
















with subcellular localization. qRT-PCR analysis indi-
cated that only the level of MtSINA4 transcripts in-
creased during nodule formation. The expression level
of the other MtSINA genes did not vary significantly
between nodules and roots. Thus, MtSINA4 is probably
important for nodule development, but heterodimer-
ization with other MtSINA proteins might be critical
for function. Indeed, the other five MtSINA genes were
transcribed in roots and nodules. ESTs have been iden-
tified from root and nodule cDNA libraries, and the
corresponding SINA proteins have been characterized
by yeast two-hybrid analysis as interactors of SINAT5
and SINAT5DN (data not shown). It would be inter-
esting to know where the MtSINA proteins meet in the
nodule at cellular and subcellular levels.

SINAT5 Is Active in M. truncatula

The only characterized SINA protein in plants is
SINAT5 from Arabidopsis. The protein is involved in
LR formation because its ectopic production results in
fewer LRs, whereas that of a dominant-negative form
produces more LRs (Xie et al., 2002). The dominant-
negative protein has an amino acid substitution in the
RING domain with the loss of the Ub ligase activity as

a consequence, while the binding with the target
AtNAC1 remains intact (Xie et al., 2002). Upon hetero-
dimerization, the activity of the interacting wild-type
SINAT5 protein is inhibited (Xie et al., 2002).

Transgenic M. truncatula lines that ectopically express
SINAT5 or SINAT5DN have several features reminis-
cent of phenotypes of transgenic Arabidopsis plants.
The 35S:SINAT5DN plants grew more vigorously and
had larger leaves than the control plants. This pheno-
type has not been described in Arabidopsis but has
been reported for the transgenic plants that ectopically
express the NAC1 gene, coding for a NAC transcription
factor that is a target of SINAT5 (Xie et al., 2000, 2002).
Also the number of LRs was modulated by introducing
SINAT5 and SINAT5DN into M. truncatula, similarly to
what was observed for Arabidopsis. 35S:SINAT5 and
35S:SINAT5DN plants produced fewer and more LRs/
cm, respectively. The effect on LR formation was even
more pronounced when roots were treated with auxin,
indicating that not the increased shoot growth was
responsible for the increase in LR number but that the
SINA proteins were involved directly in the process of
auxin-induced LR formation.

Together, these experiments suggest that SINAT5
can target M. truncatula proteins for degradation and

Figure 8. Bright-field microscopy
on 35S:SINAT5DN and control M.
truncatula nodules. A, Young wild-
type nodule containing a nodule
meristem (m), infection zone (i),
and fixation (f) zone. B, Detail of
infection zone of young control
nodule. Arrowheads indicate ITs.
C, Wild-type fixation zone (25 dpi)
with infected cells filled with
symbiosomes. D, Medial section
through a young 35S:SINAT5DN
nodule with a disordered central
tissue and few infected cells (aster-
isks). E, Detail of infected region in
D. Thicker ITs (arrowheads) appear
and cells show signs of degradation
(arrows). F, Senescent nodule tissue
of a wild-type M. truncatula nodule
(61 dpi). Arrows mark cells with
senescent features. G, Medial sec-
tion through a 35S:SINAT5DN nod-
ule more developed than the 35S:
SINAT5DN nodule in D. Asterisks
show senescing regions. H, Detail
of G with arrows indicating cells
with signs of senescence. I, Cylin-
drical 35S:SINAT5DN nodule dem-
onstrating early senescence of the
nodule central tissue. Bars 5 100 mm
(B–F and H), 200 mm (A and G),
and 400 mm (I).
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that SINAT5DN is able to inhibit endogenous SINA
proteins. The M. truncatula ortholog of SINAT5 is still
unknown, although MtSINA1 is a good candidate. The
clone has been found in cDNA libraries from devel-
oping roots (MTGI on www.tigr.org), and the deduced
amino acid sequence is highly similar to that of SINAT5.

MtSINA Proteins Are Involved in the Formation of ITs
and in Symbiosome Development

Ectopic expression of SINAT5DN had a drastic effect
on nodulation, more precisely on IT formation and
symbiosome development. Bacterial infection was
delayed and eventually ITs were formed, but the
infection did not proceed well, resulting in abundant
initiation of new infections at later time points. This
observation is typical for mutants with a defective IT
growth when the mechanism that restricts the number
of infection events is not switched on (e.g. Tsyganov

et al., 2002; Tansengco et al., 2003; Veereshlingam et al.,
2004). Light and electron microscopy confirmed that
the ITs were deformed: they were broader than those
of the wild type, had a denser matrix with fewer
bacteria, and the walls were irregular with bulge-like
structures. Eventually, some ITs reached the nodule
primordia and penetrated between the primordium
cells, releasing bacteria into the plant cell cytoplasm.
However, the formation of symbiosomes was affected.
The bacterial uptake, via unwalled infection droplets,
occurred, but the freshly formed symbiosomes did not
look normal. In wild-type plants, the symbiosome
membrane closely surrounds the bacteroid, whereas
a broad symbiosome space between the bacteroid
and the symbiosome membrane was observed in 35S:
SINAT5DN nodules. Large symbiosomes were seen
with several degenerating bacteroids, leading to early
nodule senescence and small, round Fix2 nodules. In
addition, these defects were often accompanied by a

Figure 9. Transmission electron microscopy of 35S:
SINAT5DN and control M. truncatula young and
mature nodules. A and B, Cross sections through an
ITof a 35S:SINAT5DN nodule (A), with fewer bacteria
and a denser matrix than a wild-type IT (B). Asterisks
indicate bulge-like structures. C, Deformed symbio-
somes (arrows) in 35S:SINAT5DN-infected cells. D,
Wild-type symbiosomes. The symbiosome membrane
tightly encloses a single bacteroid. Arrow marks
symbiosome space. E, Hampered 35S:SINAT5DN
symbiosome development leading to large symbio-
somes containing several degrading bacteroids. F,
Section through infected cells of a control nodule.
Each bacteroid is surrounded by a symbiosome mem-
brane. G, Cell wall appositions (asterisks) as a sign of
plant cell defense in 35S:SINAT5DN nodule tissue. H,
Loss of plant cell integrity in the 35S:SINAT5DN
nodules displaying the initiation of senescence. Bars 5

1 mm (A–G) and 2 mm (H).
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general plant defense, because wall appositions and
loss of cell integrity were observed within the cells of
the central tissue.

As the two symbiotic partners meet closely within
the ITs and symbiosomes, continuous mutual recog-
nition is needed for proper nodule functioning (Jones
et al., 2007). The bacterial lipopolysaccharide (LPS)
molecules play an important role for sustained infec-
tion and bacteroid survival within the symbiosomes
(Mathis et al., 2005; Jones et al., 2007). Irregular ITs and
hampered symbiosome development are often seen in
nodules that had been elicited by LPS-defective sym-
bionts (Priefer, 1989; Putnoky et al., 1990; Glazebrook
et al., 1993; Perotto et al., 1994; Niehaus et al., 1998;
Campbell et al., 2002; Laus et al., 2004). Moreover,
infection with surface polysaccharide-defective bacte-
ria mostly results in the elicitation of the plant’s defense
(Tellström et al., 2007). Thus, SINA proteins could
plausibly contribute to LPS recognition for symbiosome
development. Nevertheless, the phenotype is not fully
identical: in contrast to what was reported for inocula-
tion with LPS mutant bacteria, we never observed large
hypertrophied ITs on 35S:SINAT5DN plants.

Besides a role in microsymbiont recognition, MtSINA
proteins might also be involved in a common mech-
anism that underlies both IT and symbiosome forma-
tion. For instance, endomembrane vesicle traffic is
needed for both growth and differentiation of ITs and
symbiosomes (Brewin, 2004; Jones et al., 2007). The pea
(Pisum sativum) sym31 mutant shows an aberrant tar-
geting of vesicles toward the symbiosomes with a
phenotype similar to that of the 35S:SINAT5DN trans-
genic plants (Borisov et al., 1992; Dahiya et al., 1998).
Interestingly, but still preliminary, two-hybrid analysis
revealed two candidate SINA protein interactors that
code for genes that are involved in vesicle trafficking
(G. Den Herder, M. Holsters, and S. Goormachtig,
unpublished data). Further investigation on their role
during nodule formation might reveal insights into
how the endomembrane system supports IT as well as
symbiosome development.

Besides sym31, many other legume Fix2 mutants have
related symbiosome defects as observed here (Tsyganov
et al., 1998; Borisov et al., 1992; Morzhina et al., 2000;
Suganuma et al., 2003). However, the phenotype of
most of these mutants does not fully correspond to
that of 35S:SINAT5DN. To our knowledge, the most
similar mutant is sym33/SGRfix-2 that makes fewer
nodules with thick ITs, which are often closed and in
which bacteroids do not develop properly after spo-
radic release into the plant cells (Tsyganov et al., 1998).
Unfortunately, the interrupted gene is still unknown.

In summary, we show that SINA proteins are impor-
tant for nodule formation, although a specific MtSINA
protein for nodule formation cannot be appointed yet.
Certainly, MtSINA4 is a good candidate, because it was
the only up-regulated gene during nodule formation.
However, heterodimerization might complicate the
picture. Future experiments, including protein locali-
zations and RNA interference to knock down each

MtSINA protein separately or in combination, will give
us further insight into the SINA protein complexes that
rule nodule formation.

MATERIALS AND METHODS

Plant Material, Bacterial Strains, and
Growth Conditions

Medicago truncatula ‘R108’ plants were grown and inoculated as described

(Mergaert et al., 2003; www.isv.cnrs-gif.fr/embo01/index.html). Sinorhizobium

meliloti Sm1021, Sm1021 (pHC60-GFP), and Rm41 (pHC60-GFP; Cheng and

Walker, 1998) were grown at 28�C in yeast extract broth medium (Vervliet et al.,

1975) supplemented with 10 mg/L tetracycline for the pHC60-GFP strain.

In vitro growth occurred in square petri dishes (12 3 12 cm) as described

(www.isv.cnrs-gif.fr/embo01/index.html) supplemented with 1 mM NH4NO3.

For the 35S:SINAT5 and 35S:SINAT5DN lines, glufosinate ammonium (Pestanal,

Sigma-Aldrich) was added to the medium.

LRs were counted and the main root length was measured (5-mm accu-

racy) after 20 or 40 d of growth for 35S:SINAT5DN and 35:SINAT5 lines,

respectively. For counting of LRs and measurement of the main root length, in

vitro-grown 6-d-old 35S:SINAT5DN lines and wild-type R108 were trans-

ferred to plates containing 2 mM NAA (Duchefa) for another 6 d.

For nodulation experiments, 35S:SINAT5 and 35S:SINAT5DN lines, grown

in vitro for 2 weeks on medium supplemented with PPT, were transferred to

perlite and inoculated with Rm41 (pHC60-GFP). Nodule morphology was

analyzed with light and electron microscopy on T1 and T2 plants at the time

points indicated.

For qRT-PCR analysis, M. truncatula ‘J5’ plants were grown for 7 d in perlite

and inoculated with Sm1021 (pHC60-GFP). Tissue was collected by visualizing

the green fluorescent bacteria under a stereomicroscope MZFLII (Leica)

equipped with a blue-light source and a Leica GFP Plus filter set (lex 5

480/40; lem 5 510 nm LP barrier filter). Uninoculated root sections were

isolated at the same developmental stage as the 6-dpi stage and contained the

root elongation zone (Supplemental Fig. S3).

For seed setting of the wild-type and transgenic progeny, seedlings were

transferred to vermiculite:sand (2:1) mixtures and grown for 4 weeks, after

which they were transferred to a soil:sand (2:1) mixture and further grown in

the greenhouse under nitrogen-rich conditions (www.isv.cnrs-gif.fr/embo01/

index.html).

The analysis of shoot and leaf growth in 35S:GUS control, 35S:SINAT5DN

and 35S:SINAT5 transgenic, and R108 wild-type plants was carried out after 8

weeks of growth in soil under greenhouse conditions. For shoot measure-

ments, the control and transgenic plants were removed from the soil and

measured from the shoot tip to the initiation of the root, with approximately

5-mm accuracy). This experiment was done for several plants of at least two

different transgenic lines.

Agrobacterium tumefaciens-Mediated Transformation

of M. truncatula

Young leaves from 4-week-old M. truncatula ‘R108’ plants were transformed

with A. tumefaciens AGL0 containing the plasmids pBA002(35S:SINAT5WT) and

pBA002(35S:SINAT5DN; kindly provided by N.-H. Chua, Rockefeller Univer-

sity, New York) as described (www.isv.cnrs-gif.fr/embo01/index.html). Trans-

genic tissue was selected on the appropriate medium (www.isv.cnrs-gif.fr/

embo01/index.html) containing 3 mg L21 PPT. Regenerated transgenic shoots

were grown on plates for 1 month and then transferred to vermiculite in the

growth chamber. Seed pods were harvested and T1 seedlings were selected on

nitrogen-rich medium supplemented with 3 mg L21 PPT (see above) to

segregate the transgenic plants and to obtain seed for the T2 generation. M.

truncatula ‘J5’ was transformed with pBA002(35S:SINAT5DN) according to the

same procedure and had a phenotype similar to that of 35S:SINAT5DN R108

transgenic lines (data not shown).

Bioinformatics Analyses

The coding sequences of SINAT5 (GenBank accession no. AF480944) were

analyzed by TBLASTX on the MTGI database (release 8.0; www.tigr.org/tdb/

tgi) and on the genomic bacterial artificial chromosome sequences available in

the GenBank. For DNA sequence data, percentages of identity and similarity
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between amino acid sequences were determined with the GCG package

(Accelrys), including the GAP program. ClustalW was used for the alignments.

For the phylogenetic analysis of the SINA homologs, sequences from

Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), and poplar (Populus

trichocarpa) were retrieved from GenBank and the Joint Genome Institute

(http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html). To calculate the

SINA nucleotide phylogenetic tree, the SINA amino acid sequences were

aligned with ClustalX 1.8 (Thompson et al., 1997). The conserved regions were

defined as those with at least 70% identity among the aligned sequences, as

identified with BioEdit 7.0.9 (Hall, 1999). The corresponding nucleotide

sequences of the conserved regions were aligned guided by the protein

sequence alignment with MacClade 4.0 (Maddison and Maddison, 1989). A

neighbor-joining bootstrap analysis with 1,000 replicates was carried out to

generate the phylogram with PHYLIP 3.6 (Felsenstein, 2005). Branches with

bootstrap support values ,50% were collapsed. Siah1 was used to root the tree.

Statistical Analysis of LR and Nodule Numbers

For each line, the number of LRs/cm was counted for n plants. Standard

errors were calculated as the SD divided by the square root of the n plants.

Control versus total transgenic population as well as versus separate trans-

genic line populations were statistically analyzed by a two-tailed t test.

In two experiments, 10 control and 10 T1 plants per 35S:SINAT5 line were

taken after 40 d of growth. For the effect of auxin-induced LR growth, five to

eight plants of five 35S:SINAT5DN lines and controls were studied after 12 d

of growth of which 6 d after auxin treatment.

Nodules were counted on control (n 5 19) and T1 35S:SINAT5DN plants

(n 5 51).

Microscopy

For bright-field microscopy (D’Haeze et al., 1998), sections (5 mm) of

embedded nodules 16 and 25 dpi were stained with 0.5% toluidine blue, and

images were taken with an Axiocam digital camera (Zeiss). Electron micros-

copy was as described (Van de Velde et al., 2006).

Expression Analysis

RNA was prepared from harvested tissue homogenized in TRIzol Reagent

(Invitrogen) and phase-separated with chloroform by precipitation with

isopropanol. First-strand cDNA was synthesized and amplified by RT-PCR

according to Van de Velde et al. (2006) and Corich et al. (1998), respectively.

The probes were generated from the purified PCR product with SINAT5 or

Elongation factor 1a (ELF1a) primers (Supplemental Table S1) and pBA002

(35S:SINAT5) plasmid DNA or M. truncatula cDNA as template sequence,

respectively, and radioactively labeled with the Rediprime II Random Prime

Labeling system (GE-Heathcare). After hybridization and exposure, radioac-

tive signals were quantified for each line by phosphorimaging.

qRT-PCR was done as described by Vlieghe et al. (2005). For the sequences

of the primers used, see Supplemental Table S1. MtELF1a gene-specific

primers were used for normalization of each gene and MtENOD40 gene-

specific primers (Supplemental Table S1) as control for early nodulation stages

(data not shown; Supplemental Fig. S1). For all stages, biological repeats were

done in triplicate.

Yeast Two-Hybrid Techniques

The coding sequences of SINAT5, SINAT5DN, and the six MtSINA genes

were fused to the GAL4 BD and the GAL4 AD of the pBDGAL4 vector and

pADGAL4 vector, respectively (Agilent), used in pairwise yeast two-hybrid

analyses according to the manufacturer’s procedure, and plated with equal

yeast density on triple selection medium. Auto-activation was analyzed in the

PJ694A yeast strain (James et al., 1996). The strength of the interactions was

tested by addition of 0, 5, 10, 20, 40, and 80 mM of 3-AT to this medium.

Growth was analyzed after 3 d.

Accession Numbers

Sequence data from this article are deposited in the GenBank/EMBL

databases with the following accession numbers: EU189945 (MtSINA1),

EU189946 (MtSINA2), EU189947 (MtSINA3), EU189948 (MtSINA4),

EU189949 (MtSINA5), and EU189950 (MtSINA6).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Alignment of SINA protein sequences of

M. truncatula, Arabidopsis, rice, poplar, and human Siah1.

Supplemental Figure S2. Nucleotide sequence alignment (690-bp assem-

bled conserved regions) used to design the phylogenetic tree shown in

Fig. 1B.

Supplemental Figure S3. Stereomicroscopic images representing the

different stages that were harvested for qRT-PCR analysis.

Supplemental Figure S4. Co-immunoprecipitation of SINAT5DN with

MtSINA1 and MtSINA3.

Supplemental Table S1. Primers used to amplify the open reading frames

corresponding to the MtSINA genes and primers used for qRT-PCR

analysis.

Supplemental Materials and Methods S1. Transient expression in Arabi-

dopsis protoplasts and immunoprecipitation.
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