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The symbiosis between leguminous plants and soil rhizobia culminates in the formation of nitrogen-ﬁxing organs called nodules that
support plant growth. Two Medicago truncatula Tnt1-insertion mutants were identiﬁed that produced small nodules, which were
unable to ﬁx nitrogen effectively due to ineffective rhizobial colonization. The gene underlying this phenotype was found to encode a
protein containing a putative membrane-localized domain of unknown function (DUF21) and a cystathionine-b-synthase domain.
The cbs1 mutants had defective infection threads that were sometimes devoid of rhizobia and formed small nodules with greatly
reduced numbers of symbiosomes. We studied the expression of the gene, designated M. truncatula Cystathionine-b-Synthase-like1
(MtCBS1), using a promoter-b-glucuronidase gene fusion, which revealed expression in infected root hair cells, developing nodules,
and in the invasion zone of mature nodules. An MtCBS1-GFP fusion protein localized itself to the infection thread and symbiosomes.
Nodulation factor-induced Ca2+ responses were observed in the cbs1 mutant, indicating that MtCBS1 acts downstream of nodulation
factor signaling. MtCBS1 expression occurred exclusively during Medicago-rhizobium symbiosis. Induction of MtCBS1 expression
during symbiosis was found to be dependent on Nodule Inception (NIN), a key transcription factor that controls both rhizobial
infection and nodule organogenesis. Interestingly, the closest homolog of MtCBS1, MtCBS2, was speciﬁcally induced in mycorrhizal
roots, suggesting common infection mechanisms in nodulation and mycorrhization. Related proteins in Arabidopsis have been
implicated in cell wall maturation, suggesting a potential role for CBS1 in the formation of the infection thread wall.

Legumes can utilize atmospheric di-nitrogen for growth
by virtue of symbiotic nitrogen ﬁxation with rhizobia
bacteria, which is central to sustainable agriculture
(Peoples et al., 2009). To support symbiotic nitrogen ﬁxation, legumes develop specialized organs called nodules,
typically from root tissue. Nodule development is triggered by speciﬁc lipochitooligosaccharides called
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Nodulation (Nod) factors produced by rhizobia in
response to ﬂavonoids released from legume roots
(Oldroyd, 2013). Nod factors are perceived by receptors
on plant root hair cells, which leads to several responses,
including plasma membrane depolarization, Ca2+ inﬂux,
and Ca2+ spiking, within minutes (Ehrhardt et al., 1996;
Wais et al., 2000; Messinese et al., 2007; Horváth et al.,
2011). Within hours of Nod factor perception, large-scale
reprogramming of plant gene expression occurs, which
supports rhizobial infection and nodule development
(Oldroyd, 2013). Infection begins with rhizobial attachment to the tip of growing root hair cells, which leads to
asymmetric growth (curling) of the root hair cells and
formation of a characteristic shepherd’s-crook structure
that entraps rhizobia inside an infection focus. Rhizobia
in this pocket divide and multiply to form a microcolony,
while a plant pectate lyase digests the adjacent plant cell
wall (Xie et al., 2012). This allows entry of rhizobia into
the plant cell via a tubular invagination of the plasma
membrane and cell wall called the infection thread (IT).
IT initiation occurs about 10 to 20 h after root hair curling
is complete (Fournier et al., 2015). The IT then grows toward the base of the root hair cell and guides the bacteria
to the root cortex (Fournier et al., 2008; Murray, 2011;
Oldroyd et al., 2011).
Genetic studies using the model legumes Medicago
truncatula and Lotus japonicus have identiﬁed many
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plant genes that are required for bacterial recognition,
nodulation, and nitrogen ﬁxation. The Nod factor perception mutants nod factor perception (Mtnfp)/nod factor
recognition (Ljnfr5) exhibit no physiological or morphological responses in root hair cells to inoculation
with rhizobia, including lack of Nod factor-induced Ca2+
spiking (Ben Amor et al., 2003; Madsen et al., 2003;
Arrighi et al., 2006). Other mutants, including Ljnfr1,
Ljnucleoporin85 (Ljnup85), Ljnup133, Ljcastor, Ljpollux/
does not make infections1, Ljnena, and Mtdmi2/symbiosis
receptor-like kinase have defects in the entrapment of rhizobia and nodule formation, and like Mtnfp, are not responsive to Nod factors in Ca2+-spiking assays (Endre
et al., 2002; Stracke et al., 2002; Limpens et al., 2003;
Radutoiu et al., 2003; Ané et al., 2004; Imaizumi-Anraku
et al., 2005; Kanamori et al., 2006; Saito et al., 2007;
Oldroyd et al., 2011). Although the Mtlyk3/hcl mutants
exhibit similar defects to the other mutants mentioned
above, they show normal calcium spiking in response to
Nod factors, in contrast to the others (Smit et al., 2007).
Acting downstream of Ca2+ spiking the Ca2+-calmodulindependent protein kinase (CCaMK/DMI3), which is
thought to decode the Ca2+-spiking signal, activates gene
transcription through activation of the transcription factor (TF) Interacting Protein of DMI3/Cyclops (Horváth
et al., 2011; Singh et al., 2014). CCaMK is required for the
formation of ITs and nodules, and constitutively active
variants of CCaMK can initiate spontaneous nodule organogenesis (Catoira et al., 2000; Lévy et al., 2004; Gleason
et al., 2006; Tirichine et al., 2006; Miller et al., 2013). In
addition to Interacting Protein of DMI3/Cyclops, acting downstream of CCaMK are two transcription
factors NSP1 and NSP2, and VAPYRIN, an ankyrin
domain-containing protein of unknown function
(Kaló et al., 2005; Smit et al., 2005; Messinese et al., 2007;
Yano et al., 2008; Oldroyd et al., 2011). The abovementioned genes, with the exception of the Nod factor receptor genes, MtNFP/LjNFR5, are required for
both root nodule symbiosis and the arbuscular mycorrhizal symbiosis, and constitute a common symbiotic
pathway (Oldroyd et al., 2011; Delaux et al., 2013).
Several other genes are known that act downstream of
CCaMK. NIN is a nodulation-speciﬁc TF required for
formation of ITs and nodules. Mutations in other genes
also lead to defective IT growth, including genes encoding the transcriptional regulators MtNF-YA1 (Laporte
et al., 2014) and ERF transcription factor1 (ERN1,
Middleton et al., 2007); regulators of actin nucleation,
Nck-Associated Protein1 (LjNAP1/MtRIT1, Yokota
et al., 2009; Miyahara et al., 2010), 121F-speciﬁc p53 Inducible RNA (Yokota et al., 2009), and Actin Related
Protein Component1 (Hossain et al., 2012); membrane
protein ﬂotillin (FLOT2 and FLOT4, Haney and Long,
2010); SYMBIOTIC REMORIN 1 (Lefebvre et al., 2010);
an E3 ligase Ubox/WD40, LUMPY INFECTIONS (Kiss
et al., 2009); a U-box, WD-40 domain-containing protein
(Yano et al., 2009); E3 ubiquitin ligase PUB1 (Mbengue
et al., 2010); the cell wall enzyme Lotus Pectate Lyase
gene (Xie et al., 2012); and the nuclear-localized coiledcoil protein, Rhizobium Polar Growth (Arrighi et al., 2008).

Very little is known about transcriptional regulation of
genes involved in IT growth in legumes. Recently, it has
been shown that LjCyclops is a TF that it is required for
induction of NIN expression (Singh et al., 2014). Further, it
has been shown that NIN binds to and activates the
promoters of the Nodulation Pectate Lyase gene (LjNPL, Xie
et al., 2012), LjNF-YA1, and LjNF-YB1, and the genes encoding two LjCLAVATA3/ENDOSPERM SURROUNDING
REGION (CLE)-related small peptides, CLE ROOT
SIGNAL (CLE1 and CLE2, Soyano et al., 2013, 2014).
Here we report on the identiﬁcation and characterization of what is, to our knowledge, a novel gene, MtCBS1
encoding a protein with a cystathionine-b-synthase (CBS)
domain and a domain of unknown function (DUF21),
which is required for IT propagation, bacterial endocytosis, and effective nitrogen ﬁxation in Medicago.
RESULTS
Characterization of Two Independent Symbiotic Mutants

Tnt1-insertion mutant lines NF1391 and NF0457 were
identiﬁed previously as having delayed nodulation and
defects in IT formation (Pislariu et al., 2012). Homozygous mutants of both of these lines exhibited retarded
growth compared to the wild-type R108 under symbiotic
conditions (Fig. 1A) and developed only white nodules,
in contrast to the mixture of white (immature) and pink
(mature) nodules of the wild type (Fig. 1B). Acetylene
reduction assays revealed greatly reduced activity at 21 dpi
in NF1391 and NF0457 plants compared to wild-type
controls (Fig. 1C). Growth defects of NF1391 and NF0457
plants under symbiotic conditions with low soil mineral
nitrogen were fully or partially alleviated, respectively,
by provision of a high concentration of mineral nitrogen
(6 mM N from KNO3 and NH4NO3; Fig. 1D).
To test whether the symbiotic mutations of NF1391
and NF0457 were dominant or recessive, mutant individuals were back-crossed (BC) to wild-type R108 plants
and the resulting F1 individuals were self-fertilized to
produce an F2 population. BC-F2 populations of both
NF1391 and NF0457 segregated in a 3:1 ratio of wild type
to mutant symbiotic phenotypes, indicating that the underlying mutations were monogenic-recessive (NF1391,
156 Fix+, and 46 Fix2, x2 = 0.535, P . 0.05; and NF0457,
91 Fix+, and 17 Fix2, x2 = 4.938, P . 0.05). Fix+ and Fix2
phenotypes were scored based on plant growth, leaf
color, and nodule size and color.
Identiﬁcation and Characterization of a Novel (to our
knowledge) Symbiotic Gene, MtCBS1

Genomic sequences ﬂanking sites of Tnt1 integration in
lines NF1391 and NF0457 were recovered by Thermal
Asymmetric InterLaced PCR. Sequencing revealed 28
and 17 so-called ﬂanking sequence tags in NF1391 and
NF0457, respectively (Supplemental Table S1). To investigate potential candidates, we ﬁrst checked the expression proﬁles of genes harboring Tnt1 insertions, using
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Figure 1. Nodulation, nitrogen fixation, and
growth phenotypes of the wild-type (R108),
and NF1391 and NF0457 mutants. A, Plant
growth 21 dpi with S. meliloti 1021. Wild
type on left, followed by NF1391 and
NF0457. B, Number of pink and white
nodules at 70 dpi with S. meliloti 1021, n =
9. C, ARA of wild-type R108 and mutants at
21 dpi, n = 14–17. D, Plant fresh weights for
wild-type and mutants grown with low
nitrogen (0.5 mM nitrate supplied once) and
inoculated with S. meliloti 1021 and harvested at 21 dpi, or supplemented with 2 mM
each of KNO3 and NH4NO3 each week.
Plants were harvested at 28 d post-planting,
n = 11. Bars indicate 6 SE. Asterisks indicate
a significant difference in plant performance
with respect to the R108 control, determined using Student’s t test: *P # 0.05,
**P # 0.01, and ***P # 0.001. ARA, acetylene reduction activity.

the Medicago truncatula Gene Expression Atlas (MtGEA;
Benedito et al., 2008) and published data from rhizobially
inoculated root hairs (Breakspear et al., 2014). Four genes
were found with expression patterns indicating potential roles in symbiosis in line NF1391. These encoded a
transmembrane protein (Medtr2g006280), a receptor-like
kinase (Medtr8g088760), a zinc-ﬁnger domaincontaining protein (Medtr8g076620), and a CBS domaincontaining protein (Medtr6g052300). Oligonucleotide
primers speciﬁc to these genes and the Tnt1 retrotransposon were used for plant genotyping (Supplemental
Table S2). Genotyping of 46 mutants and four wild-typelike plants of line NF1391 from a BC-F2 population
revealed that only one Tnt1 insertion cosegregated perfectly, in the homozygous state, with the mutant phenotype. This insertion was in the ﬁfth intron of gene
Medtr6g052300, between the invariant splice donor sites G

and T at position 3595 relative to the start ATG. Bearing in
mind that typically not all ﬂanking sequence tags are recovered from Tnt1 mutant lines by Thermal Asymmetric
InterLaced PCR, we tested whether symbiotic mutants of
line NF0457 harbored an insertion in gene Medtr6g052300.
PCR analysis revealed an insertion in the 10th exon of this
gene at position 5649bp relative to the start ATG codon.
Genotyping of this locus in the segregating BC-F2 population of NF0457 (17 mutants and 91 wild-type plants)
revealed perfect co-segregation of the homozygous mutation and the phenotype. Medtr6g052300 encodes a
protein with a centrally located CBS domain and an
N-terminal domain of unknown function (DUF21; Fig.
2A). Therefore, we named the gene MtCBS1 and designated the two mutant alleles cbs1-1 (NF1391) and cbs1-2
(NF0457). An additional mutant allele, cbs1-3, with a Tnt1
insertion in exon 11 at position 6368 bp, was identiﬁed in
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line NF7704, via a BLAST search of the public mutantdatabase (http://bioinfo4.noble.org/mutant/; Fig. 2A).
Homozygous cbs1-3 mutants were also found to be Fix2
(data not shown), but as the mutant was discovered late in
the course of this study it was not included in the experiments described here.
To conﬁrm that the Tnt1 insertion in the CBS1 gene of
mutant cbs1-1 was responsible for the symbiotic defects
observed earlier, the mutant was transformed with either
pro35S:CBS1 (CBS1 transcription driven by the constitutive 35S promoter) or proCBS1:CBS1:GFP (transcription
of a CBS1:GFP fusion driven by the native CBS1 promoter), via hairy root transformation. Both constructs
complemented the mutant phenotype, restoring normal
development of elongated nodules and increasing acetylene reduction activity signiﬁcantly compared to control
plants transformed with the vector alone (Supplemental
Fig. S1, A, B, C, D, and E).

CBS1 belongs to a family of proteins that contain
N-terminal DUF21 and a C-terminal CBS domain (Fig.
2A). These proteins are uncharacterized in plants and only
partially characterized in yeast in the case of MAM3p,
which has a DUF21 and two CBS domains in tandem
(Yang et al., 2005). Phylogenetic analysis of CBS1 protein
homologs in Arabidopsis, i.e. Oryza sativa, Physcomitrella
patens, M. truncatula, L. japonicus, Glycine max (soybean),
Cicer arietinum (chickpea), and S. cerevisiae MAM3p,
clustered MtCBS1 into a legume-speciﬁc clade with two
soybean and one chickpea CBS domain-containing proteins (Fig. 2B). The closest branch to this cluster contains a
second M. truncatula gene that we named MtCBS2
(Medtr6g051860; Fig. 2B), which also had a counterpart
in soybean. MtCBS1 and MtCBS2 are tightly linked
on chromosome 6. However, the two genes show contrasting expression patterns, based on data from MtGEA.
MtCBS1 was expressed predominantly in nodules, while
Figure 2. MtCBS1 contains a predicted membranespanning domain of unknown function (DUF21)
and a single cystathionine-b-synthase domain.
A, Schematic representation of MtCBS1 gene
structure (top) and conserved domains of the
corresponding protein (bottom). Exons are represented by black rectangular boxes and introns
with gray. Two domains (DUF21 and CBS) are
indicated on the protein representation. The positions of the Tnt1 insertion sites for the different
cbs1 alleles are indicated by arrowheads on the
MtCBS1 gene structure. Three putative membranespanning domains (MS1–3) are predicted by
the TopPred 1.10 program (http://mobyle.
pasteur.fr/cgi-bin/portal.py#forms::toppred) and
marked as gray boxes along the protein; the numbers are amino-acid positions in the protein. B,
Phylogeny of the MtCBS1-DUF21. Arabidopsis
(At), C. arietinum (Ca), G. max (Gm), L. japonicus
(Lj), M. truncatula (Mt), O. sativa (Os), P. patens
(Pp), and S. cerevisiae (Sc). The bar represents the
estimated amino-acid change per sequence position. The S. cerevisiae protein (CAY86228) is used
to root the tree.
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MtCBS2 expression was found only in mycorrhizal roots
(Supplemental Fig. S2A).
MtCBS1 and MtCBS2 are 38% identical in predicted
protein sequence (Supplemental Fig. S2C). In DUF21 of
MtCBS1, 3 to 4 transmembrane domains were predicted by
hydropathy analysis, while 4 to 5 transmembrane domains
were predicted in the MtCBS2 protein (Supplemental Fig.
S2 C). Topology predictions for the MtCBS1 and MtCBS2
proteins indicate that the C terminus is likely to be extracellular in both the proteins (Supplemental Fig. S3, A and B).
Infection Phenotypes of Mtcbs1 Mutants

The phenotype of Mtcbs1 mutants did not match
those of previously described nodulation mutants.

After inoculation with rhizobia, root hair cells of the
cbs1-1 and cbs1-2 mutants produced almost normal
shepherd’s crook structures (Fig. 3, A, C, and E) and a
higher ratio of microcolonies to ITs than the wild-type
(Fig. 3, B, D, F, and G). ITs in cbs1-1 and cbs1-2 were
fewer in number, appeared to contain fewer bacteria,
and often terminated growth within the root hair,
resulting in a buildup of bacteria at the tip of the IT (Fig.
3, C and E). Consequently, fewer ITs reached the developing nodule primordia (Fig. 3, D, F, and G).
To better deﬁne the symbiotic stage(s) affected in
cbs1 mutants, we used calcoﬂuor staining to visualize
IT cell wall formation and GFP-labeled rhizobia (strain
Sm1021) to follow bacterial entry. During bacterial entrapment in curled root hair cells, no difference was

Figure 3. Infection defects of cbs1-1 and cbs1-2 mutants at early stages of interaction with S. meliloti 1021. A, B, Wild-type
(R108); C, D, cbs1-1; and E, F, cbs1-2. Representative micrographs of infection phenotypes; the presence of S. meliloti is visualized by b-Gal blue-staining. A, C, and E, Epidermal infection threads. C, E, Mutants have a large microcolony (marked by
arrows) and halted IT (marked by arrow head), respectively. B, D, and F, Nodule formation was observed 7 dpi (ITs are marked by
arrowheads). G, Average number of microcolonies, elongating ITs, full length or cortical ITs, and cortical events (nodules plus
nodule primordia) in wild-type and mutant plants within 2.5 cm of the susceptible zone of the root at 7 dpi visualized using lacZexpressing S. meliloti 1021. Mean 6 SE from n = 17 (R108), 11 (Mtcbs1-1), and 10 (Mtcbs1-2) plants. Asterisks indicate a significant difference by Student’s t test: *P # 0.05, **P # 0.01, and ***P # 0.001. Scale bar, A, C, and E, 20 mm; B, D, and F, 100 mm.
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observed between mutant and wild-type R108 plants
(compare Fig. 4, A, D, and G). Some microcolonies were
observed with erratic deposition of cell wall material in
mutant plants (compare Fig. 4B with Fig. 4, E and H).
We estimated the frequency of the erratic deposition
of IT cell wall material in mutant plants, based on
calcoﬂuor-white ﬂuorescence. Calcoﬂuor-white binds
to b-1,3- and b-1,4-linked polysaccharides such as those
found in cellulose or in chitin. We observed approximately 70% increase in ﬂuorescence intensity around
microcolonies (Supplemental Fig. S4, A, B, and C). At
later stages, calcoﬂuor-stained ITs devoid of rhizobia
were observed in mutants but not the wild type (compare Fig. 4C with Fig. 4, F and I). Wild-type ITs always
contained rhizobia. To summarize, defects in rhizobial
infection in the mutant plants were ﬁrst apparent during initiation of ITs from infection pockets, with production of larger and more numerous microcolonies
and fewer ITs that, when present, contained few or no
rhizobia.
Calcium is a feature of the response of legume root
cells to rhizobial bacteria and this occurs as both calcium oscillations associated with the nucleus and a
calcium inﬂux across the plasma membrane (Oldroyd,
2013). Genetic and cell biological studies have implied
that the calcium inﬂux may be associated with the
formation of infection structures (Miwa et al., 2006;
Morieri et al., 2013), and therefore we assessed calcium
responses in the cbs1-1 mutant. We observed no defects
in either the calcium inﬂux or calcium oscillations
(Supplemental Fig. S5), implying that CBS1 is not required for these signaling functions.

and wild-type nodules. The invasion zone (ZII) in cbs1
nodules was enlarged and there were fewer infected
cells in the nitrogen-ﬁxation zone (ZIII), compared to
wild-type nodules (compare Fig. 5, A and B). In zone II
of wild-type nodules, individual rhizobia could be seen
within the IT matrix, which was not itself stained (Fig.
5C). In cbs1, the entire IT matrix was stained and individual bacteria could not be seen; therefore it was not
possible to determine whether these ITs contained rhizobia or not (Fig. 5D). The reason for aberrant staining
is unknown, but it could possibly be due to the ability of
toluidine blue to stain acidic polysaccharides. In TEM
micrographs, we noticed defects in transcellular ITs of
the cbs1 mutant compared to wild-type (compare
Supplemental Fig. S6, A, B, and C to Supplemental Fig.
S6, D, E, F, G, H, and I). Nonetheless, large, normallooking ITs ﬁlled with bacteria could be seen in cbs1,
as in wild-type nodules (Supplemental Fig. S6, C and F).
However, we also observed ITs containing abnormal,
dark-colored bacteria, which we interpret as dead or
dying (Supplemental Fig. S6I). In developing cbs1
nodules, bacteria were released from ITs into plant cells
either by normal droplet formation, as in the wild type
(Supplemental Fig. S6, B, C, and D), or via enlarged
droplets (Supplemental Fig. S6, E, G, and H). Bacteria
appeared abnormal just after endocytosis in the latter
case (Supplemental Fig. S6, E, G, and H). Bacteroids
within the nitrogen-ﬁxing zone of cbs1 nodules
appeared normal, showing characteristics of type IV
bacteroids, including elongation, although there
appeared to be fewer such bacteroids in the mutant
than in the wild type (Fig. 5, G and H). Slower release of
bacteria from ITs and/or more rapid degradation of
bacteria could account for this difference.

Bacterial Endocytosis Is Affected in cbs1

In view of the defects in early colonization via ITs in
the cbs1 mutants, we investigated later aspects of the
colonization process, using light and transmissionelectron microscopy (TEM). Light microscopy using
semi-thin sections of nodules with toluidine-blue
staining revealed signiﬁcant differences between cbs1

Characterization of MtCBS1 Promoter Activity

As described above, the Mtcbs1-1 mutant phenotype
was complemented with a wild-type copy of the CBS1
cDNA containing 1.5 kb of its own promoter. To determine the spatiotemporal expression pattern of the
Figure 4. Infection phenotype of Mtcbs1. Confocal micrographs of rhizobial infection showing
GFP-labeled S. meliloti 1021 (green); root hair
and IT cell wall was stained with calcofluor white
(blue, which binds to b-1,3 and b-1,4 polysaccharides) to monitor growth of the IT. A, B, C, wild
type; D, E, F, cbs1-1; G, H, I, cbs1-2. Scale bar
10 mm. Empty ITs were marked by arrows. (I) The
microcolony and empty IT are from two different
root hair cells. The erratic deposition of IT walls
are marked by arrows.
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Figure 5. Cytological characterization of cbs1 mutant nodules during
bacterial endocytosis. Semi-thin section of 11-dpi-old whole nodule
from A, wild-type and B, cbs1-2 were stained with toluidine blue. High
magnification light microscopic images from ZII of wild-type (C) and
cbs1-2 (D) in an 11-dpi nodule showing defects in bacterial release from
ITs in cbs1-2 nodules. High magnification light microscopic images
from ZIII of wild type (E) and cbs1-2 (F). TEM images from ZIII wild type
(G) and cbs1-2 (H) nodule cells at 11 dpi, showing symbiosomes. Note
the low bacterial occupancy of infected cells in the mutant (compare E
and G with F and H). M, meristem; V, vascular bundle; ZII, invasion
zone; ZIII nitrogen fixation zone; S, starch granule. ITs are indicated by
arrows, and degrading bodies are indicated by arrowheads. Scale bar:
A, B, 20 mm; C, D, 10 mm.

CBS1 gene after inoculation with rhizobia, we fused the
1.5 kb promoter region of CBS1 to the GUS reporter
gene (proMtCBS1:GUS) and transformed this construct
into plants via hairy root transformation. At 3 dpi, GUS
activity in transgenic roots was detected in root hair
cells containing ITs, and in neighboring epidermal cells

(Fig. 6, A and B). Magenta-Gal staining of lacZ-expressing
rhizobia together with GUS-staining conﬁrmed that
CBS1 promoter activity was associated with root hair
cells containing ITs (Fig. 6C). During Medicago nodule
primordia formation, cell division occurs initially in the
pericycle and later in the inner cortex (Timmers et al.,
1999; Xiao et al., 2014). GUS stain in proMtCBS1:GUS
roots was always found in the epidermis and cortical
cells (C1–C4 according to Xiao et al., 2014) but not in
dividing cells of the pericycle or endodermis (Fig. 6, D,
E, and F). At 6 dpi, GUS expression was found in cells
associated with the propagating IT network as well as
epidermal and cortical cells (Fig. 6E). In larger, more
mature nodules at the same time point, GUS expression
was associated with the meristem and invasion zone
but was never found in the vascular bundle (Fig. 6F). In
an intact nodule, at 15 dpi, GUS staining appeared restricted to the meristem and invasion zone (Fig. 6G).
Nodule dissection showed more clearly the apical restriction of GUS staining (Fig. 6H). Magenta-Gal staining of bacteria together with GUS-staining conﬁrmed
that the CBS1 promoter was active primarily in the
meristem and invasion zone (Fig. 6I), although some
GUS staining was also observed in the epidermis of
infected roots and the outer layer of cells in nodules
(Fig. 6, A and E, respectively).
MtGEA data (Benedito et al., 2008; Czaja et al., 2012;
http://mtgea.noble.org/v3/) show that MtCBS1 expression increased more than 2-fold and 4-fold, 6
and 24 h after Nod factor application, respectively
(Supplemental Fig. S2B). Quantitative RT-PCR (qRTPCR) analysis showed that MtCBS1 transcript levels
increased steadily during nodulation between 2 and
6 dpi, then decreased between 8 and 21 dpi (Fig. 7A).
MtCBS2 transcripts were not detected in these samples
(Fig. 7A).To extend these results and identify potential
regulators of CBS1 expression, we employed qRT-PCR
to measure CBS1 transcript levels in seedlings of wildtype plants and ﬁve transcription factor mutants impaired at early stages of symbioses development,
namely nin, nsp1, nsp2, ern1, and nf-ya1 (5 dpi
Sinorhizobium meliloti). CBS1 transcript levels increased
4-fold in wild-type root hairs in response to inoculation,
by 5 dpi, compared to uninoculated controls. Transcript
levels were similar to the wild type in all inoculated
transcription factor mutants, except nin in which CBS1
transcript level did not differ from the uninoculated
control (Fig. 7B). Recently a NIN binding motif was
identiﬁed in Lotus (TX12AGGX2T) (Soyano et al., 2013),
and this motif is present twice in the 1.5-kb MtCBS1
promoter.
MtCBS1-GFP Protein Localizes to the Infection Thread and
Symbiosome Space

As described above, the proCBS1:CBS1:GFP transgene complemented the cbs1 phenotype (Supplemental
Fig. S1, A, B, and E). Therefore, the same construct
was used in an attempt to localize the CBS1:GFP fusion protein in the cells of transformed hairy roots.
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Figure 6. Expression patterns of CBS1 during nodule development. X-Gluc (blue) staining for promCBS1:GUS expression and
Magenta-Gal (purple) staining for lacZ S. meliloti infection were used. A, Root hairs in the infection zone, 3 dpi. GUS-stained ITs
are indicated by arrows; B, a curled root hair cell shows GUS activity. C, A curled root hair cell containing an ITand the base of the
root hair cell shows GUS activity. The IT is marked with an arrowhead. D, A dividing cortical cell shows GUS activity at 3 dpi and
the associated infection event is shown by rhizobia Magenta-Gal staining and marked with an arrowhead. E, F, Developing
nodule primordia show GUS activity associated with the invasion zone (6 dpi). G, H, I, The 15-dpi nodule shows that GUS activity
is mainly associated with meristem and invasion zone; G, brief GUS staining for 3 h; H, section of nodule after GUS staining; I,
GUS-stained sections of mature nodules were further counterstained with Magenta-Gal, which shows GUS activity associated
with the meristem and invasion zones, with some staining in the nodule cortex. Bars represent A, F, H, I, 100 mm; B, C, D, 20 mm;
E, 50 mm; and G, 1 mm. V, Vascular bundle; M, meristem; Ep, epidermis; Ed, endodermis; C1–C5, numbering of cortical cell
layers of Medicago root from outside to inside according to Xiao et al. (2014).

Unfortunately, no signiﬁcant GFP ﬂuorescence was
detected in root hair cells using this construct (data not
shown). To visualize CBS1:GFP, we tested a stronger
and rhizobia-inducible promoter for root hair expression, namely the ENOD12 promoter (Breakspear et al.,
2014). Following hairy root transformation with the
proENOD12:MtCBS1:GFP-containing construct, we
detected GFP ﬂuorescence along the ITs at 7 dpi (Fig. 8A).
Some auto-ﬂuorescence was observed in rhizobia-infected
root hair cells, but never in ITs of nontransformed root cells
(Supplemental Fig. S7A). Notably, pronounced autoﬂuorescence was seen in the shepherd’s-crook structure of root hairs. The enlargement of the micrograph

shows the localization of CBS1:GFP fusion protein largely
in the infection thread matrix (Fig. 8B and Supplemental
Fig. S7, C, D, and E). Using the proCBS1:CBS1:GFP
construct at 15 dpi, CBS1:GFP ﬂuorescence was
associated with the symbiosome (Figs. 8, C, D, E, F,
and G). GFP ﬂuorescence was adjacent to and largely
separate from the red mCherry ﬂuorescence of bacteroids (see the enlarged picture of Fig. 8, E, F, and G),
indicating a location for CBS1 in the symbiosome
space or the symbiosome membrane. Symbiosomeassociated green ﬂuorescence was not visible in nontransformed nodules from the same plant (Supplemental
Fig. S7B).
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Figure 7. CBS1 expression is induced during nodulation and under the control of NIN. A, Expression profile of CBS1 and CBS2
during nodule development in M. truncatula ecotype R108. qRT-PCR was used to measure CBS1 and CBS2 transcript levels
relative to three housekeeping genes [MtPI4K (Medtr3g091400), MtPTB2 (Medtr3g090960), and MtUBC28 (Medtr7g116940)] in
the infection-susceptible zone of roots (0–4 dpi) and in developing nodules (6–21 dpi). The mean of three biological replicates is
presented in each case. Vertical bars represent 6 SD. B, qRT-PCR analysis of isolated root hair cells from wild-type A17 and five
transcription factor mutants (nin, nsp1, nsp2, ern1, and hap2.1) in the A17 background at 5 dpi with S. meliloti. Mean and SD
(vertical bars) of three biological replicates are presented in each case. Asterisks indicate a significant difference in CBS1 expression with respect to the control by Student’s t test: * P # 0.05.

DISCUSSION

The results presented above indicate that MtCBS1 is a
protein that localizes to the infection thread matrix and
symbiosome, and which is required for effective infection and colonization by rhizobia of nodule epidermal
and cortical cells. The cbs1 mutants displayed multiple
defects during infection and colonization, including
increased numbers of bacterial microcolonies in infection pockets that were often enlarged, indicating a
problem in initiation of ITs (Fig. 3, C, E, and G); and
fewer ITs that traversed the length of root hairs, with
many ITs having uncolonized sections (Figs. 3, C and G
and 4, F and I), perhaps indicating an IT environment
unsuitable for bacterial cell division and/or colonization. ITs that formed in cbs1 mutants often terminated in
occlusions (Fig. 3E). Few ITs reached the base of root
hair cells in cbs1 mutants and went on to colonize the
nodule primordia (Figs. 3, C and E, and 4, F and I). In
these cases, an additional defect was evident during
endocytosis of bacteria into nodule cells: the presence of
swollen ITs implicates CBS1 in bacterial endocytosis
(Fig. 5, B and D). The few bacteria that were released
from ITs into the plant cell cytoplasm formed normal
symbiosomes capable of ﬁxing nitrogen (Fig. 1C).
Although other mutants with defects in IT formation
have been characterized previously, phenotypes of
these mutants differ from those of cbs1 in several ways.
Before they terminate within the root hair, ITs in cbs1
appear similar to those of the wild type in terms of
thickness in contrast to the rpg mutant, which has abnormally thick ITs (Arrighi et al., 2008). Like rpg, the
nf-ya1 mutant also has thickened, slowly progressing ITs
that appear bulbous and swollen (Laporte et al., 2014).
The lin/cerberus, Ljcyclops, and vpy mutants form
abnormal-looking ITs that terminate very early in the
root hairs (Kuppusamy et al., 2004; Yano et al., 2009;
Murray 2011). The recently reported arf16a mutant has

a decreased number of microcolonies (Breakspear et al.,
2014), while microcolony numbers in cbs1 were increased relative to wild type. The ern1 and cbs1 phenotypes are superﬁcially similar, each featuring ITs that
appear structurally normal but that often terminate in
bulbous occlusions within the root hair (Middleton
et al., 2007). Unlike cbs1, however, ern1 nodules are not
infected and do not ﬁx nitrogen. With respect to microcolony formation, cbs1 is most similar to the Lotus
Ljnpl mutant, which is defective for a pectate lyase enzyme. Ljnpl had increased numbers of microcolonies,
similar to cbs1. Like cbs1, Ljnpl is defective in IT initiation from the infection pocket within the root hair curl.
However, unlike cbs1, Ljnpl ITs became colonized normally but they traversed cell wall boundaries poorly
(Xie et al., 2012).
CBS1 displayed a complex expression pattern during
Medicago nodule development. The gene was induced
within 6 h of Nod factor treatment (Fig. 7A), and its expression was associated with infected root hair cells,
infected outer cortical tissues, and the nodule invasion
zone (Fig. 6). Our results suggest that CBS1 induction is
dependent on NIN but not NF-YA1, which requires NIN
for its expression (Soyano et al., 2013; Singh et al., 2014). It
is not clear from our work whether CBS1 is a direct target
of NIN or if other yet-unidentiﬁed TF(s) act downstream
of NIN to activate MtCBS1. In L. japonicus, LjCBS1 (Lotus
probeset IDs: LjSGA_0673396.1, Lj_SGA_111594.1) expression is reduced in the Ljnin mutant compared to the
wild-type, indicating a conserved genetic program in legumes (Høgslund et al., 2009; Soyano et al., 2013; Verdier
et al., 2013).
Expression of MtCBS1:GFP fusion protein during
nodulation resulted in green ﬂuorescence associated
with the IT and symbiosome (Fig. 8, C, D, and E). This
localization is consistent with our promoter-GUS study
that showed CBS1 expression in cells undergoing
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Figure 8. CBS1-GFP localizes to ITs and symbiosomes. A, with mCherry-expressing S. meliloti
1021 (red) in a brightest-point projection of a
spinning disk confocal stack merged (1), GFP only
(2), and mCherry only (3). B, A merged field of a
single z-section showing the CBS1:GFP (green)
along the IT matrix, S. meliloti 1021 (red). C, D, E,
F, G, promCBS1-driven CBS1:GFP (green) localization in the infection zone 12 dpi with S. meliloti
1021 (red). C, D, Brightest-point projection of a
spinning disk confocal stack, shows CBS1:GFP
protein localization around bacteroids. D, GFPonly field of (C). E, F, G, Higher-magnification
micrograph showing CBS1:GFP protein localized
to the symbiosome space. E, F, Merged field. G,
The GFP-only field showing the CBS1:GFP localization in the symbiosome space. Arrows indicate
localization of the CBS1:GFP protein. A, B, C, D,
E, Scale bar = 10 mm; F, G, scale bar = 5 mm.

infection by rhizobia, the nodule meristem, and invasion
zone. The MtCBS1:GFP appeared to localize to the IT
matrix and the symbiosome space or symbiosome membrane. However, the presence of a predicted membranespanning domain (DUF21) in CBS1 is inconsistent with it
being secreted. On the other hand, it should be noted that
GFP was fused to the C terminus of CBS1, and the predicted extracellular C terminus of the protein is on bacterial side toward the IT matrix and symbiosome space. It
is not inconceivable that after being deposited into the
membrane, the GFP portion is cleaved from the fusion
protein. Normal symbiosomes can form in the cbs1 mutant, albeit at a much lower frequency, suggesting CBS1 is
not required for symbiosome formation per se. However,
rapid degradation of symbiosomes in the mutant could be
due to the absence of CBS1 protein in the symbiosome
space/membrane. Clearly, further work is required to
determine the exact mode of action of CBS1 protein.
CBS domain-containing proteins are evolutionarily
conserved and present in all forms of life (Bateman,

1997). CBS domains occur in tandem, with the exception of plants, which have single as well as paireddomain CBS proteins. In animals, CBS pair domain
proteins usually act as regulatory subunits in enzyme
complexes (Kushwaha et al., 2009). CBS domain proteins are mostly regulatory subunits associated with,
and required for, the function of several enzymes of
unrelated function, such as inosine 59 monophosphate
dehydrogenase, AMP-activated protein kinase, chloride channels, and CBS (Baykov et al., 2011). Mutations
in CBS domains impair the function of the associated
enzymes (Kushwaha et al., 2009). Enzyme activation by
CBS proteins occurs through binding to S-adenosylMet, AMP, or ATP, which changes the CBS pair domain structure and thereby activates the enzyme
(Kushwaha et al., 2009; Yoo et al., 2011).
Topology prediction suggested that the CBS domain
of MtCBS1 is extracellular (Supplemental Fig. S3), ostensibly facing the IT matrix and the symbiosome
space. By interacting with other proteins in these
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compartments, MtCBS1 may alter the membrane, cell
wall, or solutes surrounding the rhizobia. Identifying
which proteins, if any, interact with MtCBS1 may shed
light on the enzymatic or other functions associated
with this protein, which could help us to understand
why loss of MtCBS1 function leads to aberrant infection
and colonization of root and nodule cells.
The most closely related protein to CBS1 that has
been characterized is MAM3p of Saccharomyces cerevisiae.
MAM3p has a DUF21 and two CBS domains. It is
a vacuolar membrane protein whose expression levels
directly correlate to the degree of manganese toxicity,
but it does not impart any obvious changes in vacuolar accumulation of metals (Yang et al., 2005). We
tested MtCBS1 for manganese transport activity in oocyte cells, but it did not show such activity (data not
shown). Single CBS domain- and DUF21-containing
proteins are present only in plants. The Arabidopsis
and rice genomes code for seven and four DUF21-CBS
proteins, respectively (Kushwaha et al., 2009), the
function of which are unknown. MtCBS1 is the ﬁrst
plant DUF21-CBS protein that has been tied to a biological function. The closest homolog of MtCBS1 is
Arabidopsis AtCBS-DUF21-5 (At5g52790) and its expression is restricted to roots. Transcriptomic studies
revealed that At5g52790 expression changed in a root
hair cell-wall deformation mutant (Diet et al., 2006).
This is intriguing, in light of the defects in the ITs of cbs1
mutants, and the putative location of the CBS domain in
the lumen of ITs. Perhaps, as we speculated above,
MtCBS1 is involved in formation of the IT wall. Interestingly, in Arabidopsis it has been shown that a single soluble CBS domain-containing protein regulates cellular
redox homeostasis by interacting with thioredoxin and
thereby controls maturation of the cell wall (Yoo et al.,
2011). Currently, it is thought that regulation of reactive
oxygen species (ROS) in the IT is important to ensure an
appropriate level of cross linking within the plant cell wall
to maintain its integrity while allowing IT growth and
bacterial infection (Santos et al., 2001; Brewin, 2004; Jamet
et al., 2007). Reduction of ROS by overexpression of the
S. meliloti catalase, katB, impaired IT development, suggesting that a ﬁne balance of ROS production in the IT is
required for its proper development (Jamet et al., 2007).
Consistent with a possible role of CBS1 in cell wall chemistry, the gene was found to be regulated by H2O2 (Andrio
et al., 2013). Based on our results and analysis of the literature, our favored hypothesis at present is that CBS1 affects
IT cell wall maturation, possibly via ROS metabolism.
Further biochemical studies are needed to understand the
exact role of CBS1 in IT and symbiosome development.
MATERIALS AND METHODS
Plant Growth and Bacterial Strains
Medicago truncatula ecotype R108 and homozygous cystathionine-b-synthase
(CBS) mutants cbs1-1 and cbs1-2) were used. Seeds were scariﬁed for 10 min in
H2SO4 followed by sterilization for 3 min with 30% (v/v) commercial bleach
containing a few drops of Tween 20. Surface-sterilized seeds were placed on
inverted plates containing damp, sterile ﬁlter paper in the dark for 3 d at 4°C and

1 d at 20°C. Germinated seedlings were transferred to plastic cones containing a 2:1
ratio of turface/vermiculite. Plants were cultivated under a 16-h/8-h light/dark
regime with 200 mE m22 s22 light irradiance at 21°C and 40% relative humidity.
After 7 d of growth, plants were inoculated with 50 mL of Sinorhizobium meliloti
[strains Sm1021 with pXLGD4 plasmid (Boivin et al., 1990) or Sm1021 with
mCherry-expressing or GFP-expressing plasmid]. S. meliloti was grown overnight
in TY (tryptone yeast extract) liquid medium, with shaking at 250 rpm, to OD600
approximately 1.0, pelleted by centrifugation, and resuspended in half-strength
Broughton and Dilworth solution (Broughton and Dilworth, 1971) with 0.5 mM
KNO3 at OD600 approximately 0.02. For root transformation, ARqua1 Agrobacterium rhizogenes was used. For the high soil nitrogen experiment, 6 mM mineral
nitrogen was applied every week.

Mutant Screening and Cloning of the cbs1-1 Gene
The mutants cbs1-1 and cbs1-2 were isolated during research community
screening workshops at The Samuel Roberts Noble Foundation (Pislariu et al.,
2012). Cloning of the CBS1 gene was done by Thermal Asymmetric InterLaced
PCR and ﬂanking sequence tag sequencing as previously described (Tadege et al.,
2008). Thermal Asymmetric InterLaced PCR was done on NF1391 (cbs1-1) and
NF0457 (cbs1-2) using a combination of Tnt1-speciﬁc primers (Tnt1-F1, Tntail 1, 2, 3,
and LTR3 or LTR5) and arbitrary primers AD1 or AD2 (Supplemental Table S1).
Back-crossing of homozygous cbs1-1 and cbs1-2 mutants with the R108 accession
was performed as described by Taylor et al. (2011). All the above-mentioned experiments were performed on a back-crossed homozygous mutant population for
both the cbs1-1 and cbs1-2 alleles including a growth or developmental phenotype
under symbiotic and high nitrogen conditions.

Complementation of the cbs1 Mutant Phenotype
The open reading frame of CBS1 was ampliﬁed from cDNA synthesized
with total RNA extracted from 4 dpi nodules of the ecotype R108 using the
Trizol RNA extraction method (Life Technologies, Carlsbad, CA) and Superscript III reverse transcriptase (Life Technologies). PCR products were cloned
into a Gateway destination vector pB7WG2D (Karimi et al., 2002). This generated a MtCBS gene under a 35S promoter. A native promoter and CBS1 gene
fusion were generated in two steps. At the ﬁrst step, each PCR fragment was
generated with a ﬂanking sequence from another portion of the gene; in the
second step, these fragments were stitched together with a second round of PCR
(primers are in Supplemental Table S1). The ﬁnal round of PCR was done using
Phusion DNA polymerase (New England BioLabs, Ipswich, MA), and the
promoter cDNA fusion PCR product was cloned into a modiﬁed pKGWRedRoot vector. In pKGW-RedRoot, an eGFP has been introduced after the
Gateway cassette so that ultimately a C-terminal GFP fusion protein would be
generated under the control of the native promoter. The eGFP and 35S terminator were PCR-ampliﬁed from pK7FWG2. The empty vector expressing only
the GFP gene (pK7WGF2) and nontransformed root from the same plant were
used as a control during the protein localization studies. For ENDO12::CBS-GFP
construct generation, the ENOD12 promoter was further incorporated into the
pKGW-RedRoot-eGFP vector using AatII restriction digestion and PCR fragment
cloning (primers are in Supplemental Table S1). The above-generated vectors were
incorporated into A. rhizogenes strain ARqua 1. Agrobacteria were infected on cbs1-1
and R108 seedlings to generate composite plants (Boisson-Dernier et al., 2001).
Transformed hairy roots were screened either under UV or green light.

Nodulation Assays and Sample Collection
For nodulation, time-course assays were done in the manner described in
Sinharoy et al. (2013). Quantitative real-time PCR was performed on three
biological replicates. Transcript levels were normalized using the geometric average of three housekeeping genes: ubiquitin-conjugating enzyme E2
(Medtr7g116940), polypyrimidine tract-binding protein (Medtr3g090960), and
phosphoinositide 4-kinase g4 (Medtr8g027610), the transcript levels of which were
stable across all the samples analyzed (primers are in Supplemental Table S1).

Histochemical Staining Light, Confocal, and Transmission
Electron Microscopy
Images of whole-mount nodulated roots were captured using a model no.
SZX12 stereomicroscope (Olympus, Center Valley, PA) equipped with a model
no. DXM1200C digital camera (Nikon Instruments, Melville, NY). Histochemical
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staining with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) was
performed as described previously (Boivin et al., 1990). For root hair imaging,
whole-mount images were captured using a model no. BX41 compound microscope (Olympus). Whole roots were mounted on a slide with 60% glycerol
and used for microscopy. Detached nodules were embedded in 5% lowmelting-point agarose and sliced into 50-mm-thick sections with a 1000 Plus
Vibratome (The Vibratome Company, Technical Product International,
St. Louis, MO). In Fig. 3C, two different focal planes of the same image were
superimposed using Photoshop CS4 (Adobe Systems, San Jose, CA). For protein localization, plants were freshly harvested, transformed roots were selected
by red ﬂuorescence, and either whole roots were mounted in 20% glycerol
containing 100 mM Tris 7.5 for protein localization in root hair cells or 12-dpi
nodules were hand-sectioned and mounted similarly. Further samples were
observed under a Spinning Disk Confocal Microscope (PerkinElmer, Waltham,
MA). For time-course confocal microscopy, whole mounted roots were stained
with calcoﬂuor (Life Technologies) and nodule development was followed
using GFP-labeled Sinorhizobium meliloti 1021. Images were acquired with a model
no. TCS SP2 AOBS Confocal Laser Scanning Microscope (Leica Microsystems,
Wetzlar, Germany). For transmission electron microscopy, nodules were ﬁxed with
3% glutaraldehyde (v/v) and 4% paraformaldehyde (v/v) in cacodylate buffer,
post-ﬁxed in 1% osmium tetroxide, dehydrated in a graded ethanol series, and
embedded in LR white resin (London Resin Company, Reading, Berkshire, UK).
Serial 0.1-mm sections were cut with a diamond knife on a model no. EM UC7
Ultramicrotome (Leica Microsystems). Ultrathin sections were then put onto
carbon-coated copper grids and stained with 2% uranyl acetate followed by
staining with Sato’s lead. Specimens were observed under a model no. 10A
Transmission Electron Microscope (Carl Zeiss, Jena, Germany) operated at 80 kV.
Images captured on negative ﬁlms were scanned and digitized. All digital micrographs were processed using Photoshop CS4 (Adobe Systems).

Accession Numbers
Sequence data for this article can be found in the Phytozome v9.1, for
L. japonicus; the protein ID is according to the L. japonicus genome database
and the chickpea ID is according to Legume Information Systems: GmCBS1a
(Glyma09g24130.1), GmCBS1b (Glyma16g29610.1), MtCBS1 (Mdtr6g052300.1),
CaCBS1 (Cam:101496956), MtCBS2 (Mdtr6g051860.1), GmCBS2 (Glyma09g24150.1), MtCBS-DUF21-1 (IMGA|Medtr7g010900.1), LjCBS-DUF21-2
(chr6.CM0139.810.r2.d), LjCBS-DUF21-4 (chr4.CM0387.650.r2.a), AtCBSDUF21-1 (At4g14240.1), AtCBS-DUF21-2 (At4g14230.1), AtCBS-DUF21-3
(At2g14520.1), AtCBS-DUF21-4 (At1g03270.1), AtCBS-DUF21-5 (At5g52790.1),
AtCBS-DUF21-6 (At4g33700.1), AtCBS-DUF21-7 (At1g47330.1), OsCBSDUF21-1a
(Os5g32850.1), OsCBSDUF21-1b (Os5g32850.2), OsCBSDUF21-2 (Os3g47120.1),
OsCBSDUF21-3 (Os3g03430.1), MtCBS-DUF21-2 (IMGA|contig_10415_1.1), LjCBSDUF21-1 (LjCM0492.170.r2.), GmCBS-DUF21-1 (Glyma04g03440.1), PpCBS-DUF21
(Pp1s196_114V6.1), LjCBS-DUF21-3 (chr6.CM0055.40.r2.m), MtCBS-DUF21-3
(IMGA|Medtr2g010520.1), GmCBS-DUF21-2 (Glyma07g30470.2), LjCBS-DUF21-5
(Ljchr4.CM1616.380.r2.m). The MtCBS1 sequence from the Medicago R108 genotype
was submitted to GenBank (accession no. KJ746967). Arabidopsis and Oryza CBSDUF21 domain numbering was done according to Kushwaha et al. (2009).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Complementation of the cbs1-1 mutant with
prom35S:CBS1 or promCBS1:MtCBS1:GFP constructs via Agrobacterium
rhizogenes-mediated hairy root transformation.
Supplemental Figure S2. Comparison between CBS1 and CBS2 gene expression and domain composition.

Calcium Spiking Assay
Calcium spiking assay was performed through microinjection as described in
Miwa et al. (2006) in wild type (R108) and cbs1-1 mutant background. Fluorescence images were taken over the entire root-hair cell using a model no.
TE2000U inverted microscope (Nikon, Melville, NY) coupled to a Hamamatsu
Photonics digital CCD camera (Hamamatsu, Hamamatsu City, Japan).

Supplemental Figure S3. Topology prediction of CBS1 and CBS2 according to the TopPred 1.10 program (http://mobyle.pasteur.fr/cgi-bin/
portal.py#forms::toppred).

Acetylene Reduction Assay

Supplemental Figure S5. NF-induced Ca2+ spiking patterns in wild-type
and Mtcbs1 M. truncatula root hair cells.

Acetylene reduction assays were performed as described previously (Oke
and Long, 1999). Plants were grown on a mixture of vermiculite and turface,
watered with B and D solution containing 0.5 mM nitrate, and inoculated with
rhizobia Sm1021. At 21 d post-inoculation, entire root systems were placed into
sealed test tubes for the assays for 16–18 h.

Gene Identiﬁcation and Phylogenetic Analysis
Homologous proteins for MtCBS1 were identiﬁed by BLAST search in
the National Center for Biotechnology Information (NCBI, Bethesda, MD). The
highest homologous 25 sequences were downloaded from Phytozome v9.1. The
Arabidopsis and rice database contains seven and four MtCBS1 homologous
proteins, respectively (Kushwaha et al., 2009); they were downloaded in addition to the 25 sequences. S. cerevisiae MAM3 protein was used to root the tree.
The full-length protein sequences of the MtCBS1 were aligned using the
ClustalW program (http://www.ebi.ac.uk/Tools/msa/clustalw2/) in MEGA
6.06 (http://www.megasoftware.net/). The phylogenetic tree was constructed
using MEGA 6.06 (Tamura et al., 2013) using the neighbor-joining method. The
bootstrap test (10,000 replicates) is shown next to the branches. In Figure 1 the
CBS domain is predicted according to the SUPERFAMILY 1.75 software
(http://supfam.org/SUPERFAMILY/) and the protein domain is drawn by
using Domain Graph (DOG) v2 (http://dog.biocuckoo.org/down.php).

Supplemental Figure S4. Visualization of cell wall material around microcolonies via calcoﬂuor white ﬂuorescence.

Supplemental Figure S6. Transcellular infection threads inside the wild
type and cbs1 nodules.
Supplemental Figure S7. Localization of CBS1-GFP protein.
Supplemental Table S1. Gene IDs of ﬂanking sites of Tnt1 integration in
lines NF1391 and NF0457.
Supplemental Table S2. Primer ﬁles.
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RNA Isolation from Isolated Root Hairs
Wild-type M. truncatula (Jemalong A17), nin, nsp1, nsp2, ERF transcription
factor1, and nfya1 (hap2-1), were grown and root hair was isolated according to
Breakspear et al. (2014). RNA was isolated using an RNeasy micro kit (Qiagen,
Hilden, Germany) and contaminating DNA was removed using the TURBO
DNA-free Kit (Ambion, Thermo Fisher Scientiﬁc, Carlsbad, CA). Quantitative realtime PCR was done using the CBS1 speciﬁc primer mentioned in Supplemental
Table S2.
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