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Legume rhizobia symbiotic nitrogen (N2) fixation plays a critical role in sustainable nitrogen management in agriculture and in
the Earth’s nitrogen cycle. Signaling between rhizobia and legumes initiates development of a unique plant organ, the root
nodule, where bacteria undergo endocytosis and become surrounded by a plant membrane to form a symbiosome. Between
this membrane and the encased bacteria exists a matrix-filled space (the symbiosome space) that is thought to contain a
mixture of plant- and bacteria-derived proteins. Maintenance of the symbiosis state requires continuous communication
between the plant and bacterial partners. Here, we show in the model legume Medicago truncatula that a novel family of six
calmodulin-like proteins (CaMLs), expressed specifically in root nodules, are localized within the symbiosome space. All six
nodule-specific CaML genes are clustered in the M. truncatula genome, along with two other nodule-specific genes, nodulin-22
and nodulin-25. Sequence comparisons and phylogenetic analysis suggest that an unequal recombination event occurred
between nodulin-25 and a nearby calmodulin, which gave rise to the first CaML, and the gene family evolved by tandem
duplication and divergence. The data provide striking evidence for the recruitment of a ubiquitous Ca21-binding gene for
symbiotic purposes.

Plant acquisition of the macronutrient nitrogen in
sustainable agricultural systems is dependent upon
the symbiotic interaction between members of the
plant family Fabaceae and the nitrogen-fixing soil
bacteria in the family Rhizobiaceae (Mylona et al.,
1995; Graham and Vance, 2003). This symbiotic pro-
cess results in the de novo formation of a unique
organ, the N2-fixing root nodule. Root nodules arise

from the coordinated expression of both rhizobial and
plant genes in response to signals exchanged between
the partners. Release of flavonoids/isoflavonoids from
developing roots induce the expression of rhizobial
nodulation genes and the synthesis of lipochitooligo-
saccharides. Lipochitooligosaccharides then activate
the expression of a cascade of plant genes required for
root nodule formation (Mylona et al., 1995; Geurts and
Bisseling, 2002).

The completely developed root nodule contains both
uninfected and infected cells (Vance, 2002). Within in-
fected cells, rhizobia undergo endocytosis and become
completely enclosed within a plant-derived membrane,
creating in essence a new organelle, the symbiosome
(Sym). The Sym space (SymS) is the matrix surround-
ing the bacterium (now termed bacteroid). Although
the composition of this matrix and the role it plays in
symbiosis is not well understood, it is known that an
intact Sym membrane appears to be required for ef-
fective N2 fixation and the exchange of low-Mr nutri-
ents between the host plant and rhizobia (Udvardi and
Day, 1997). Early studies identified the presence of
protease, a-glucosidase, and a-mannosidase activities
in the SymS (Mellor and Werner, 1987; Werner et al.,
1988), but the possible relationship of these activities to
symbiosis was not discerned. More recently, proteomic
analysis of the Sym membrane from several legumes
has identified numerous transport proteins, H1-ATPases,
chaperonins, a syntaxin, and both anion and cation
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channel proteins (Panter et al., 2000; Saalbach et al.,
2002; Weinkoop and Saalbach, 2003; Catalano et al.,
2004). Initial analysis of putative pea (Pisum sativum)
SymS proteins revealed that bacteroid nitrogenase
proteins were a major component of the SymS, but
Saalbach et al. (2002) also detected five putative plant
proteins. The occurrence of both intrinsic bacteroid
and plant cytoplasmic protein in the SymS fraction
suggests cross contamination may have occurred dur-
ing isolation. Immunolocalization studies in pea sug-
gest that a lectin-like protein and a Cys protease may
be present in the Syms (Dahiya et al., 1997; Vincent and
Brewin, 2000). The presence of a nodule-specific plant
nuclear-encoded protein within the SymS has not been
shown.

In a previous study, we identified sixMedicago trunca-
tula contigs that encode nodule-specific calmodulin-
like (CaML) proteins (Fedorova et al., 2002). All the
expressed sequence tag (EST) clones comprising the
CaML contigs are derived from nodule or rhizobia-
inoculated root cDNA libraries (GenBank AF494212–
AF494216, AF494218). RNA blots demonstrated that
the M. truncatula CaMLs are expressed only in root
nodules. These CaML proteins were strikingly differ-
ent from typical CaML proteins in that they contained
a 30-amino acid presequence and a variable number of
elongation factor (EF) hands. Computational analysis
of the CaML presequences indicated that these pro-
teins were targeted outside the cell. The nodule-specific
nodulin-25 protein contains a presequence highly sim-
ilar to the presequence in the M. truncatula CaML pro-
tein, and nodulin-25 was proposed to be in the SymS
(Kiss et al., 1990). The occurrence of calcium-binding
proteins in the SymS could potentiate a signal transduc-
tion process between the bacteroids and the host plant.

Calcium (Ca21) is a secondary messenger during
signal transduction for a wide variety of stimuli in all
eukaryotes (Sanders et al., 1999). Although cytoplas-
mic [Ca21] is usually in the nanomolar range (100–200
nM), biotic and abiotic stimuli induce transient in-
creases in [Ca21], which act as a signal for cellular
responses (Zielinski, 1998; White, 2000; Reddy, 2001;
Snedden and Fromm, 2001). Calcium signals are trans-
duced into cellular responses via Ca21-binding pro-
teins, of which calmodulin (CaM) is the most common
(Zielinski, 1998).

Changes in intracellular Ca21 and signaling via Ca21

are well-documented features of legume-rhizobia in-
teractions and root nodule development (Lévy et al.,
2004). Initial signaling of rhizobia bacteria to the le-
gume root triggers two Ca21 events, a rapid influx of
Ca21 into root hairs and transient Ca21 spiking (Shaw
and Long, 2003). Cytoskeletal remodeling, known to be
regulated by Ca21-CaM, occurs within the root hair
shortly following Ca21 spiking (Shaw and Long, 2003).
Recently, an M. truncatula gene (DMI3) with high se-
quence similarity to a Ca21 and CaM-dependent pro-
tein kinase was shown to be integrally involved in the
early events of both rhizobial and mycorrhizal symbi-
oses (Lévy et al., 2004; Mitra et al., 2004). Whereas the

role of Ca21 in fully developed nodules is less clear,
Krylova et al. (2002) reported a verapamil-sensitive Ca21

transporter in the Sym membrane and Ca21 accumu-
lation in the SymS of Vicia faba. They also demon-
strated that Ca21 depletion of the Sym substantially
decreased nitrogenase activity. Calcium also modu-
lates malate uptake by Syms and a voltage-dependent
cation efflux channel in the Sym membrane (Udvardi
and Day, 1997; Roberts and Tyerman, 2002). Moreover,
typical CaM mRNA and protein are found in Phase-
olus, Glycine, Lotus, and M. truncatula root nodules
(Webb et al., 2000; Camas et al., 2002; Fedorova et al.,
2002). Based upon RNA expression and in situ hybrid-
ization patterns, Son et al. (2003) recently proposed that
the divergent soybean (Glycine max) SCaM-4, detected
in the infection zone of forming nodules (containing 32
amino acid substitutions from the highly conserved
soybean CaM with no presequence apparent), may be
required for endocytosis of Bradyrhizobium in soybean
nodules.

Herein we tested the hypothesis that M. truncatula
CaMLs are located in the Sym and the genes are
clustered in the Medicago genome. We show that a M.
truncatula CaML1 promoter:reporter gene fusion is
expressed in infected cells, a CaML:green fluorescent
protein (GFP) translational gene fusion is expressed in
the SymS, CaML proteins are localized within SymS,
and an ancestral CaM gene appears to have been co-
opted for symbiotic purposes.

RESULTS AND DISCUSSION

CaML Expression in M. truncatula Root Nodules

Our earlier in silico analysis of theM. truncatula EST
gene index (The Institute for Genomic Research [TIGR]
MtGI at www.tigr.org/tdb/mtgi) indicated CaML1 to
6 expression to be specific in root nodules (Fedorova
et al., 2002). To determine developmental onset and
confirm root nodule specificity of expression, a labeled
DNA probe corresponding to CaML1 was hybridized
to total RNA samples from developing nodules (8, 10,
and 14 d after inoculation [DAI]) and various tissues
(Fig. 1A). CaML1 transcripts were detected only in the
8-, 10-, and 14-DAI nodule RNA samples. To assess
whether all CaML transcripts were expressed synchro-
nously and whether they could be detected even
earlier than 8 DAI, quantitative reverse transcription
(RT)-PCR using gene-specific primers for all six CaML
genes was carried out on total RNA purified from un-
inoculated root tissue (0 DAI), inoculated roots (3 DAI),
root segments containing small nodules at 6 and 8
DAI, and nodules at 10 DAI (Fig. 1B). CaML mRNA
was initially detected at 6 DAI, followed by a substan-
tial increase in mRNA abundance between 6 and 8
DAI for all M. truncatula nodule-specific CaMLs. A
typical CaM gene (CaM1), also analyzed by RT-PCR as
an internal control, showed constitutive expression.
Taken together, the RNA blot and RT-PCR analysis
indicated that expression of all members of the CaML

Liu et al.

168 Plant Physiol. Vol. 141, 2006



gene family in M. truncatula is synchronous with
nodule development and the onset of N2 fixation (i.e.
from 7–8 DAI).
We localizedCaML1 transcripts inM. truncatula nod-

ules via in situ hybridization. Nodule nomenclature is
classified according to Vasse et al. (1990): meristem (I),
invasion zone (II), interzone (*), nitrogen-fixing zone
(III), and senescent zone (IV). All infected cells within
the nodule show a strong signal, with the highest
expression of transcripts in cells of the early N2-fixing
zone (III; Fig. 2, A and B). The transcript was not
detected in uninfected cells (Fig. 2B). Hybridization
with a 3#-specific probe gave similar results (data not
shown). In contrast, the constitutive CaM1 (GenBank
AF494219) transcript was uniformly distributed in
all cells throughout the nodule, whereas tissue labeled
with the control sense transcripts of CaML1 showed
no detectable signal above background (data not
shown).

Ineffective nodules induced by Sinorhizobiummeliloti
strain T202, a mutant that causes early nodule senes-
cence, accumulate CaML1 transcripts in two to three
cell layers of the late interzone (*) and early N2-fixing
zone (III; Vasse et al., 1990; Figs. 1A and 2C). These are
the only cells in T202-induced nodules that contain
bacteroids. Leghemoglobin transcripts accumulated in
comparable nodule sections with a pattern similar to
the CaML1 transcripts (data not shown).

Nitrogen fixation can be observed in M. truncatula
nodules as early as 7 to 8 DAI as measured by acet-
ylene reduction activity (S.S. Miller and C.P. Vance,
unpublished data). We were able to confirm that all
CaML transcripts were present in nodule tissue at 6
DAI by RT-PCR. CaML1 b-glucuronidase (GUS) re-
porter gene activity was observed at 6 DAI using root
segments containing small, but visible nodules as
starting material. Whereas the RT-PCR technique is a
highly sensitive method for transcript detection, acet-
ylene reduction is known to be a less rigorous measure
of the ability of plants to fix nitrogen. It was therefore
not unexpected that the CaML transcripts can be
detected before appreciable ethylene can be measured
via gas chromatography. Mitra and Long (2004) noted
a similar pattern of expression for CaML1 in effective
nodules and in ineffective nodules containing limited
bacteroid development. In addition, we detected
CaML1 transcripts in the late interzone of effective
and ineffective nodules. Within this zone, rhizobia
enlarge and nitrogenase becomes active as the bacteria
develop into bacteroids within Syms. The presence of
CAML1 transcripts at the outset of bacteroid develop-
ment within the infected cells implies an early role for
Ca21 signaling in this crucial developmental process
and continued maintenance of the bacteroid state.

We transformed alfalfa (Medicago sativa) with a
chimeric CaML1 promoter:GUS transcriptional fusion
to determine nodule cell-specific expression. In addi-
tion, we constructed a CaML1:GFP translational fusion
driven by the native CaML1 promoter to analyze the
subcellular location of CaML1 protein. Only the in-
fected cells in the N2-fixing zone of effective nodules
showed GUS activity (Fig. 2D). Substantial GUS stain-
ing was also detected in very young nodules at the
time of differentiation of bacteroids (6 DAI; data not
shown). In agreement with GUS results, GFP-specific
fluorescence was detected only in infected cells of the
N2-fixing zone of young nodules (Fig. 2, E–G). Infected
cells were distinguished from uninfected cells by
the intense staining of the bacterial nucleic acids by
SYTO63 stain. High magnification of infected cells
shows the GFP associated primarily with rod-shaped
Syms within infected cells (Fig. 2H). When Syms were
gently released from infected cells into the osmoticum,
GFP was associated exclusively with the released
Syms and not detected in the cytosol or other released
cell contents (Fig. 2I).

Immunolocalization studies were done to further
resolve the subcellular localization of CaML1 protein
in root nodule-infected cells (14 DAI; Fig. 2, J–M).

Figure 1. Analysis of CaML1 expression in M. truncatula. A, RNA gel-
blot analysis in developing nodules and in various tissues. Each lane in
the top image contains 15 mg of total RNA from root (R), effective
nodules 8 DAI (8), 10 DAI (10), and 14 DAI (14), ineffective nodules
induced by S. meliloti strain T202 (IN), stem (S), leaf (L), flower (F), and
pod (P). The blot was hybridized with a cDNA insert specific for the
CaML1 transcript. The numbers at the right indicate the size of the
hybridizing band in kilobases. The bottom image shows the ethidium
bromide-stained rRNA on the gel prior to blotting to the membrane. B,
Semiquantitative RT-PCR analysis of CaMLs during nodule initiation.
Total RNAwas isolated from uninoculated roots (0), inoculated roots at
4 DAI (4), root segments with nodules at 6 and 8 DAI (6, 8), and nodules
10 DAI (10) and used for RT and subsequent PCR to detect transcript
accumulation. Typical CaM transcript (CaM1) was also amplified as a
positive control. Thirty cycles were used for the amplification of CaM1
and 26 to 36 cycles for CaML1 to 6.
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Figure 2. Localization of CaML1 transcripts and protein within Medicago root nodules. Nodule nomenclature is classified
according to Vasse et al. (1990): meristem (I), invasion zone (II), interzone (*), nitrogen-fixing zone (III), and senescent zone (IV).
Un, Uninfected cell; in, infected cell; ba, bacteroid; SymM, symbiosomemembrane. A to C, Longitudinal cross section of mature
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Immunogold localization studies showed CaML1 la-
beling in the SymS (Fig. 2J, arrowhead). Control sec-
tions in which CaML1 protein was used as a blocking
agent resulted in no labeling of the SymS (data not
shown). Laser-scanning confocal microscopy of nod-
ule cells stained with affinity-purified CaML1-specific
antibodies showed the anti-CaML1 signal is only pre-
sent in infected cells. The CaML1 signal localized to
areas surrounding and in contact with bacteroids: These
areas correspond to the location of the SymS (Fig. 2,
K–M). No antibody-reactive material was detected in
the cytosol. These data, taken together with the struc-
tural and functional genomics aswell as the biochemical
data, indicate that CaML1 protein localizes to the SymS.
Additional evidence that CaML1 antibodies recog-

nized CaML protein in nodules and the SymS was
obtained by first identifying CaML cross-reactive pro-
teins on western blots and then sequencing the immu-
noreactive protein. SymS proteins were isolated by
differential centrifugation and the purity was assessed
on a western blot using antibodies against leghemo-
globin and phosphoenolpyruvate carboxylase, abun-
dant proteins of the nodule cytosol.Neither polypeptide
was recognized. Catalano et al. (2004) have further
tested this SymS fraction and found it to be devoid of
nodulin-26, a Symmembraneprotein.CaML1antibody
reacted strongly with the recombinant His-CaML1
protein at 17 kD (Fig. 3A, lane 6) and with comparable-
sized bands in SymS protein (14 DAI, lane 5) as well as
both 10 and 14 DAI total nodule protein (lanes 3 and 4).
No immunoreactive polypeptides were detected in
either root total protein (lane 1), nodule protein corre-
sponding to 8 DAI (lane 2), or in leaf, stem, cotyledon,
flower, or pod total protein (data not shown).
Tandem mass spectrometry (MS) following trypsin

digest was used to further characterize the CaML
immunoreactive polypeptides detected upon SDS-
PAGE separation of SymS proteins. Search of the
translated National Center for Biotechnology Informa-
tion nonredundant database yielded matches corre-
sponding to two M. truncatula nodule CaML proteins.
One match corresponded to a unique 11-amino acid
peptide (amino acids 142–152) from the CaML2 pro-

tein and the other match corresponded to a unique
11-amino acid peptide (amino acids 104–114) from the
CaML5 protein.

It is estimated that asmanyas 200proteins exist at the
interface of the bacteroid and plant cell inM. truncatula
(Catalano et al., 2004) and Pisum (Saalbach et al., 2002)
nodules. Since the SymS does not contain its own
protein translation machinery, essential proteins must
be imported (Simonsen andRosendahl, 2002). Catalano
et al. (2004) proposed that proteins may be targeted to
the SymS by the translation on free cytosolic ribosomes
followed by protein insertion in the Sym membrane
via N-terminal sequence recognition. Kiss et al. (1990)
showed that alfalfanodulin-25proteinhas anN-terminal
extensionwith a predicted 24-amino acid presequence.
Catalano et al. (2004) identifiedM. truncatula nodulin-25

Figure 3. CaML protein is abundant in the SymS. A, Immunoblot
detection of CaML protein using specific antibodies on cell-free
extracts from roots (lane1), nodules 8 DAI (lane 2), 10 DAI (lane 3),
and 14 DAI (lane 4), purified SymS protein (lane 5, 40 mg), and His-
CaML protein (lane 6, 90 ng). Lanes 1 through 4 each contained 100 mg
protein. The numbers at the right of each image indicate Mr markers in
kilodaltons. B, Electrophoretic mobility shift assays on minigels in the
presence (Ca21) or absence (EGTA) of calcium carried out on His-CaML
protein (His-CaML) and on a typical bovine CaM (B-CaM) as a control.
C, Analysis of the ability of the purified fusion proteins G10-CaML
protein (G10-CAML) and His-CaML protein and a typical bovine CaM
to bind 45Ca on a nitrocellulose miniblot after SDS-PAGE.

Figure 2. (Continued.)
effective and ineffectiveM. truncatula root nodules hybridized with antisense CaML1 probe. High expression of CaML1 is found in
the infected cells throughout effective M. truncatula root nodules in A and B. B, Magnification of the boxed area in A. Mature
ineffective root nodules induced by S. meliloti strain T202 can be seen in C. NoteCaML1 transcripts are detected only in infected
cells of the late interzone (*) and early zone III of ineffective nodules. Scale bars in A and C are 0.5 mm; in B, 0.02 mm. D,
CaML1:GUS reporter gene activity in effective alfalfa nodules at 8 DAI (scale bar 5 0.3 mm). E to I, Confocal images of
CaML1:GFP localization in effective alfalfa nodules. Nodules stained with SYTO63 (E) nucleic acid stain showing location of
nucleic acids in red. GFP localization in nodule in E visualized by scanning with 488-nm laser line (F). Overlay of E and F
resulted in G, showing GFP is exclusively localized in infected cells. Scale bars in E to G are 0.25 mm. Magnification (603 ) of
cells in zone III (H) shows GFP reporter gene activity localized in Syms of infected cells (scale bar 5 0.02 mm). CaML1:GFP
reporter gene activity (I) is localized in Syms released from infected cells (scale bar 5 0.01 mm). J, Immunogold localization of
CaML1 protein in alfalfa root nodules. Arrowhead points to gold particles (scale bar 5 0.5 mm). K to M, Immunolocalization of
CaML1 in M. truncatula root nodule Syms using CaML1 primary antibodies and secondary antibody conjugated to ALEXA546.
CaML1 protein appears red (K) and is localized to SymS (white arrows). Bacteroid nucleic acids in K stainedwith SYTO13 appear
green (L). Overlay of K and L resulted in M. CaML1 protein surrounds the bacteroid nuclear material (scale bar5 3 mm for K and
M). Light scattering from the fluorochrome can contribute to the SymS appearing broader than expected.
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in association with the inner leaflet of the Sym mem-
brane. Our demonstration that nodule-specific CaML1
protein, which has a presequence 75% identical to
nodulin-25 and is found in the SymS, coupled with
the fact that all M. truncatula CAML presequences are
very similar (see Supplemental Fig. 1), argues that all
are targeted to the SymS.

Fedorova et al. (2002) previously reported that op-
timal alignment of CaML proteins with the typical
CaM proteins produced a gap occurring in domain II.
Realignment of the CaML protein sequence without
omitting the typical CaM protein sequence showed an
additional complete functional EF hand in CaML1, 2,
and 5 (see Supplemental Fig. 2).

Because M. truncatula nodule-specific CaMLs are
atypical and have a variable number of EF hands, we
thought it important to show that they do, in fact, bind
Ca21. Typical CaMs have previously been shown to
display a mobility shift when Ca21 is bound (Lee et al.,
1995; Camas et al., 2002; Zielinski, 2002). Utilizing
recombinant His-CaML1 (three EF hands), a truncated
His-CaML1 protein (EF-hands 3 and 4), a His-CaML4
protein (two EF hands), and a His-CaML6 protein
(two EF hands), we performed Ca21-dependent mobil-
ity shift and 45Ca-binding assays with the nodule-
specific CaMLs. Both theHis-CaML1 and the truncated
His-CaML protein showed a Ca21-dependent mobility
shift (Fig. 3B). However, no shift was observed for His-
CaML4 or 6 (data not shown). As expected, the bovine
CaM with bound Ca21 showed increased mobility as
compared to the Ca21-free protein. When recombinant
CaML proteins and bovine CaM were incubated with
45Ca in solution on protein blots, both G10- and His-
CaML1 fusionproteins boundCa21 efficiently (Fig. 3C).
The other His-tagged CaML proteins displayed a
weaker binding of the labeled Ca21 (data not shown).
Our data indicate that all of the CaML proteins tested
bind Ca21, but to varying degrees. This result was not
unexpected because some of the EF hands do not
conform to the canonical EF-hand motifs.

In efforts to define a function for nodule CaMLs, we
have attempted RNAi-induced gene silencing. Results,
however, have been inconsistent with phenotypes rang-
ing from impaired symbiotic-dependent growth to no
detectable effect (data not shown). We have tried si-
lencing with constructs designed fromCaML1, 4, and 6,
but none have resulted in silencing of all six CaML
messages. The lack of any of the constructs silencing the
entire gene family along with the inconsistent pheno-
types suggests that the individual CaMLs may not be
functionally redundant.

Inclusively, our data provide evidence for a novel
family of Ca21-binding proteins encoded by plant nu-
clear genes being incorporated into the SymS.Whereas
the specific role of nodule-specific CaML proteins in
symbiotic N2 fixation remains to be established, it has
become apparent that Ca21 and Ca21-signaling events
are involved in legume root nodule symbiosis from
initial recognition events to endocytosis and cation
channel gating in the Symmembrane. Substantial Ca21

has been detected in the SymS, and Ca21 within the
SymS has been implicated in modulating the transport
of fixed NH4

1 (Andreeva et al., 1999; Roberts and
Tyerman, 2002). However, it is thought that the free
Ca21 within Syms is low, with most being bound. Our
data show that plant nodule-specific nuclear-encoded
CaML proteins are found in the SymS of M. truncatula
nodules and may be important in Ca21 signaling. Ca21

concentrations within the SymS may be regulated
through oscillations in binding to CaML proteins.
Moreover, nodule CaML conformation may be altered
by Ca21 binding, as occurs with typical CaMs, thereby
regulating CaML interaction with other proteins in the
SymS and/or Sym membrane. Binding and release of
Ca21 in the SymS would provide a rapid and efficient
mechanism for regulating Ca21 availability within the
SymS and near the Sym membrane. CaMs and Ca21

are known to affect endocytosis (Colombo et al., 1997),
organelle-cytosol signaling (Yang and Poovaiah, 2003),
Glumetabolism and the g-aminobutyrate shunt (Bouché
and Fromm, 2004), anion channel gating (Roberts
and Tyerman, 2002), and adaptation to anaerobiosis
(Rawsthorne and LaRue, 1986; Subbaiah and Sachs,
2003), processes also known to be intimately related to
root nodule function. Whether nodule-specific CaMLs
are involved in regulating these processes in M. trunca-
tula remains to be established.

Co-Opting of CaM Genes for Sym Function

CaMLs have distinct hybridization patterns in ge-
nomic blots and do not cross hybridize with CaMs
under high stringency conditions (data not shown).
Genomic library screeningwith aCaML1 cDNAyielded
one positive clone carrying two CaML genes in head-
to-tail orientation separated by approximately 2.5 kb
(GenBankAY542873). Sequence comparisonwith nodule-
specific tentative consensus sequences (TIGR MtGI)
indicated that these two genes, designated CaML1 and
CaML2, encoded CaML1 and CaML2 proteins, respec-
tively. CaML2 is upstream of CaML1 and 160 bp of
the intergenic region showed 85% identity with the
3#-untranslated region of the typical M. truncatula
CaM2. Both CaML1 and CaML2 contained only one
intron at identical positions, interrupting the prese-
quence and CaM-like coding regions. In addition to
the high sequence identity (88%) between the coding
regions, the 770-bp intron sequence in CaML1 and the
873-bp intron sequence in CaML2 were 90% identical.
Furthermore, the 0.5 kb upstream of the ATG start
codon were 99% identical. Analysis of the presumptive
CaML1 and CaML2 promoter sequences revealed that
four copies of a putative cis-element (CTCTT) were
present within 1 kb of the CaML1 translation start site.
CTCTT is known to be one of the critical cis-elements in
nodulin gene promoters and thus may also contribute
to the high-level CaML1 gene expression in nodules
(Sandal et al., 1987).

We identified additional genomic regions corre-
sponding to CaML and typical CaM (CaM1 and CaM2)
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genes by using their nucleotide sequences as BLASTN
queries (Altschul et al., 1997) against the available M.
truncatula genome sequence (November, 2005). We
found exact bacterial artificial chromosome (BAC)-
end matches for portions of CaML2, 3, 5, and 6 (Fig. 3).
Comparisons of cDNA and BAC-end sequences iden-
tified portions of intron sequences in CaML3, 5, and 6.
CaML3, 5, and 6 also contained a single intron of
varying size in the presequence.
The CaM and CaML sequences matching BAC iden-

tifiers were used to query the fingerprinted BAC
contigs at the M. truncatula genome Web site (http://
mtgenome.ucdavis.edu). The BACs corresponding to
CaM1 and CaM2 were in separate contigs (contigs 230
and 1,307, respectively), whereas the BACs corre-
sponding to CaML2, 3, and 6 all belonged to contig
410. The fact that CaML1 and CaML2 occur in close
proximity indicates that at least four CaML sequences
were clustered within contig 410 (420 kb). CaML5 was
located on a singleton BAC (Mth2-59P24). PCR ampli-
fication from a subset of BAC clones containing the
identified CaML BAC ends using gene-specific CaML

primers not only placed the singleton BAC containing
CaML5 in contig 410, but also placed the final known
member of the CaML gene family, CaML4, in the contig
(Fig. 4; GenBank AY542873, AY649559–AY649562).

Analysis of available BAC-end sequence data from
contig 410 also revealed exact matches to nodulin-22
(GenBank CAA75576) and nodulin-25 protein (Gen-
Bank CAB91091; see supplemental data for additional
matches). Alignment of BAC-end sequences from
Mth2-1D09 and Mth2-124L21 with the complete
nodulin-25 gene (GenBank AJ277858) revealed 100%
nucleotide identity, largely to intron sequence. Primers
designed from nodulin-22 and nodulin-25 and PCR
analysis confirmed the positions of these genes in the
contig (Fig. 4). As a final verification of our results, spe-
cific primers corresponding to CaML1 to 6, nodulin-25,
and nodulin-22 were used for PCR amplification of
these sequences from BAC Mth2-124L21, which was
predicted to contain all eight genes. The PCR products
were cloned and subsequent sequencing matched the
sequences of the eight genes and confirmed the loca-
tion of these genes. Based on the size of this BAC (D.
Cook, personal communication), all six CaML genes,
nodulin-25, and nodulin-22 clustered within a 112-kb
region.

Given the proximity of nodulin-25 to the CaML genes
and the amino acid similarity shared among their
presequences, the entire nodulin-25 gene and available
promoter sequence was compared to the CaML1 and
CaML2 genomic sequences (see Supplemental Fig. 2).
Nodulin-25 shared 75% nucleotide similarity over 363
bases with CaML1 and CaML2. The first 221 bases of
identity corresponded to putative promoter regions.
Similarity extended through exon 1 (103 bp) and
continued through the first 40 bp of intron 1. These
results suggest an unequal recombination event be-
tween nodulin-25, and a nearby CaM fused a portion of
the nodulin-25 to the CaM, which created a nodule-
specific CaML gene. Evolution of the CaMLs through
an unequal recombination event involving nodulin-25
is not surprising. Végh et al. (1990) proposed that
nodulin-25 evolved primarily through exon shuffling.
Of the 13 nodulin-25 exons, 10 are the same size (54 bp)

Figure 4. All six M. truncatula CaML genes, nodulin-25, and nodulin-
22 cluster within 112 kb of theM. truncatula genome. BLASTN analysis
identified BAC-end sequencematches (shaded gray) toCaML2,CaML3,
CaML5, CaML6, nodulin-22, and nodulin-25. PCR amplification was
performed on all seven BACs using primers designed from CaML1 (s),
CaML2 (:), CaML3 (n), CaML4 (n), CaML5 (d), CaML6 (h), nodulin-
25 ()), and nodulin-22 (;). The results of PCR amplification were used
to order the genes on the contig. For final verification, PCR products
from the amplification of all eight genes using BAC Mth2-124L21 as
template were cloned and sequenced.

Figure 5. Multiple sequence alignment of conserved nodule-specific signal peptides in eight unique genes or gene families.
Designations at left are GenBank accession numbers, TIGR tentative consensus identifiers, or MsCaM and MtCaML numbers.
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and show up to 94% sequence similarity with each
other. Misalignment anywhere in the nodulin-25 gene
could have resulted in an unequal recombination
event between nodulin-25 and a nearby CaM.

To determine the relationship between CaM and
CaML genes, we constructed a phylogenetic tree from
the coding sequences of 112 full-length CaMs and
CaMLs representing 40 different species within the
Viridiplantae (see Supplemental Figs. 3 and 4). As
controls, we included the sequences of two typical
CaMs fromM. truncatula (CaM1 andCaM2). Given their
proximity in the genome, it is not surprising that we
found all six M. truncatula CaML sequences clustered
into a single separate clade in 75 of 100 bootstrap
replicates. Significant support (bootstrap score of 100)
was found for the separationofM. truncatulaCaMLs1 to
4. Lower support for M. truncatula CaML5 and CaML6
may be due to internal deletions that would reduce the
number of informative sites used in phylogenetic anal-
ysis. It is noteworthy that M. truncatula CaM2 and a
CaM from alfalfa were also distinct from the typical
CaMs (bootstrap score of 97). The observation that
160 bp of the intergenic region between CaML1 and
CaML2 was similar to the 3#-untranslated region of
CaM2 supports our observation that the CaML genes
descended from CaM2. The separation of M. truncatula
CaML sequences into a different clade from typical
CaMs indicates they have diverged significantly.

Our phylogenetic analysis indicates that all six
CaMLs likely arose from a single CaML progenitor.
The step-like pattern observed in the M. truncatula
CaML clade suggests that these genes evolved by
tandem duplication and divergence. Sequencing the
genome fragment corresponding to CaML1 and
CaML2 revealed they were the result of a duplication
event. Additional duplication events likely gave rise to
other CaML genes within this cluster. Once the CaML
gene cluster expanded, its members could also un-
dergo unequal recombination. Not only are multiple
CaMLs present, but each of these genes is made up of
repetitive EF hands. Mispairing between CaML genes
followed by recombination allows expansion or contrac-
tion of CaML gene copy number to occur. Mispairing of
EF hands within a CaML followed by recombination
would allow changes in the number of EF hands within
a gene and shuffling of EF hands. The variation in num-
bers of EF hands between CaMLs provides overwhelm-
ing evidence that this has occurred. Further sequence
analysis of contig 410 could provide additional evidence
of duplication and may allow identification of the pro-
genitor gene.

We have recently found at least one CaML gene
expressed in alfalfa and Lotus japonicus (S. Miller and
M. Graham, unpublished data; TIGR LjGI at www.
tigr.org/tdb/tgi/plant.shtml, TC8059, respectively),
providing evidence for their existence in other legume
species. Identification of additional CaMLs awaits
further sequencing of legume genomes. In addition,
using a motif model based on the presequence of M.
truncatula nodulin-22, nodulin-25, and the CaMLs, we

have been able to identify eight unique genes or gene
families containing a highly similar presequence. These
sequences were identified from the following species
either as cloned cDNAs or ESTsequences: Lotus, alfalfa,
Lupinus luteus, Galega orientalis, and V. faba (Fig. 5). For
several sequences, multiple splice products were de-
tected. Alternate splice products were not detected
within the signal peptide; therefore, redundant se-
quences were not included. Consistent with our finding
with the M. truncatula CaMLs, all sequences were iso-
lated from root nodule libraries.

CONCLUSION

In this article, we provide biochemical and genomic
evidence for a plant gene being co-opted and recruited
for root nodule symbiosis. We have demonstrated that
nodule CaMLs diverged from a progenitor gene to
create a distinct set of Ca21-binding proteins. These
Ca21-binding proteins are nodule specific, expressed
uniformly at 6 DAI, and located in the SymS. More-
over, nodule CaMLs are clustered in the genome ofM.
truncatula along with at least two other nodule-specific
genes. Whereas we have not defined the specific
function of nodule-specific CaMLs, based upon their
location in the SymS and the fact that Ca21 flux affects
anion channel gating, they appear to be integrally
related to Sym function.

Szczyglowski and Amyot (2003) and others (Albrecht
et al., 1999) have previously discussed other examples
that might exemplify recruitment of symbiotic func-
tion genes from existing plant programs. The origins
of ENOD genes, the genetic determinants underlying
the arbuscular mycorrhizal and Rhizobium symbioses,
and genes involved in autoregulation of nodulation
all appear to have been borrowed from preexisting
developmental and signaling pathways. In addition,
the O2-carrying heme protein leghemoglobin, unique
to nodules, is likely a specialized product of diver-
gence from ancestral plant hemoglobins that may have
been derived from a hemoglobin gene in the last
common ancestor to plants and animals (Hardison,
1996). The genomic arrangement and phylogeny of
M. truncatula CaMLs, coupled with the localization of
CaML protein in the SymS, conclusively demonstrate
gene recruitment for symbiotic purposes. The fact that
CaML proteins are located in the SymS and that they
can bind Ca21 make them likely candidates for medi-
ating signal transduction and/or communication be-
tween the host plant and microbial symbiont.

MATERIALS AND METHODS

Plant Materials, Bacterial Strains, and Protein Standards

Medicago truncatula (Gaertn.) seeds, line A17 of cv Jemalong, were acid

scarified and planted in a glasshouse as previously described (Fedorova et al.,

2002). For the RT-PCR experiment, plants were inoculated with Sinorhizobium

meliloti strain 102F51 11 days following planting. M. truncatula seeds were

inoculated at planting with ineffective S. meliloti strain T202 (oxygen regula-

tion mutant; Virts et al., 1988) and the nodules were harvested 12 DAI for RNA
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extraction or 19 and 31 DAI for in situ hybridization. For protein blotting and

RNA extraction, seeds were inoculated with S. meliloti 102F51 at planting and

nodules were harvested 8, 10, and 14 d later. All tissues were harvested into

liquid nitrogen except those tissues used for in situ hybridizations, which

were placed directly in fixative. Bovine brain CaM was obtained from Sigma.

PCR Primer Sequences

The sequence of primers used to construct fusion proteins can be found in

Supplemental Table I. Primer sequences for RT-PCR reactions and the CaML

genes from BAC clones can be found in Supplemental Table II. Specificity of

the CaML primers was demonstrated as described below. Primer pairs for

CaML4, 5, and 6 spanned introns of unequal sizes; therefore, the approxi-

mately 800-, 1,000-, and 400-bp products generated, respectively, were easily

distinguished as unique to those genes. The single introns in CaML1, 2, and 3

are highly homologous. The primer pairs for CaML2 and CaML3 shared a

forward primer designed to anneal to DNA in an area of their introns for

which a gap existed in the CaML1 intron and therefore would not allow

amplification of CaML1. Annealing temperature gradients were run on

positive and negative control DNAs and it was determined that the CaML2

primer pair PCR run with a 67.5�C annealing temperature distinguished

CaML2 from CaML3 and, likewise, the CaML primer pair PCR run with an

annealing temperature of 65�C distinguished CaML3 from CaML2. The

primer pair designed to PCR CaML1 had 3- to 6-bp mismatches or missing

bases in both the 3#- and 5#-priming sites as compared to both CaML2 and

CaML3 DNA; therefore, no products for CaML2 or CaML3 were observed at

an annealing temperature of 55�C. Additionally, to demonstrate specificity,

CaML2 to 6 PCR products were directly sequenced from those reactions

following cleanup using a QIAquick PCR purification kit (Qiagen) and found

to be pure products.

RNAi and Plant Transformation

Fragments of the 5# ends of three CaML genes were amplified by PCR from

cDNA clones EST482240 (TC86088, CaML1, 165 bp), EST483481 (TC88152,

CaML6, 255 bp), and EST484686 (TC79618, CaML4, 238 bp) and the products

were introduced into RNAi-inducing pHellsgate 8 vector (Helliwell et al.,

2002) using the GATEWAY system (Invitrogen), creating pHG8:1277i,

pHG8:1278i, and pHG8:1279i, respectively. The pHellsgate 8 vector with a

fragment of the GUS or lacZ gene was used as a control. Proper insertion of the

PCR products into the vector was verified by sequencing. M. truncatula (A17)

seedling radicles were transformed using Agrobacterium rhizogenes ARqual to

generate hairy roots with the recombinant vectors as described (Boisson-

Dernier et al., 2001; Ivashuta et al., 2005).

Production of Fusion Protein and Antiserum

The pGEMEX T7 (Promega) and Qiaexpress pQE30 (Qiagen) vector

systems were used to produce recombinant CaML1 proteins, designated

G10-CaML1 and His-CaML1 proteins, respectively, for use in antibody

production and IgG affinity purification. Rabbit polyclonal antiserum was

produced against the gel-purified G10-CaML1 protein as described elsewhere

(Vance et al., 1985).

MS

The identity of the electroeluted G10-CaML protein was confirmed by

matrix-assisted laser-desorption ionization time-of-flight MS (Biemann, 1992)

using a Bruker Biflex III instrument with a nitrogen laser for ionization

(University of Minnesota spectrometry facility). The EXPASy peptide mass

program (http://ca.expasy.org) was used to predict the Mr of the expected

tryptic digest fragments.

Acetone-precipitated SymS proteins (40 mg) were separated on a 12.5%

SDS-PAGE gel and stained with Coomassie Brilliant Blue. A protein band

corresponding to a CaML1 antibody-reactive band from immunoblot analysis

of this fraction was excised and an in-gel tryptic digest was performed (as

detailed at www.cbs.umn.edu/mass_spec/ingel3.htm). Two peaks from the

matrix-assisted laser-desorption ionization-MS run, tentatively identified as

possible CaML protein fragments, were subjected to tandem MS (Biemann,

1992) on an ABI QSTAR XL. The data obtained were used to search the

National Center for Biotechnology Information nonredundant database using

the peptide mass fingerprint option in the Mascot search program (www.

matrixscience.com).

Protein Electrophoresis and Immunoblotting

Total proteins from various tissues ofM. truncatulawere ground in 13 SDS

gel sample buffer, boiled, and centrifuged, then separated by 12.5% SDS-

PAGE and transferred to nitrocellulose (Miller et al., 2001).M. truncatula SymS

proteins were isolated from nodules 14 DAI using differential centrifugation

as detailed by Catalano et al. (2004).

Mobility shift assays were carried out by combining aliquots of bovine CaM

or the purified 63 His-CaMLproteinswith either CaCl2 or EGTA (to 1mM final

concentrations) as previously described (Camas et al., 2002). The immunoblot

was incubated with a mixture of eluted CaML1 protein antibodies and anti-

bodies that recognize bovine CaM (Zymed). Bound antibodies were visualized

using the ECL western-blotting detection system (Amersham Biosciences).

In Vitro 45Ca-Binding and Mobility Shift Experiments

Purified proteins were separated by 4% to 12% gradient SDS-PAGE

(Invitrogen), transferred to nitrocellulose, and 45Ca binding determined as

described by Maruyama et al. (1984).

Construction and Screening of the M. truncatula
Genomic Library

Genomic DNA isolated from young leaves of M. truncatula plants was

digested with BamHI, fractionated, and cloned into the lDASH II (BamHI)

vector (Stratagene) as previously described (Miller et al., 2001). A cDNA insert

representing the nodule-specific CaML1 protein was labeled and hybridized

to plaque lifts in 7% SDS, 0.5 M Na2H2PO4 at 68�C. A hybridizing clone with an

18-kb insert was identified and subcloned into pBS(SK) (Stratagene) for

restriction mapping and sequencing.

Construction and Analysis of Chimeric Reporter Genes

A 1.6-kb sequence upstream of the ATG start codon was amplified by PCR

from the genomic clone CaML1 and inserted into pBI101.2 (CLONTECH)

containing either the GUS or GFP reporter gene for plant transformation. The

recombinant plasmids were introduced separately into Agrobacterium tumefa-

ciens strain LBA4404 by electroporation. Alfalfa (Medicago sativa) transforma-

tions were carried out as essentially described by Austin et al. (1995).

Transformed cells were regenerated and plants propagated as vegetative

cuttings.

In Situ Hybridization, Immunocytochemical,
and Immunogold Localization

In situ hybridization and probe preparation were carried out according to

the methods described by Trepp et al. (1999). The probes used were linearized

from pBS(SK) plasmids containing an 800-bp (XhoI-NotI) CaML1 cDNA

fragment, a 900-bp M. truncatula CaM1 fragment, or a 700-bp leghemoglobin

fragment (a gift from Ann Hirsch, University of California, Los Angeles).

FifteenDAIM. truncatula noduleswere hand sectioned and immunolabeled

according to a modified version of Harrison et al. (2002). Nodule sections were

fixed for 2 h in 4% formaldehyde and 5% dimethyl sulfoxide (v/v) in PME

buffer (50 mM PIPES, 5 mMMgSO4, and 10 mM EGTA, pH 7.0). Nodule sections

were rinsed three times for 10minwith PMEand thendigested in 1%Cellulase-

RS, 0.01% pectolyase Y23 (Karlan Research Products), and 1% bovine serum

albumin inPMEbuffer for 1h.Nodule sectionswererinsed three times for 5min

with PME and then incubated for 1 h in 3% bovine serum albumin, 1% normal

goat serum in Tris-buffered saline (TBS), pH 7.4. The blocking solution was

removed and the nodule sections were incubated in purified anti-CaML1

antibody at 1:5 in block.Nodule sectionswere then rinsed three times for 10min

in TBS and incubated in a 1:20 dilution of goat anti-rabbit IgG ALEXA546

secondary antibody (Molecular Probes) and a dilution of 1:1,000 SYTO13

(Molecular Probes) nucleic acid stain for 1 h. Nodule sections were rinsed three

times for 10min with TBS and images were acquired on an inverted Zeiss LSM

510 NLO laser-scanning microscope (Carl Zeiss).
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Immunogold labeling was carried out according to Robinson et al. (1994).

Identification of Genome Sequence Corresponding
to CaM and CaML

BLASTN analysis (Altschul et al., 1997) of M. truncatula CaML1 to 6, M.

truncatula CaM1 (GenBank AF494219), and M. truncatula CaM2 (GenBank

AF494220) against the available M. truncatula genome sequence was used to

identify matching BACs. To determine whether identified BACs were present

in the same contig, BAC names were used to query the M. truncatula genome

Web site at the University of California, Davis (http://mtgenome.ucdavis.

edu). BAC-end sequences from other BACs present in contig 410 were

compared to the GenBank nonredundant database (April, 2004; BLASTX) to

identify additional genes of interest. Gene-specific primers designed for

nodulin-25 and nodulin-22 were used to position the genes in the contig.

Analysis of Medicago BAC Contig 410

To determine sequences of interest in contig 410, all available BAC-end

sequences from the contig were compared to the GenBank nonredundant

database using BLASTX (April, 2004). Identified sequence matches included

MtN22 (GenBank Y15294) and nodulin-25 (GenBank AJ277858). PCR ampli-

fication with gene-specific primers was used to verify the assembly of contig

410 to determine whether BAC Mth2-59P24 belonged to the contig and to

position all six CaML genes, nodulin-25, and nodulin-22 in the contig. As final

validation, gene-specific primers from the six CaML genes, nodulin-25, and

nodulin-22 were used in amplification reactions using the core BAC Mth2-

124L21 as template. The PCR products were cloned and sequenced to verify

the presence of all eight genes. See Supplemental Table II for all primers used

in BAC PCR procedures.

Phylogenetic Analyses of CaM and CaML Sequences

The M. truncatula CaML1-6 sequences (containing the presequence) were

blasted against the following databases to determine whether homologs were

present in other species: GenBank nonredundant (BLASTX) and dBEST

(tBLASTX), TIGR (Oryza sativa; March, 2004) and Arabidopsis (Arabidopsis

thaliana; version 4) genome databases. No homologs containing a similar

presequence were identified; therefore, alignments were made with all six

CAML coding sequences and 106 additional Viridiplantae CaM sequences

identified from GenBank. Prior to phylogenetic analysis, the presequence was

removed from the six CAML sequences. Phylogenetic trees of the alignment

were constructed using the Genetics Computer Group programs PAUP-

SEARCH and PAUPDISPLAY.

Disclaimer

Mention of trade names or commercial products in the article is solely for

the purpose of providing specific information and does not imply recom-

mendations or endorsement by the U.S. Department of Agriculture.

Note Added in Proof

Following submission of this article, the sequence of BAC 124L21

(CT573353) was released by the Medicago truncatula Genome Sequencing

Consortium. Currently, the sequence has been assembled into four contigs

totaling 148,036 bases. Detailed analyses will be performed following com-

pletion of sequencing. However, the available sequence confirms the presence

of nodulin-25, nodulin-22, and CaML1 through 6 on BAC 124L21. In addition,

all eight genes share between 163 and 1,353 bases of promoter sequence and

between 128 and 138 bases of sequence corresponding to the signal peptide.

These results support the conclusions drawn in this article.

Sequence data from this article for the DNA and protein sequences can

be found in the GenBank/EMBL data libraries under accession numbers

AY542873 (M. truncatula CAML1 and CAML2), AY649559 to AY649562

(partial BAC sequences for CAML3–6), AY649556 (nodulin-22), and AY649555

(nodulin-25).
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