
respectively. Analysis of the sequence obtained in the context of the
genome project14 revealed very limited local similarity between the
CASTOR and POLLUX genomic regions. Only CASTOR and POL-
LUX themselves were conserved, suggesting that the two genes are
the product of a limited duplication event (Supplementary Fig. 1).

Five castor alleles were independently mapped to the south end of
chromosome 1, close to SSR marker TM0105 (ref. 14). Starting with
this marker, a bacterial artificial chromosome (BAC)15/transform-
ation-competent artificial chromosome (TAC)14 contig (Sup-
plementary Fig. 1b) was constructed that extended into the
telomeric region, as indicated by multiple copies of subtelomeric
repeat LjTR4 (M.H., unpublished data) towards the southern
extremity (Supplementary Fig. 1b). Genetic mapping was affected
by an inversion 145 kilobases (kb) long between the parental lines
B-129 and MG-20 (ref. 16) with no recombination events observed
on inspection of 1,833 individuals of five different F2 populations
(Supplementary Fig. 1a), delimiting the CASTOR locus to a region
of about 240 kb. Polymerase chain reaction (PCR) marker TB2R
could not be amplified from individuals homozygous for the castor-
8 or castor-9 alleles. PCR and Southern blot analysis (Fig. 2a)
indicated that both alleles have large deletions of more than 20 kb
encompassing the CASTOR gene, and subsequent sequence analysis
revealed that marker TB2R is located in a CASTOR intron (Sup-
plementary Fig. 1d).

Sequencing of genomic DNA identified non-silent mutations
within the CASTOR gene in 15 additional mutants, thus providing a
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proof of gene identification (Supplementary Table1). Four inde-
pendent mutations (castor-8 to castor-11), which arose during tissue
culture and are thus attributable to somaclonal variation, were
deletions between 1 base pair and more than 20 kb in size (Sup-
plementary Table 1), and not retrotransposon insertions as
observed in other Lotus somaclonal mutants17. This bias might be
caused by the proximity to the telomere.

The POLLUX gene was found to segregate with SSR marker
TM0885 (Supplementary Fig. 1e). A TAC clone carrying SSR

Figure 2 Southern blot and RT–PCR expression analyses of CASTOR and POLLUX.

a, b, DNA gel blot analysis of CASTOR (CAS) and POLLUX (POL). a, Wild-type (WT; B-129

Gifu) and castor mutant alleles (castor-6, castor-8 and castor-9 ). Two distinct signals,

representing the CAS and POL genes, were detected with a CASTOR probe on DNA of the

wild type or of plants homozygous for point-mutation allele castor-6. The fragment

representing CAS was absent from the DNA of deletion mutants castor-8 and castor-9.

b, Leguminous and non-leguminous plants. G. max, Glycine max; O. sativa, Oryza sativa.

Genomic DNAs were digested with XbaI (a) or BamHI (b). c, CASTOR and POLLUX

expression in various organs of L. japonicus B-129 Gifu. d, e, Induction of CASTOR,

POLLUX and NIN expression from 0 to 48 h after inoculation with M. loti (d) or treatment

with Nod factor (e). Expression strengths are shown relative to uninfected root (c, d) or

non-treated root (e). The error bars indicate standard deviation.

Figure 1 Phenotypes of castor and pollux mutants. a–f, L. japonicus root hair responses

induced by Mesorhizobium loti TONO inoculation or Nod factor (NF) treatment. Root hairs

of wild-type (B-129 Gifu) and castor mutants, inoculated with M. loti TONO (b, e) or

treatment with 100 nM NF (c, f) are shown. a, d, Non-treated control of wild type and

castor-4, respectively. b, Wild-type root hair curling (arrows). e, Root hair swelling

(arrowhead), tip growth (double arrowheads) and branching (small arrow) on a castor-5

mutant inoculated with M. loti. c, f, NF-induced root hair deformation, on wild-type and

castor-4 mutant roots, respectively. Scale bar, 50mm. g, Analysis of calcium spiking in

root hairs. Each trace is from a single root hair using seedlings of the wild type (B-129

Gifu) or of mutants carrying the castor-1 or pollux-1 alleles. Root hairs were injected with

the calcium-sensitive dye Oregon green-dextran and after about 20min NF was added at

10 nM. The graph shows typical traces of the differences in fluorescence intensity between

5-s sequential time points. Similar results were seen with the castor-2, castor-3, castor-4

and pollux-2mutants; the fractions show the number of root hairs inducing calcium spiking

relative to the numbers assayed for each locus, with separate plants for each assay.
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TM0885 was completely sequenced, and a candidate gene with high
homology to CASTOR was identified. Sequencing of nine different
symbiosis-defective mutant alleles confirmed the identification of
the POLLUX gene (Supplementary Table 1).

Full-length complementary DNA (cDNA) sequences corre-
sponding to the CASTOR and POLLUX genes were obtained
through 5

0
and 3

0
rapid amplification of cDNA ends and by

sequencing of cDNA clones. Alignment of the cDNA with the
genomic sequence identified 12 exons for both genes but also the
occurrence of alternative splicing (Supplementary Fig. 1d, f).
Interestingly, the intron between the seventh and eighth exon was
retained in several CASTOR cDNA clones, and the presence of this
non-spliced intron was also confirmed by reverse transcriptase PCR
(RT–PCR) on root and nodule RNA (data not shown). This
alternatively spliced mRNA of unknown function encodes a trun-
cated protein of 569 amino acids.

The POLLUX gene was detected by genomic DNA-blot analysis
using CASTOR as a probe (Fig. 2a). CASTOR–POLLUX homo-
logues exist in one or two copies in other dicotyledonous and
monocotyledonous plants (Fig. 2b). Notably, only a single signal
was detected in Medicago truncatula. This signal probably corre-
sponds to the recently cloned DMI1 gene18, whose product is more
closely related to POLLUX than it is to CASTOR (Fig. 3d).

The expression level of CASTOR and POLLUX mRNA in each

organ and in early stages of symbiosis was examined by quantitative
RT–PCR (Fig. 2c–e). CASTOR was expressed in all organs, with
highest expression in non-infected roots, whereas POLLUX
expression was enhanced in nodules. M. loti inoculation or Nod-
factor treatment slightly repressed the expression of CASTOR and
POLLUX genes during the first 2 days. This was in contrast to the
NIN gene, which is also required for nodulation but whose
expression was strongly upregulated (Fig. 2d, e).

CASTOR and POLLUX encode predicted integral membrane
proteins of 853 and 917 amino acids, respectively, with at least
four transmembrane (TM) regions (Fig. 3a). Overall the two
proteins are very similar to each other with the exception of the
amino-terminal regions, which are more divergent (Fig. 3a). How-
ever, both proteins carry potential chloroplast transit peptides of 69
and 57 amino acids at their N termini (TargetP scores 0.953 and
0.959), respectively. We confirmed this prediction by using fusions
of full-length CASTOR or POLLUX to green fluorescent protein
(GFP). As a positive control, the transit peptide of the Arabidopsis
plastid protein recA19 (At1g79050) was fused with DsRed2 (AtrecA–
DsRed2). When this fusion was transiently expressed in onion
epidermis or pea root cells together with CASTOR–GFP or POL-
LUX–GFP, they localized together, providing strong evidence for the
targeting of CASTOR and POLLUX to plastids (Fig. 4). Given their
high level of sequence similarity and their similar localization it is

  

   
  

   
      

Figure 3 Structure, domains and homologues of CASTOR and POLLUX. a, Protein domains

and local sequence identity between CASTOR and POLLUX. RCK, region with ,35%

similarity to a domain implicated in the regulation of conductance, so far only found in

potassium channels; TM, transmembrane helix; TP, chloroplast transit peptide. The position

and amino-acid changes of non-symbiotic mutations are shown above and below the bars

representing the CASTOR and POLLUX proteins respectively. b, Alignment of the filter and

inner helical region of theMethanobacterium thermoautotrophicumMthK channel (O27564)

with the homologous region of CASTOR, POLLUX and plant homologues. This region of MthK

forms the core of the pore depicted in c. c, X-ray crystal structure of the ion pore region of

the MthK channel, and a model of the homologous region in CASTOR. The filter region is

coloured orange; inner helices are coloured yellow. Residues Gly 61 and Gly 63 in the MthK

structure, and the corresponding Ser and Asn residues in CASTOR, are shown in space-

filling mode to demonstrate the effects of these substitutions on the diameter and

electrostatic properties of the pore. Residues Gly 83 (the gating hinge20) and Ala 88 (the

narrowest point in the MthK intracellular entryway20) in the inner helix are highlighted in

green. d, Phylogenetic tree of CASTOR and POLLUX homologues in angiosperms. The N 0
-

truncated amino-acid sequences of CASTOR, POLLUX and DMI1 (M. truncatula), and the

most similar proteins in A. thaliana (At5g49960) and Oryza sativa (O. sativa_1, deduced

from AK068216, and O. sativa_2, deduced from AK072312) were aligned with the Clustal

W program. Shown is a neighbour-joining tree with 1,000 bootstrap replicates.
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surprising that they cannot functionally replace each other, because
the mutation of either CASTOR or POLLUX causes a symbiosis-
defective phenotype. One possibility is that CASTOR and POLLUX
form heteromeric complexes.

Database searches based on sequence homology did not result in
clear functional predictions for the novel proteins, although similar
hypothetical proteins from rice and Arabidopsis could be detected
(Fig. 3). However, searches based on protein structure using
FUGUE20 resulted in significant structural matches to calcium-
gated potassium channels such as the Methanobacterium thermo-
autotrophicum MthK, for which a crystal structure has been
resolved21 (Fig. 3b, c). Comparison with MthK revealed that the
TM domains flanking the pore are particularly well conserved in the
novel plant proteins (Fig. 3b). However, amino-acid replacements
in the filter region suggest different ion selectivity. Residues 61–63 in
MthK are Gly-Tyr-Gly, a canonical motif in potassium channels,
whereas the corresponding residues in CASTOR and POLLUX are
Ser-Gly-Asn (Fig. 3b). Homology modelling of the filter region of
CASTOR (Fig. 3c) indicates that these differences result in a more
helical backbone, and this would modify both the diameter and
electrostatic properties of the pore (Fig. 3c). Despite these obser-
vations, it is difficult to predict the ion selectivity of the pore formed
by CASTOR and POLLUX. The proteins also carry a region with
homology to the RCK domain, which regulates the conductance of
potassium channels in response to changes in cytoplasmic calcium
concentration22. As with many other ion channels, MthK acts in a
multimeric complex21. Given these similarities, it is possible that
CASTOR and POLLUX also act as multimeric ion channels. The
significance of these homologies is supported by the observed
accumulation of six amino-acid substitutions in the pore and
RCK-like domains that lead to a mutant phenotype (Fig. 3a and
Supplementary Table 1). However, the channel activity and ion
selectivity of CASTOR and POLLUX have still to be confirmed
experimentally.

Our results reveal a new and unexpected aspect of plastid biology.
CASTOR and POLLUX are two closely related members of a novel
class of plastid-localized proteins that are absolutely required for

early signal transduction events leading to endosymbioses. How are
these proteins implicated in a process that starts with the perception
of microbial signals at the plasma membrane and leads to changes in
gene expression in the nucleus, among other responses? The
immediate-early symbiont-stimulated ion fluxes occur across the
plasma membrane7, whereas calcium spiking4 is typically observed
around the nucleus of stimulated root hair cells. Considering their
predicted functions and their mutant phenotypes, it seems that
CASTOR and POLLUX might mediate ion fluxes between plastids
and cytosol that are a prerequisite for calcium spiking. Although in
our experiments, pea plastids seemed to be randomly distributed
within root cells, others have observed plastid accumulation around
the nucleus23, so we cannot exclude the plastid as the source of
calcium in the spiking response. Determining how the different ion
fluxes are orchestrated and how they result in symbiotic changes in
root cells will be a challenging research area. Plastids represent the
endosymbiotic remnant of a free-living cyanobacterial progenitor.
It is fascinating to discover that an ‘ancient’ endosymbiont helps
bacterial and fungal ‘newcomers’ to infect their partner. A

Methods
Plant material
Mutants Ljsym71-1, Ljsym71-2 (ref. 24), N5, N10, Ljsym86-1 (M.K., unpublished data),
Ljsym4-2 (ref. 10), Ljsym22-1, Ljsym23-1, Ljsym23-2 (ref. 9) and lines with the prefix ‘SL’
identified through TILLING25, were isolated from four independent EMS-mutagenesis
experiments of L. japonicus B-129 Gifu. Non-nodulating mutants G00472, G00716,
G00862 (derived from B-129) and M89-27 (from MG-20) were identified from a screen of
plants regenerated from cell cultures of L. japonicus (Y.U., unpublished data). Mutant
Ljsym4-1 was generated by T-DNA transformation of L. japonicus B-129 Gifu, but the gene
was not tagged26.

Root hair deformation assay
Root hair deformation was examined as described previously27. In brief, 3-day-old
seedlings were inoculated with M. loti TONO and grown on a filter paper placed on agar
medium (nitrogen-free; B&D28) for 3 days. For Nod factor application, 2-day-old
seedlings were grown for 1 day on an agar-covered glass slide with the lower edge
immersed in B&D liquid medium, followed by the application of 100 nM Nod factor and
incubation for another 24 h. The roots were stained briefly in 0.001% toluidine blue and
examined under a binocular microscope. Observation was repeated at least three times,
using five to ten seedlings each.

Calcium spiking
Seedlings of L. japonicus were germinated, mounted and microinjected with Oregon
green-dextran dye essentially as described12. Fluorescence was imaged with a Nikon
TE2000U inverted microscope coupled to a Hamamatsu Photonics digital charge-coupled
device camera. The excitation wavelength of 488 nm with an 11-nm bandpass was selected
with an Optoscan Monochromator (Cairn Research, Faversham, Kent, UK) and an
emission filter of 545 ^ 15 nm was used. Images were collected every 5 s with a 200-ms
exposure with the use of MetaFluor software, and derivative traces were generated with
Microsoft Excel. After microinjection, root hairs were left for at least 20 min before the
addition of Nod factor, and only cells showing active cytoplasmic streaming were used for
analysis. Nod factors, isolated from a reverse-phase C18 column, were added directly to the
incubation chamber to give an estimated final concentration of 10 nM (ref. 29).
Representative traces were selected from at least ten independent cells.

Positional cloning
CASTOR was mapped with six independent F2 mapping populations, resulting from
crosses between L. japonicus B-129 Gifu mutants Ljsym71-2, N5, Ljsym4-2 or G00472,
G00716 and MG-20 Miyakojima, and a cross of Ljsym4-2 and L. filicaulis. The sizes of each
F2 population were 1,563 (Ljsym71-2), 190 (N5), 180 (Ljsym4-2 £ MG-20), 40 (G00472),
40 (G00716) and 1,514 (Ljsym4-2 £ L. filicaulis). In total, 3,527 F2 individuals were
analysed with markers flanking CASTOR. POLLUX was mapped with three independent
F2 mapping populations. The sizes of each population of F2 were 531 (Ljsym23-2 £ MG-
20), 292 (Ljsym86-1 £ MG-20) and 409 (Ljsym23-1 £ L. filicaulis).

Southern blot and expression analysis
A 573-base-pair fragment of CASTOR was amplified with the primer 5 0 -TCAAAGAAGGA
TTACGAGGA-3

0
in combination with 5

0
-AATTTTACCACCATAAGATGC-3

0
. Genomic

DNA (10mg) was extracted from leaves and digested with XbaI or BamHI. Probe labelling
and signal detection were performed with AlkPhos Direct (Amersham).

The expression of the CASTOR gene was analysed by quantitative RT–PCR with the
primers polyubiquitin (5 0 -ATGCAGATCTTCGTCAAGACCTTGAC-3 0 /5 0 -ACCTCCCC
TCAGACGAAGGA-3

0
), NIN (ref. 6) (5

0
-TGGATCAGCTAGCATGGAAT-3

0
/5

0
-

TCTGCTTCTGCTGTTGTCAC-3 0 ), CASTOR (5 0 -ATGGTGGCCTTGACATAAG-3 0 /5 0 -
AGTGACGACGTATAACAGCA-3 0 ) and POLLUX (5 0 -AGGTATCCTAGGGAAAAAGC-3 0 /
5

0
-TTACTCTCCTGGTTCTCTTCC-3

0
). Total RNA was extracted with the RNeasy Mini kit

(Qiagen) and treated with DNase I (Takara). Real-time RT–PCR was performed in

Figure 4 Intracellular localization of CASTOR and POLLUX. Confocal laser scanning

micrographs of onion epidermal cells (a, c, e) and pea roots (b, d, f), transiently

expressing AtrecA–DsRed2 (e, f) with CASTOR–GFP (a) and POLLUX–GFP (b) fusions,

respectively. In the merged images (c, d), the colocalized signals of green GFP

fluorescence (a, b) and red DsRed2 fluorescence (e, f) appear yellow. (a, c, e, projection

of six optical sections taken at 5-mm intervals along the z axis; b, d, f, projection of eight

optical sections taken at 4-mm intervals along the z axis). Green fibrillar cells in b, d are

seen owing to their autofluorescence. Scale bars, 50 mm.
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GeneAmp 5700 (Applied Biosystems) with a Quantitect SYBR Green RT–PCR kit (Qiagen).
Expression levels were normalized on the basis of the amount of polyubiquitin transcripts.
All values are means and standard deviations for three triplicates of three biological repeats.

Construction of fluorescence-tagged fusions
cDNA fragments of CASTOR and POLLUX were amplified by PCR with the primers CAS-
F/CAS-R (5 0 -ACGCGTCGACATGTCCTTGGATTCGGAG-3 0 , 5 0 -CATGCCATGGATT
CCTTTTCAGTAATTAC-3

0
) and POL-F/POL-R (5

0
-ACGCGTCGACATGATACCACT

ACCAGTA-3 0 , 5 0 -CATGCCATGGAATCGCCTGAAGCAATCAC-3 0 ), respectively. Each
fragment was digested with SalI and NcoI and ligated into the same restriction sites of
pUC18-CaMV35S-sGFP (S65T)-nos30. For the construction of AtrecA-DsRed2 fusion, a
fragment encoding the transit peptide of AtrecA19 was amplified from Arabidopsis thaliana
genomic DNA with the use of the primers AtrecA-SalI-F/AtrecA-LFH-R (5

0
-ACGCGT

CGACATGGATTCACAGCTAGTC-3 0 , 5 0 -ATCGAATTCAGAACTGATTTTGTG-3 0 ).
DsRed2 fragment was amplified from pDsRed2-1 (Clontech) with the use of DsRed2-
LFH-F/DsRed2-NotI-R (5

0
-CTGAATTCGATCGCGACATGGCCTCCTCCGAGAA-3

0
,

5 0 -ATTTGCGGCCGCCTACAGGAACAGGTGGTG-3 0 ) primers. AtrecA-LFH-R and
DsRed2-LFH-F primers were designed to introduce overlapping nucleotides (underlined)
at the 3

0
and 5

0
ends of the AtrecA and DsRed2 fragments, respectively. Using both

fragments as templates, joint PCR was performed with AtrecA-SalI-F and DsRed2-NotI-R
primers. The resulting fusion fragment was digested with SalI and NotI and cloned into the
same restriction site of pUC18-CaMV35S-sGFP (S65T)-nos vector.

Microprojectile bombardment and confocal laser scanning microscopy
Microprojectile bombardment was performed with a Biolistic PDS-1000/He Particle
Delivery System (Bio-Rad). Epidermis of Allium cepa scaly bulb and roots of Pisum
sativum were bombarded with a rupture-disk pressure of 1,100 p.s.i. (,7.6 MPa) at a
target distance of 6 cm. At 24–40 h after bombardment, they were analysed with a Bio-Rad
Radiance2000 confocal laser scanning microscope. Green fluorescence of GFP and red
fluorescence of DsRed2 were excited at 488 nm with an argon laser and collected
sequentially with a filter set (HQ530/60 and E570LP). Images of both fluorescences were
processed and merged with the Lasersharp2000 program system (Bio-Rad).

Computer analysis
Sequences were analysed by BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and
GENSCAN version 1.0 (http://genes.mit.edu/GENSCAN.html). Clustal W (http://
www.ebi.ac.uk/clustalw/) was used for multiple alignment and evolutionary relationships.
The target peptide and transmembrane regions were predicted by TargetP version 1.01
(http://www.cbs.dtu.dk/services/TargetP/) and TMHMM version 2.0 (http://
www.cbs.dtu.dk/services/TMHMM-2.0/). For domain and structure analyses, both Pfam
(http://www.sanger.ac.uk/Software/Pfam/) and FUGUE v.2.0 (http://www-
cryst.bioc.cam.ac.uk/,fugue/) were applied.
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Proteins often function as components of multi-subunit com-
plexes. Despite its long history as a model organism1, no large-
scale analysis of protein complexes in Escherichia coli has yet
been reported. To this end, we have targeted DNA cassettes into
the E. coli chromosome to create carboxy-terminal, affinity-
tagged alleles of 1,000 open reading frames (,23% of the
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