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The Pisum sativumm SYMS gene plays an essential part in
both rhizobial and mycorrhizal symbioses. Mutation of
sym8 in the original type line R25 blocks nodulation, my-
corrhization, and Nod-factor-induced calcium spiking, an
early component of the nodulation signaling pathway. We
describe four new sym$8 alleles of pea, which fall into the
same complementation group as R25. The sym8 mutants
are phenotypically similar to Medicago truncatula dmil
mutants and map to a syntenic location. We used sequence
homology to isolate the pea ortholog of M. truncatula DMI1
and have shown that the cloned pea ortholog can comple-
ment a M. truncatula dmil mutant for nodulation. Each of
the five pea sym8 mutants carries a mutation in the DMI1
ortholog, confirming that the pea SYMS8 is the DMII
ortholog. Based on predicted structural similarities with an
archaebacterial ion channel, we propose that SYMS forms
a tetrameric calcium-gated channel of a predicted struc-
ture similar to the archaebacterial potassium channel but
containing a filter region that is different. The predicted
structure identifies four aspartate residues (one from each
subunit) forming the channel opening. We made a muta-
tion changing the aspartate to valine and identified a mis-
sense mutation (changing alanine to valine adjacent to the
aspartate residues) in this predicted filter region; both mu-
tations caused a loss of function. We also identified a loss-
of-function missense mutation (changing arginine to isoleu-
cine) in a domain proposed to link the predicted channel
and the gating ring domains, indicating that this mutation
may block function by preventing a protein conformational
change being transmitted from the gating-ring domain to
the pore domain.

Many leguminous plants can acquire two essential nutrients
through symbioses. Phosphate can be acquired via arbuscular
mycorrhizal fungi (Harrison 1999) and ammonium can be ob-
tained from nitrogen-fixing Rhizobium bacteria. The establish-
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ment of both symbioses depends on a signal transduction path-
way, some steps of which are common to both fungal and bac-
terial interactions (Kistner and Parniske 2002). Of the two, the
rhizobial symbiosis is better understood. Rhizobial Nod factors
activate a signaling pathway in legume roots and this culmi-
nates in nodule organogenesis (Oldroyd and Downie 2004).
Ca?* spiking, which results from Nod-factor-induced oscilla-
tions in root-hair intracellular calcium in different legumes
(Cardenas et al. 1998; Ehrhardt et al. 1996; Harris et al. 2003;
Wais et al. 2000; Walker et al. 2000), is linked to the induction
of early nodulation genes such as ENODII. This requires the
activity of a calcium-calmodulin-dependent kinase (CCaMK)
(Levy et al. 2004; Mitra et al. 2004).

Different receptor-like kinases have been implicated in the
perception of Nod factors. In Lotus japonicus, NFRI and
NFR5 encode two LysM-type serine/threonine receptor
kinases, which are thought to be involved in Nod factor bind-
ing (Madsen et al. 2003; Radutoiu et al. 2003). L. japonicus
NFRS is orthologous to Medicago truncatula NFP (Arrighi et
al. 2006) whereas L. japonicus NFRI has two potential
orthologs in M. truncatula, LYK3 and LYK4 (Limpens et al.
2003). Downstream of Nod-factor perception is a receptor-like
kinase encoded in M. truncatula by DMI2 (Endre et al. 2002)
and in L. japonicus by SYMRK (Stracke et al. 2002). Unlike
the Nod-factor receptors, this gene product lies on the common
symbiotic pathway required for both mycorrhization and nodu-
lation (Stracke et al. 2002; Wais et al. 2000). Also on the com-
mon pathway are genes encoding integral membrane proteins,
which may act as multimeric ion channels. Thus, in L. japoni-
cus, there are two similar genes, CASTOR and POLLUX, both
predicted to encode an ion channel; however, unexpectedly,
these proteins were reported to be plastid-localized in L. ja-
ponicus (Imaizumi-Anraku et al. 2005) based on localization
of green fluorescent protein (GFP) fusions. In M. truncatula,
only one such symbiosis gene, DMII, appears to be present
(Ané et al. 2004). DMI1 is more similar to POLLUX, but
DMI1-GFP fusions were localized around the nucleus (Riely
et al. 2007). Two additional genes whose products function be-
tween Nod-factor perception and Ca?* spiking have been iden-
tified in L. japonicus; both are predicted to be nucleoporins
(NUP133 and NUPSS) and both also are required for mycor-
rhization and (Kanamori et al. 2006; Saito et al. 2007).

Knowledge gained from these model legumes has been
exploited for syntenic studies on pea, for which there are many
well-characterized nodulation mutants (Guinel and Geil 2002).
Of the mutations known to lie upstream of Ca** spiking, Pisum
sativum SYM 10, predicted to be involved in Nod factor percep-
tion (Walker et al. 2000), is the ortholog of L. japonicus NFR5
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(Radutoiu et al. 2003); P. sativum SYM19 (Schneider et al.
1999) is orthologous to L. japonicus SYMRK (Stracke et al.
2002); and P. sativum SYM?2 (Geurts et al. 1997) is thought to
be the ortholog of M. truncatula LYK3 or LYK4 (Limpens et al.
2003). Thus far, the P. sativum SYMS gene, which is required
for nodulation, mycorrhization (Balaji et al. 1994; Kneen et al.
1994), and calcium spiking (Walker et al. 2000), has not been
characterized. P. sativum sym8 mutants are phenotypically
similar to M. truncatula dmil mutants (Walker et al. 2000) and
the SYMS8 and DMII genes map to a syntenic location in the
two legumes (Ané et al. 2002), indicating that SYMS is likely
to be an ortholog of DMII. This work describes four more
sym8 alleles. We isolated the pea ortholog of M. truncatula
DMII and showed that the five sym8 pea mutants carry muta-
tions in this gene. Based on predicted structural similarities
with the MthK channel from Methanobacterium thermoauto-
trophicum, we propose that SYMS forms a tetrameric calcium-
gated cation channel and define key amino acids likely to be
involved in calcium activation and cation selectivity.

RESULTS

Identification of five independent sym8 mutants.
Mutagenesis using ethyl methanesulphonate (EMS) generated
a collection of P. sativum var. Finale mutants with altered nodu-
lation phenotypes (Duc and Messager 1989; Engvild 1987). A
subset of 37 mutants in the M3 and M4 generation lacked nod-
ules and 20 of these mutants failed to establish a vesicular-
arbuscular mycorrrhizal symbiosis (Duc et al. 1989). Of these
20 mutants, genetic crosses revealed that four, RISNOD10, RIS-
NOD19, RISNOD21, and RISNOD?25, belong to one comple-
mentation group (Table 1). Back-crosses (to Frisson) with these
mutants confirmed that the mutations are all recessive and the
mutant phenotypes segregated 3:1, indicating that each mutant
carries a single mutation affecting nodulation (Table 2). Some of
these mutants were crossed with representatives of the symsS,
syml19, and sym30 (allelic with sym9) Nod~ Myc™ mutant com-
plementation groups (Table 1). This revealed that RISNOD21
carries a mutant allele of sym8 and it follows that RISNOD10,
RISNOD19, and RISNOD25 carry mutant alleles of sym8. This
complementation group is distinct from sym30 and syml9
groups (Table 1), which also are Nod™ Myc™. The five mutant
lines in the sym8 complementation group were designated with

Table 1. Allelism test between mutants and against sym30, syml9, and
sym8 groups?®

RISNOD10 RISNOD21 RISNOD19 RISNOD25

RISNOD10 -(30) NT NT NT
RISNOD21 ~(28) -(30) NT NT
RISNOD19 -(8) -(16) -(30) NT
RISNOD25 ) -5 ~(8) ~(30)
sym30 (P2) +(1) +(27) +(11) NT
sym19 (P4) +(1) +(16) +(9) +(1)
sym8 (R25) NT - NT NT

# Symbols: + = wild phenotype and — = mutant phenotype (number of F1
plants); NT = not tested.

Table 2. Inheritance of mutant phenotype in F2 progeny from sym8
backcrosses with cv. Frisson

Parental No. No. of plants Significance
lines analyzed Nod* Nod~ %2 value P value
RISNOD10 161 123 38 0.17 P>05
RISNOD19 174 131 43 0.1 P>09
RISNOD21 184 136 48 0.12 P>05
RISNOD?25 34 28 [§ 0.98 P>03

1184 / Molecular Plant-Microbe Interactions

the alleles sym8-1 (R25), sym8-2 (RISNOD10), sym8-3 (RIS-
NOD19), sym8-4 (RISNOD21), and sym8-5 (RISNOD?2S5).

Cloning of SYMS, the pea ortholog of DM11
from Medicago truncatula.

The full-length sequence of the P. sativuim cDNA homologous
to Medicago truncatula DMII1 was determined for two wild-
type pea lines, Sparkle and Finale. This involved a combina-
tion of reverse-transcriptase polymerase chain reaction (RT-
PCR), 5" and 3’ rapid amplification of cDNA ends (RACE),
and PCR-based genome walking. Using the derived DNA se-
quence from the 5’ and 3’ ends, we used RT-PCR to generate
c¢DNA products of 3,188 bp from both Sparkle and Frisson.
Their sequences revealed nine nucleotide differences within
the coding region, only four of which caused changes in the
predicted protein of 895 amino acids. The predicted amino
acids tryptophan 61, leucine 87, leucine 91, and glycine 471 in
Sparkle are replaced by arginine, isoleucine, valine, and
alanine, respectively, in Finale (Fig. 1A). Because the pea
sym8 mutants described above all contain mutations in this
cDNA (see below), the pea gene will be referred to as SYMS.

The predicted SYMS protein from P. sativum is 92% identical
to that of M. truncatula DMI1 (Fig. 1A) and 87.5% identical
to the L. japonicus POLLUX, but is only 71% identical to L.
Jjaponicus CASTOR. SYMS has the same domain structure as
DMII and POLLUX (Fig. 1A and B). The amino-termini of
the predicted DMI1, SYMS, and POLLUX proteins from the
three legumes are the most divergent regions. The program
TargetP 1.1 indicates that it is unlikely that the N-terminus of
SYMS contains a chloroplast transit peptide, a mitochondrial
targeting peptide, or a secretion peptide (it scored in the lowest
reliability class). WoLF PSORT indicated that SYMS contains
three patterns (PLKRTKT, SRKRRP, and RRTNSNKEDVPL
KKRVA) that might act as nuclear localization signals between
residues 17 and 235. There are four predicted transmembrane
spans in the N-terminal region (residues 135 to 154, 205 to
224,266 to 287, and 31 to -339), the first two of which include
a putative leucine zipper motif. Database searches using
BLAST show that, in addition to the M. truncatula and L. ja-
ponicus orthologs, SYMS shows significant sequence similar-
ity to the following predicted proteins or protein fragments:
Arabidopsis thaliana QILTX4 (69% identity over 824 amino
acids), Oryza sativa Q94318 (68% identity over 927 amino ac-
ids), Zea mays Q208N2 (89% identity over 460 amino acids),
Glycine max Q1A3R7 (78% identity over 284 amino acids),
and G. max QlA3R6 (94% identity over 158 amino acids).
The A. thaliana and O. sativa proteins were predicted to be
DMI1 orthologs on the basis of their high protein sequence ho-
mology and microsyntenic relationship (Zhu et al. 2006).

A search for conserved domains using rpsblast indicated that
the region between amino acids 402 and 590 belongs to the
pfam DUF1012 family and also shares approximately 30% do-
main similarity with the regulator of conductance of K* (RCK)
domain of several bacterial potassium channels, including the
structurally characterized MthK channel from Methanobacte-
rium thermoautotrophicum (Anantharaman et al. 2001; Jiang
et al. 2002). The RCK domains have been implicated in the
regulation of conductance in response to changes in cytoplas-
mic calcium concentration (Anantharaman et al. 2001; Jiang et
al. 2002). The C terminal domain of SYMS is of unknown func-
tion. The similarity between MthK and POLLUX, CASTOR,
and DMI1 has been described previously (Ané et al. 2004).

Complementation of the M. fruncatula dmil mutant
by transformation with P. sativum SYMS.

Despite several attempts, we were unable to clone either an
intact full-length SYM8 cDNA or the 5’ end of the cDNA.



Therefore, we constructed a hybrid gene containing the 5" ge-
nomic fragment, including two introns, fused to the 3’ cDNA.
This hybrid gene, ligated to a 1.6-kb fragment of the DMII
promoter (Ané et al. 2004), then was cloned into pCAMBIA-
1303 to give pPCAMBIA-SYMS. Hairy roots of the dmil-I mu-
tant C71 transformed with pPCAMBIA-SYMS8 or pCAMBIA-
DMI1 developed nodules (Table 3), and no significant differ-
ences could be detected between the complementation experi-
ments with DMII and SYMS8. The presence of bacteria within
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Fig. 1. Sequence and domain structure of Pisum sativum SYMS. A, The
sequence shown is derived from Sparkle SYM§ and amino acid differences
in Finale are shown in brackets (W61R, L87I, L91V, and G471A). Resi-
dues identical (*) or conserved (:) relative to Medicago truncatula DMI1
are indicated; residues absent from SYM8 or DMI1 are marked (-) and the
extra residues (PNDN) in DMII are shown at position 42. The positions of
the sym8 mutations are shown in bold; sym8-3 and sym8-4 cause transla-
tional stops, sym8-1 causes a frame shift, symS8-2 causes an A>V substitu-
tion, and sym8-5 causes an R>I substitution. The lines indicate the posi-
tions of the transmembrane (TM) helices (M1 and M2 corresponding to
those in MthK), the filter, the pore helix (PH), the hinge and the regulation
of conductance of K* (RCK) domain. B, The domain structure of SYMS is
shown illustrating the transmembrane helices and the RCK domain (41%
similarity and 27% identity to the domain regulating K* conductance
found in MthK). The positions of the mutations are shown. The dotted line
indicates the modeled region of SYMS, which includes transmembrane
helices M1 and M2 and the PH.

the nodules was demonstrated by staining nodules for rhizobial
B-galactosidase activity and by light microscopy of stained
nodule sections (Fig. 2). Nitrogenase activity of the nodules
was assayed by acetylene reduction: wild-type nodules pro-
duced 3.2 £ 0.7 nmol ethylene h™' per nodule while nodules
formed by complementation of dmil-I by pCAMBIA-SYMS8
produced 3.3 + 0.6 nmol h™' per nodule, compared with 3.1 +
1.7 nmol h™! per nodule observed with pCAMBIA-DMI1. The
ability of wild-type P. sativum SYMS to complement both
nodulation and nitrogen fixation in the dmil-I mutant con-
firms that P. sativum SYMS is the ortholog of DMI1.

Five independent P. sativum sym8 mutations.

Full-length SYM8 cDNA was amplified and sequenced from
the mutant pea lines symS8-1 (R25), arising from fast neutron
mutagenesis, and symS8-2 (RISNOD10), symS8-3 (RISNOD19),
sym8-4 (RISNOD21), and sym8-5 (RISNOD?25), which are all
EMS mutants. Each line has a different mutation (Fig. 1A).
The sym8-1 allele has a 1-bp deletion affecting amino acid
F218, and the resulting frame shift produces a predicted prod-
uct of 229 amino acids. The sym8-3 and symS8-4 alleles carry
mutations (nucleotides G2215A and T2834A, respectively)
changing amino acids W628 and Y834 to stop codons. In
sym8-5, the basic residue arginine at 351 is changed to the
hydrophobic aliphatic residue, isoleucine; the residue equiva-
lent to R351 is conserved in the homologous gene products

Table 3. Hairy root complementation tests of mutant line Medicago
truncatula dmil-1 for nodulation with DMI1, SYMS, and sym8-D305V

Plant GUS

background  Transforming binary plasmid plants® Nodulated”
dmil-1 pCAMBIA1303 vector 19 0
dmil-1 pCAMBIA1303-DMI1 39 34
dmil-1 pCAMBIA1303-SYMS 44 35
dmil-1 pCAMBIA1303-SYM8-D305V 30 0

* Transformed GUS plants.
® Number of plants nodulated.

Fig. 2. Complementation of the dmil mutant with SYMS using Agrobacte-
rium rhizogenes-based transformation. The panel shows representative
hairy roots of Medicago truncatula dmil-1 transformed with A and B, the
DMII transgene or C and D, SYMS transgene, and nodulated with Sinorhi-
zobium meliloti 1021 constitutively expressing lacZ. Nodulation was
scored after 15 days. The presence of bacteria within the nodules was de-
termined by A, and C, lacZ staining and B and D, toluidine blue staining
of sectioned nodules. No nodules were seen when the dmil-/ mutant was
transformed with the binary vector pPCAMBIA-1303 alone. Scale bars: A
and C, 1 mm and B and D, 0.2 mm.
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predicted in M. truncatula, L. japonicus, O. sativa, and A.
thaliana. In sym8-2, the alanine at 306 is replaced by valine;
the residue equivalent to A306 is conserved in M. truncatula
DMII but is present as serine in CASTOR and POLLUX in L.
Jjaponicus, and in the homologous gene products of O. sativa
and A. thaliana. This suggests that this position can tolerate a
small residue such as alanine or serine but the relatively large
residue, valine, can interfere with function.

The lack of function of symS$ in the sym8-2 and sym8-5 mu-
tants is likely to be due to the substitution of critical residues,
but also could be caused if these missense mutations result in
the proteins being destabilized and degraded by proteases. To
determine whether stable mutant proteins were produced fol-
lowing hairy root transformation, the pCAMBIA-SYMS con-
struct was modified such that the residues ELDYKDDDDK
would be added to the C-terminus of the SYMS protein. This
includes an antigenic FLAG-tag and the construct was called
PCAMBIA-SYMS-FLAG. The sym8-2 and sym8-5 mutations
then were introduced into that construct to produce pCAM-
BIA-sym8-2-FLAG and pCAMBIA-sym8-5-FLAG. The dmil-
I mutant was transformed with each of these constructs and
with the vector control pCAMBIA-1303 using Agrobacterium
rhizogenes-mediated hairy root transformation. Protein was
extracted from transformed roots, separated by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis, and transferred
to a polyvinylidene difluoride (PVDF) membrane. Antiserum
to the FLAG-tag recognized several bands, including a protein
of approximately 100 kDa, the expected size of the tagged
DMII protein. Similar bands of 100 kDa were seen with the
hairy roots transformed with the pCAMBIA-sym8-2-FLAG
and pCAMBIA-sym8-5-FLAG constructs, but not with the
vector control pPCAMBIA-1303 (Fig. 3). These results are con-
sistent with the sym8-2 and sym&-5 mutants producing rela-
tively stable but nonfunctional gene products.

Structure-function implications
of the sym8-2 and sym8-5 mutations.

In order to try to understand why the sym8-2 (A306V) and
sym8-5 (R3511) mutations block the function of the SYMS8
protein, we developed a homology model of SYMS, using as

Control sym8-5 sym8-2 SYMS8
=
- . — - —

B
L R
.-.;; =

—83 kDa

— 62 kDa

Fig. 3. Western blot of FLAG-tagged SYMS, sym8-2, and sym8-5 proteins
expressed in roots. Proteins were extracted from Agrobacterium rhizogenes-
induced hairy roots of the Medicago truncatula dmil-1 mutant transformed
with pCAMBIA-1303 (Control), pCAMBIA-SYMS-5-FLAG (syms8-5),
pCAMBIA-SYMS-2-FLAG (sym8-2), and wild-type pCAMBIA-SYMS-
FLAG (SYMS). For each, approximately 20 pg of root proteins were sepa-
rated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and
then transferred to a polyvinylidene difluoride membrane. The membrane
was incubated with a rabbit anti-FLAG polyclonal antibody and immuno-
labeled proteins were detected using enhanced chemiluminescence. The
migration positions of marker proteins identified on the gel are indicated
and the arrow points to the 100-kDa protein predicted to be the FLAG-
tagged derivatives of SYMS, sym8-2, and sym8-5. The other proteins
reacting with the antiserum are independent of the FLAG-tagged SYMS8
alleles and can be considered as loading controls.
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4 TM helices
a : {R351

Fig. 4. Model of a SYMS8 channel. A, The predicted ribbon structural
model shows a tetramer with the transmembrane domain showing trans-
membrane (TM) helices with histidine (H309) residues (in red) at the top
of the predicted pore. The predicted gating-ring region is shown with four
bound Ca®* atoms shown in green and their potential oxygen ligands
shown in red. A hinge region linking the pore with the gating ring has been
modeled and the position of arginine 351 mutated in sym§8-5 is indicated.
B, The pore region oriented as above is shown in more detail and, for clar-
ity, two of the subunits have been omitted so that two of the pore helices
(PH) equivalent to those in MthK can be seen more clearly. The side
groups of alanine 306 (A306) that is mutated in symS8-2 are included and
the side groups of H309 are included for reference. C, The model as in A
viewed from the top showing the pore region. The locations of A306 and
H309 are indicated and the side groups of D305 are shown extending into
the pore.



a template the crystal structure of the Ca**-gated potassium
channel MthK from Methanobacterium thermoautotro-
phicum (Jiang et al. 2002). A protein structure similarity
search using FUGUE revealed that the region of SYMS be-
tween amino acids 262 and 604 shows significant structural
matches to MthK. The MthK channel exhibits two biophysi-
cal properties: selective ion conductance and the ability to
gate-open in response to an appropriate stimulus (e.g., using
the free energy of intracellular Ca®* binding to perform me-
chanical work to open the pore) (Jiang et al. 2002). The
SYMS8 model was generated using Insightll, the molecular
modeling and graphics package developed by Accelrys in
conjunction with sequence alignments determined using the
on-line tools ‘phyre’ and ‘Muscle’ (Edgar 2004). The full de-
tails of the modeling and resulting predicted structural char-
acteristics will be published elsewhere; however, the key as-
pects of the model will be presented here in relation to the
predicted structural context of the amino acid substitutions in
the sym8-2 and sym8-5 mutants.

Each of the four subunits of MthK contributing to the pore
region contained two transmembrane helices (M1 and M2) and
a pore-forming helix (PH) that extends into the membrane
where the filter region is located (Jiang et al. 2002). These 12
helices are conserved in our ribbon model of a tetrameric
SYMS (Fig. 4A) and, for clarity, we have shown a detailed
model of two subunits of the helical regions that contribute to
the pore (Fig. 4B). The helices are linked via a predicted hinge
region (Fig. 4A) to a membrane-associated domain that is pre-
dicted to form part of the channel-gating ring. In this model,
we have not incorporated the N-terminal domain (residues 1 to
261), including two predicted transmembrane domains that are
N-terminal to the transmembrane helix equivalent to M1 (Fig.
1B). Also excluded are residues 605 to 894, which we were
unable to model. These regions were omitted because neither
is present in MthK. Although we have shown SYMS8 as a
tetramer of the pore and gating ring regions (Fig. 4A), in the
MthK channel the gating-ring region is octameric, containing
another four subunits made from an alternative translation start
of MthK, such that these subunits contribute to the gating ring
but not to the pore.

The partial model of the predicted SYMS8 channel (Fig. 4A)
highlights several key points with regard to the predicted struc-
ture. There are eight transmembrane-spanning helices sur-
rounding a predicted central pore region formed by four pore-
forming helices, which extend into (but not across) the mem-
brane. The filter region in the MthK central pore region has a
classic conserved sequence TVGYG (Heginbotham et al. 1994)
that confers specificity to K*. In SYMS, this is not present and,
in the equivalent filter region of the SYMS8 model, the residues
are ADAGN (Figs. 1A and 4B). The fact that the loss-of-func-
tion sym8-2 allele replaces the central alanine (A306) with
valine gives supporting evidence that the region we model as
part of the pore is critical for function. Figure 4B shows the
location of A306 in relation to the helices and Figure 4C
shows a top view looking down through the pore region, illus-
trating the location of the A306V mutation.

It is clear from Figure 4B that the aspartate (D305) residues
appear to form a charged ring within the membrane (Fig. 4B
and C). The predicted presence of charged residues in such a
hydrophobic membrane location is highly significant. To test
the importance of this aspartate, we altered it to valine,
which is uncharged but structurally similar, and is the same
residue that is present at the predicted equivalent structural
location in the MthK pore region. This mutated gene was
cloned into the transformation vector to make pCAMBIA-
SYMS8-D305V and tested for function by complementation
of the Medicago truncatula dmil-1 mutation using trans-

formed hairy roots. No complementation was observed
(Table 3), showing that this mutation leads to loss of func-
tion. Therefore, we conclude that the residues ADAGN in
SYMS are likely to play a key role in SYMS function with
the aspartate conferring cation selectivity.

At the top of the predicted channel is a relatively open ring
of histidine residues (Fig. 4, H309; shown in red) adjacent to
the predicted central pore region and the size of this ring fits
well with the calculated size of a hydrated cation such as K*.
Therefore, this histidine ring might play a role in the hydration
or dehydration of cations moving out of or into the channel. As
described by Consiglio and associates (2003), the presence of
such a residue can strongly influence the K* selectivity and
conductance of a K* channel by affecting the exit of hydrated
ions from the channel. This would imply that cations (most
likely K*) primarily move up through the channel as drawn in
Figure 4A. The net function of such a channel could be to
catalyze membrane depolarization or hyperpolarization which,
in turn, could induce the opening of a calcium channel.

Our model shows that the predicted membrane pore region
of SYMS is linked to a predicted Ca®* binding domain that is
membrane associated (Fig. 4C). We have shown a predicted
location of Ca** which is close to that observed in the MthK
crystal structure; however, this will require further analysis to
determine whether there is Ca** binding and, if so, which resi-
dues are involved in Ca®* binding. In MthK, Ca®* binding is
thought to cause a protein conformational change that induces
opening of the pore (Jiang et al. 2002). Linking the pore domain
and gating ring in MthK is a disordered region (extending
from residues L98 to R116 in MthK) which could not be re-
solved in the crystal structure. The equivalent region in SYM8
corresponds to residues 1343-N361. Significantly, the symS8-5
allele causes arginine 351 in this domain (Fig. 4A) to be re-
placed with isoleucine. Therefore, it seems possible that this
R3511 loss-of-function mutation in the proposed hinge region
could prevent conformational changes in the gating region
from being transmitted to the pore region. We have modeled
this hinge region based on related sequences and structural
optimization.

DISCUSSION

The data presented here confirm the earlier prediction (Ané
et al. 2004), based on synteny and phenotypic similarities, that
SYMS in pea is the ortholog of M. truncatula DMII. Although
the homology between pea and M. truncatula is apparent, the
comparison with L. japonicus is less clear because this legume
has two very similar genes, CASTOR and POLLUX (Imaizumi-
Anraku et al. 2005). Both these proteins show similarity to
SYMS8 and DMIIL. SYMS is most likely to be orthologous to
POLLUX based on similarity and map location. We could
complement the dmil-I mutant of M. truncatula with cloned
SYMS8, confirming that SYM8 and DMII are orthologous.
DMII1 was found at the nuclear envelope (Riely et al. 2007),
whereas POLLUX (like its partner, CASTOR) has been reported
to be associated with plastids (Imaizumi-Anraku et al. 2005).
The N-terminal sequence of SYMS is unlikely to be a plastid
targeting sequence based on the prediction program TargetP
1.1 (score of 5), and a similar prediction was obtained using
the DMI1 sequence. Like DMI1 (Riely et al. 2007), SYMS has
three potential nuclear localization signals at the N-terminus,
and these also are conserved in POLLUX from L. japonicus
(GenBank accession AB162158). However, more detailed bio-
chemical work will be required to test the proposed nuclear
location of SYMS.

It is not clear whether the SYM8 and DMI1 proteins func-
tion only in symbiosis or play another physiological role.
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Apart from the defects in rhizobial and mycorrhizal symbio-
ses, we have observed no other phenotypes in sym8 mutants.
Based on similarities, it seems likely that orthologous genes
are found in nonlegumes (Zhu et al. 2006) and, in principle,
these could function during mycorrhization. However, if the
similar gene in Arabidopsis thaliana is a true ortholog (Zhu
et al. 2006), then this implies that SYM8 and DMI1 may
have another role, because there is no mycorrhizal symbiosis
in Arabidopsis.

A key question is how DMI1 and SYMS function. Mutations
in their genes block Nod-factor-induced Ca?* spiking (Wais et
al. 2000; Walker et al. 2000) and the subsequent induction of
early nodulation genes (Mitra et al. 2004). The possibility that
DMI1 is a channel required for calcium movement during the
oscillations must be considered. However, this seems unlikely
based on the observation that Mastoparan can induce calcium
spiking in dmil mutants (Peiter et al. in press), suggesting that
DMII is not essential for the oscillations in calcium. An alter-
native model is that SYM8 and DMII form a channel that is
required for the activation of calcium spiking.

It was recognized previously that DMI1, CASTOR, and
POLLUX are likely to form ion channels (Ané et al. 2004;
Imaizumi-Anraku et al. 2005); however, the amino acids at the
filter region showed no sequence conservation with the filter
region of the characterized Ca**-gated K* channel (MthK)
from Methanobacterium thermoautotrophicum (Jiang et al.
2002). The structural model predicted here indicates the pres-
ence of a negatively charged aspartate residue at the choke of
the predicted filter region (VADAGNH) within the membrane,
strongly suggesting cation selectivity of the channel. We also
identified a ring of histidine residues on the outer edge of the
pore-forming helices and, based on work with animal K*-se-
lective channels (Consiglio et al. 2003), we propose that these
histidine residues may contribute to cation selectivity.

Replacing the aspartate with valine abolished function, add-
ing substance to our prediction that the aspartate is important
for ion movement. One of the two other missense mutations
(alanine 306 to valine) we identified is highly likely to disrupt
the structural integrity of the filter region because it is adjacent
to the aspartate in SYMS. Significantly, the castor-2 allele in
L. japonicus is a loss-of-function caused by mutation of
alanine to threonine on the other side of this aspartate residue
(Imaizumi-Anraku et al. 2005. This alanine residue is located
at the bottom of the filter region adjacent to the PH in the
model. In the sym8-D305V, sym8-2, and castor-2 mutants, we
assume that function is lost because the channel activity is
blocked by the mutations, although proving this will require
biochemical work with isolated proteins to identify which ions
move through the channel and the effects of these mutations
on that movement.

The other missense mutation we identified in the sym8-5 mu-
tant was arginine 351 to isoleucine, in what we predicted to be a
hinge region joining the transmembrane helices to the large cal-
cium-binding domain that is predicted to be adjacent to (but not
spanning) the membrane. We propose that this mutation may
prevent activation of the pore following a conformational change
in the predicted gating-ring region. In our model, based on the
MthK crystal structure, we identify potential Ca?*-binding pock-
ets in this region; therefore, we speculate that binding of Ca®*
might gate the channel in a manner analogous to that seen with
MthK (Jiang et al. 2002). The structure of the MthK channel is
somewhat unusual because it is octameric, made up of two dif-
ferent translation products from the same gene. Thus, four sub-
units of a full-length MthK form a transmembrane channel with
membrane-associated Ca?*-binding domains and four additional
Ca?*-binding domains in the complex are derived from a partial
gene product (Jiang et al. 2002).
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Clearly, it will require biochemical work to test the ion se-
lectivity of the predicted SYMS8 and DMI1 channels and the
related CASTOR/POLLUX channel. However, the existing
amino acid substitutions, together with our model, allow some
structure-function predictions to be made and to direct
mutagenesis, targeting residues that probably contribute to the
filter region, the Ca?*-binding pocket, and the hinge region that
we propose may act to transfer a conformational change from
the gating ring to the pore. One possibility is that SYM8 and
DMII form cation channels and that activation of the channel
by binding of a signaling ligand could cause it to open, creat-
ing a change in polarization of the nuclear membrane. Such a
polarization-induced change could activate the opening of a
separate Ca®* channel, because both depolarization-activated
and hyperpolarization-activated channels are found in plants
(White 2000). The resulting changing Ca* levels then could
have a feedback effect on the activity of the SYM8/DMI1
channel. The observation that the Ca** spikes occur around the
nuclear region (Erhardt et al. 1996; Walker et al. 2000) fits
with a model of SYM8/DMI1 activation of a channel in the
nuclear envelope. Therefore, we conclude that the requirement
of SYMS, DMI1, and CASTOR/POLLUX for Nod-factor-
induced Ca”* spiking could be to induce a change in membrane
polarization that activates the opening of an unidentified Ca*
channel, which is required for Ca** spiking.

MATERIALS AND METHODS

Growth, genetic crosses, and phenotypic scoring of pea.

P. sativum cultivars used were Frisson, Finale, and Sparkle.
For scoring of nodulation, mutant lines and their progeny were
grown in the greenhouse under nitrogen limitation. Mutant
R25 is derived from Sparkle. Mutants RISNOD10, RISNOD19,
RISNOD21, and RISNOD25 are derived from Finale. The
screening procedure for establishing root nodulation was as
described by Duc and Messager (1989) and Duc and associates
(1989).

Cloning and sequence analysis of SYMS.

For isolation of RNA, pea seed were surface sterilized and
germinated for 8 days at room temperature on water agar
plates. Approximately 10 root tips of 1 to 2 cm (100 mg) were
excised from each wild type or mutant and RNA was extracted
using an RNeasy plant mini kit (Qiagen Ltd., Crawley, U.K.).
cDNA was synthesized using 1 pg of total RNA and Super-
script II reverse transcriptase (Invitrogen Ltd., Renfrew, U.K.)
following the manufacturer’s recommended conditions. Ge-
nomic DNA was isolated from pea leaves using a Zenogene
plant DNA purification kit (Zenon Bio Kft., Szeged, Hungary)

Initially, a 1,490-bp cDNA fragment of pea SYMS8 was am-
plified with primers to M. truncatula DMI1 (GTGCTTGCAG
AAAAGGAAAAGGAG and CTATTCCTTTCTTCTGTC AT
TCACCTGAGG) using oligo-dT primed pea cDNA as tem-
plate and an annealing temperature of 45°C. The resulting
PCR product was sequenced. Nested primers (CTTCTTTAAG
TCAGCCAGTATAAGTGGAC and CATGAAATCAAATTCT
AGCTTGG) designed from within the amplified region were
used for 5 RACE using the Invitrogen GeneRacer Kit to
generate a product of 734 bp. The primer CTTCAGATAAATC
AATTATAATTAGTG was used for 3' RACE and generated a
3" product of 793 bp. Primers derived from the 734- and 793-
bp RACE products (5’ primer CTGAATGCAGATAGTAGAA
CAATTTC and 3’ primer CGAATTCACTAGTGATTGAA AC
AAAAG) were used to amplify a 2,584-bp cDNA product,
which was sequenced.

The 5’ end of SYMS8 was amplified from a pea (cv. Sparkle)
GenomeWalker library (BD Bioscience, Oxford) using the



nested primers CTGCGTCGGCTACATAAGTCCATGAATG,
CAACGCTAAACCACCAAATGCTATAAG, TTATAAGCTC
GTAAGAAAGTGACAATAACC, and CAGTCTCGGCCGAT
GGCAGATAAGCTAG with an EcoRV library, and the primer
GAGGTGGCGGTCTTCTTTTTCTG with a Dral library. Fi-
nally, a 1,945-bp fragment was amplified and it contained two
introns (100 and 640 bp). Sequencing of this fragment located
the predicted translational start site, which matched perfectly
with that of M. truncatula DMII. A full-length SYM8 cDNA
fragment of 3,188 bp was amplified using primer pair 5’
primer GAGGTACCTCGCTCACTCGTTCACTAACTAATC,
which lies 39 bp upstream of the predicted translational start
and which also incorporates a Kpnl site (shown in bold), and
3" primer TTGAATTCGAAACAAAAGTGAATTTTATATAT
AGACC, which lies 430 bp downstream of the predicted trans-
lational stop and introduces an EcoRI site (shown in bold) at
the 3’ end. The same primers were used to amplify full-length
cDNA from all five sym8 mutants. The PCR products were
purified using a QIAQUICK PCR purification kit (Qiagen
Ltd.) and sequenced directly using a Big Dye terminator ver-
sion 3.1 kit (Applied Biosystems, Reading, U.K.). Sequences
were analyzed using GCG programs and BLAST. CLUSTAL
W was used for multiple alignment. The target peptide and
transmembrane regions were predicted by TargetP version 1.1,
WoLF PSORT, and TMpred. Domain and structure analysis
was performed by FUGUE v2.0.

When we tried to clone the full-length cDNA fragment as a
Kpnl-EcoRI fragment or the 5' region as a Kpnl-Xhol frag-
ment, the resulting clones always contained deletions. There-
fore, to generate a stable full-length clone of SYMS, we sepa-
rately generated a 5’ genomic fragment and a 3’ cDNA frag-
ment. The 3" PCR product of 2,584 bp was digested to 2,450
bp with Xhol and EcoRI and then cloned between the Xhol and
EcoRlI sites of pBluescript-SKII (Stratagene, Cambridge) to
form plJ9868. The 5’ region, including introns and with an
introduced Kpnl site, was amplified from genomic DNA as a
1,945-bp fragment, (primer pair GAGGTACCTCGCTCACTC
GTTCACTAACTAATC and CAAATGCTATAAGAAAGAGA
GTTGCAAAAAGAAG), which contains two introns of 100
and 640 bp. This was digested with Kpnl and Xhol to 1,489 bp
and ligated into plJ9868 cut with Kpnl and Xhol to give plas-
mid plJ9870, in which the 5" end of SYMS§ containing two
introns is joined at a native Xhol site with the 3’ cDNA frag-
ment. The resulting Kpnl-EcoRI fragment in plJ9870 is equiva-
lent to 3,188 bp of cDNA but actually includes an additional
740 bp of intron DNA.

Construction of binary vectors expressing SYM8
and modified derivatives.

The M. truncatula DMII promoter was amplified from
pCAMBIA-DMII1 (Ané€ et al. 2004) as a 1.6-kb fragment con-
taining introduced EcoRI and Kpnl sites as indicated (bold-
face) on the 5" and 3’ primers: GGGGTACCGAATTCCACA
GCGAAGAAAAGG and GGGGTACCTTTCTTTTCTT CAC
ACTTTTAAA. The product was cloned into Kpnl-linearized
plJ9870 containing full-length SYM8 cDNA to give plasmid
plJ9880. A 5.8-kb EcoRI fragment containing full-length
SYMS8 under the control of the DMII promoter was excised
from pIJ9880 and cloned into binary vector pPCAMBIA-1303
(AF234299) to give pCAMBIA-SYMS. To generate pCAM-
BIA-SYMS8-D305V, the primer pair 5 ATGGACTTATGTAG
CCGTCGCAGGAAATCATGCTG 3’ and 5" CAGCATGATT
TCCTGCGACGGCTACATAAGTCCAT 3’ was used for site-
directed mutagenesis (QuikChange II XL; Stratagene) of
PCAMBIA-SYMS to change aspartate 305 to valine. pCAM-
BIA-1303 also carries uidA under the constitutive 35S promoter;
therefore, it is possible to determine which roots have been

transformed by staining with 5-bromo-4-chloro-3-indoyl-B-D-
glucoronide as described by Jefferson (1987).

To generate a C-terminal FLAG-tagged SYMS gene, the 3’
end of the coding region of Sym8 in plJ9868 was mutagenized
to introduce a Sacl site (boldface) and to remove the transla-
tional stop codon using a QuikChange II XL site-directed
mutagenesis kit (Stratagene) and primer pair 5' GTTATTGC
CTCAGGAGAAGAGCTCGAAAGAATAGTATAGTTATTAT
TC 3’ and 5" GAATAATACTATACTATTCTTTCAGAGCTCT
TCTCCTGAGGCAATAAC 3' to give pIJ11008. This then was
used as a template for amplification with a primer encoding a
FLAG Tag (shown in italics) followed by a translational stop
GAAGAGCTCGATTATAAAGATGAT GACGATAAGTGAAA
GAATAGTATAGTATTATTCTTG and the M13 reverse primer.
The resulting 500-bp fragment was digested with Sacl and
cloned into pIJ11008 to give pIJ11009. An 800-bp Xbal frag-
ment containing the FLAG tag from pIJ110099 was excised
and used to replace the equivalent Xbal fragment in pPCAMBIA-
SYMS to give pCAMBIA-SYMS-FLAG. In this construct,
SYMS has the extra peptide ELDYKDDDDK at the C termi-
nus to give a protein of approximately 100 kDa. pCAMBIA-
SYMS8-FLAG was used as template for site-directed
mutagenesis (QuikChange) to recreate the sym8-2 and sym8-5
mutations, producing the two mutant forms pCAMBIA-symS§-
2-FLAG and pCAMBIA-sym8-5-FLAG using the primer pairs
5" GACTTATGTAGCCGACGTAGGAAATCATGCTG 3' and
5" CAGCATGATTTCCTAC GTCGGCTACATAAGTC 3' and
5" GAGAAGGTTGATTCACTTATAAAAGGGAGAGTG AA
GTG 3' and 5 CACTTCACTCTTCCCTTTTATAAGTGAAT
CAACCTTCTC 3', respectively; the mutational changes are
shown in boldface. All derivatives of SYMS8 used for comple-
mentation experiments were confirmed by DNA sequencing.

Complementation tests for nodulation.

pCAMBIA-1303, pPCAMBIA-DMI1, pCAMBIA-SYMS, and
pCAMBIA-SYMS8-D305V were transferred into Agrobacterium
rhizogenes QUA1 (Quandt et al. 1993) and used to transform
M. truncatula dmil-1 mutant C71 (Ané et al. 2004) using
hairy root transformation (Boisson-Dernier et al. 2001). Fol-
lowing A. rhizogenes inoculation, seedlings were grown on
modified Fahraeus (Boisson-Dernier et al. 2001) medium for 3
weeks, then transferred to CYG growth pouches (16.5 by 17.5
cm; Mega International, Minneapolis, MN, U.S.A.) inoculated
with Sinorhizobium meliloti 1021/pXLD4 that expresses lacZ
from the hemA promoter. After 15 days, nodulation was scored
and B-glucuronidase staining was used to identify transformed
roots. Nodules were stained with X-gal to detect the presence
of bacteria as described by Walker and Downie (2000). For
sectioning, unstained nodules were cut in half longitudinally
and fixed, sectioned, and stained as described previously
(Lodwig et al. 2005). Photographs were taken on a Zeiss axio-
phot microscope with a Canon EOS 10D digital camera.
Acetylene reduction was assayed using nodules excised 21
days after inoculation as described by Somasegaran and Hoben
(1994). Results were expressed as nanomoles ethylene produced
per hour per nodule.

Protein extraction, gel electrophoresis, and
immunodetection.

Proteins were extracted from transformed hairy roots
(Ramos and Bisseling 2003) and samples of approximately 20
ug were separated by electrophoresis through a 10% poly-
acrylamide gel, then transferred by electroblotting to a PVDF
membrane. The membrane was incubated with a rabbit anti-
FLAG polyclonal antibody (Sigma-Aldrich, Poole, U.K.) and
immunolabeled proteins were detected using ECL (Amersham
Biosciences, Buckingshamshire, U.K.).
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