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Figure 6. Rab7 Is Required for Symbiosome Development and Maintenance.

(A) Confocal image of dominant-negative p35S:GFP-Rab7A2[T22N]-expressing root, showing GFP-Rab7A2[T22N] fluorescence in the cytoplasm.
(B) pLB:GFP-Rab7A2[T22N] expression in the nodule also shows fluorescence in the cytoplasm.

(C) Confocal image of constitutively active pLB:GFP-Rab7A2[Q67L] —expressing infected cells in a 14-d-old nodule. Stronger labeling of the tonoplast
compared to labeling of the symbiosomes can be observed (cf. Figures 6C and 4E). The always-active construct does not induce fusion symbiosomes

or their transformation into lytic compartments.

(D) Longitudinal section of a control (empty vector) 14-d-old nodule. Zones: m, meristem; z2, infection zone; z3, fixation zone.
(E) Magnification of z3 in (D) showing developed (stage 4) nitrogen-fixing symbiosomes. UIC, uninfected cell; IC, infected cell.

(F) Longitudinal section of a 14-d-old Rab7A1-RNAi nodule.

(G) Magnification of z3 in (F), showing long rod-type (stage 3) symbiosomes present in z3; note intense accumulation of starch grains in noninfected

cells (star).

(H) Longitudinal section of a 21-d-old Rab7A1-RNAi nodule showing signs of early senescence; note most of the tissue is degraded.
(I) Magnification of (H) showing degraded symbiosomes and dead cells recolonized by saprophytic bacteria (arrow).

Bars = 10 um in (A) to (C), 100 uwm in (D), and 50 pm in (E).

expression of the Rab7[T22N] protein was not sufficient to act in
a dominant-negative manner as vacuole formation was also not
affected.

It is possible that Rab7 activation on the symbiosome mem-
brane is impaired to avoid fusion and formation of lytic compart-
ments. To investigate this possibility, we tested the effect of a
constitutively active Rab7 [Q67L] form on symbiosome mainte-
nance. Expression of p35S:GFP-Rab7A2[Q67L] in roots did not
affect root growth, and GFP fluorescence occurred on the
tonoplast as well as on dot-like endosomes (data not shown).
In the nodule, we observed a much stronger labeling of the main

vacuole compared to symbiosomes in the pLB:GFP-Rab7A2
[Q67L] infected cells. By contrast, the tonoplast and symbio-
somes are labeled to a similar level in nodules expressing
wild-type GFP-Rab7A2. However, symbiosome formation and
maintenance as individual units was not affected (Figure 6C).
Since active Rab7 is not sufficient to trigger their fusion and
formation of lytic compartments, it is probable that components
in addition to Rab7 are lacking in the symbiosome membrane.
To further investigate the role of Rab7 in symbiosome devel-
opment, we knocked down the expression of Rab7A1 using A.
rhizogenes—mediated RNA interference (RNAi). Rab7A1 RNAI
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knocked down the expression of both Rab7A1 and A2 as
determined by quantitative RT-PCR analysis (see Supplemental
Figure 9 online). No effect on root development was observed.
Approximately 65% of the nodules (n = 42) that formed on
transgenic Rab7A1 RNAI roots (21 d after inoculation [DAI])
showed an early senescence phenotype (Figures 6D and 6E), in
contrast with ~10% of nodules on roots transformed with an
empty vector control (n = 24). Since premature senescence is
most likely a secondary effect, we studied younger Rab7A1
RNAIi nodules (9 and 14 DAI). This showed that symbiosome
development in these nodules did not proceed further than
stage 3 (elongated rods) (Vasse et al., 1990) and symbiosomes
did not reach the mature stage 4 as in control nodules (Figures
6D to 6l), at which they are able to fix atmospheric nitrogen
according to Vasse et al. (1990). Instead, premature senescence
is induced causing the disintegration of symbiosomes and
recolonization of the cells by saprophytic bacteria (Figures 6C
and 6l). This shows that symbiosome development becomes
arrested at a stage slightly after they normally would acquire
Rab7, suggesting that Rab7 is required for the further maturation
of the symbiosome.

Syntaxins SYP22, VTI11, and Tonoplast Intrinsic Protein
during Symbiosome Development

The presence of Rab7 on the symbiosome membrane suggests
that the symbiosome either has the identity of a Rab7-marked
MVB or of a young vacuole. To determine whether symbiosomes
acquire a vacuolar identity, we analyzed whether other vacuolar
identity markers are associated with the symbiosome during its
development. A complex of SNAREs SYP22, VTI11, and SYP51
has been suggested to operate at the Arabidopsis tonoplast and
to control PVC-to-vacuole trafficking (Sanderfoot et al., 2001;
Surpin et al., 2003; Yano et al., 2003; Carter et al., 2004; Uemura
etal., 2004; Ebine et al., 2008). Therefore, we studied whether the
Medicago homologs of the vacuolar SNARE proteins, SYP22
and VTI11, occur on symbiosomes.

A Medicago SYP22 homolog (TC100656) and VTI11 homolog
(TC95338) were fused to GFP and first expressed in transgenic
roots under the control of the Ubiquitin3 promoter. Both GFP-
SYP22 (Figures 7A and 7B) and GFP-VTI11 (Figure 7G) located to
the tonoplast of young and mature vacuoles and dot-like struc-
tures were labeled. The latter might be PVC or even the TGN, as
in Arabidopsis SYP22 and VTI11 occur on the tonoplast and on
PVCs and VTI11 additionally localized to the TGN (Sato et al.,
1997; Sanderfoot et al., 1999; Bassham et al., 2000; Uemura
et al., 2002, 2004; Carter et al., 2004; Samaj et al., 2005;
Sanmartin et al., 2007; Ebine et al., 2008). To confirm the
localization of the endogenous proteins, we used anti-Medicago
VTI11 antibody. Immunolocalization of VTI11 on GFP-SYP22-
expressing roots showed a high level of colocalization (see
Supplemental Figure 6 online), and the VTI11 antibody marked
both the tonoplast and dot-like structures. Therefore, we con-
cluded that the GFP fusion constructs can be used to determine
the localization of the endogenous proteins.

As SYP22 (and VTI11) in addition to tonoplast localization is
thought to reside at MVBs en route to the vacuole, we examined
its localization with respect to Rab7 MVBs. Immunolocalization

of RAB7 on GFP-SYP22-expressing roots showed colocaliza-
tion at the tonoplast as well as a partial colocalization in the dot-
like structures (see Supplemental Figure 7 online). This further
suggests that Rab7 MVBs are involved in PVC-to-vacuole traffic.

We analyzed the localization of GFP-SYP22 and GFP-VTI11 in
relation to symbiosome development in 14-d-old transgenic
nodules, expressed either under the control of the Ubiquitin3 or
LB promoter. The pattern of localization was similar for both
proteins; they occurred on the tonoplast in both infected and
noninfected cells (Figures 7A and 7B). However, developing and
mature N,-fixing symbiomes were not labeled by GFP-SYP22 or
GFP-VTI11 in 14-d-old nodules (Figures 7C and 7G). So sym-
biosomes do not have a vacuolar or PVC identity.

In addition to vacuolar SNARE proteins, we also examined the
localization of two tonoplast intrinsic protein (TIP) isoforms from
Arabidopsis: 3-TIP and y-TIP. y-TIP was shown to mark the lytic
vacuole in plants, while 3-TIP was shown to additionally mark
storage-type vacuoles in vegetative cells (Jauh et al., 1999).
GFP-y-TIP and GFP-3-TIP expressed under control of the
Ubiquitin3 promoter both labeled the main vacuole in root and
nodule cells (Figures 7E and 7F). However, they both do not
occur on the symbiosome membrane in young infected cells,
supporting the conclusion that symbiosomes do not have a
vacuolar identity.

When nodules become older (from ~4 weeks after inoculation)
they start to senesce, which starts with the fusion and formation
of lytic symbiosome compartments in the most proximal (oldest)
infected cells (Vasse et al., 1990; Van de Velde et al., 2006). This
fusion of symbiosomes to form lytic compartments resembles
vacuole formation. Therefore, we wondered whether the sym-
biosomes at this stage acquire vacuolar identity. Indeed, in
5-week-old nodules, GFP-SYP22 and GFP-VTI11 do occur on the
symbiosome membrane in cells in the proximal part of the nodule
closest to the root (Figure 7D). In certain cells, actually part of the
symbiosomes show labeling of the symbiosome membrane,
while other symbiosomes in the same cell have not yet acquired
the vacuolar markers (Figure 7D). This likely represents a very
early stage of senescence. The association of endogenous VTI11
with symbiosomes during senescence was confirmed using the
VTI11 antibody on 8-week-old wild-type nodules (Figure 7H).
Rab7 is also still associated with symbiosomes during senes-
cence (data not shown). Immuno-EM analysis of GFP-SYP22
senescent transgenic nodules confirmed that GFP-SYP22 now
marks the symbiosome membrane (Figures 5C and 5D).

In Rab7 RNAI roots, neither vacuole formation nor symbio-
some senescence is blocked. Therefore, we assumed that the
vacuolar syntaxins are still targeted to their membranes despite
the reduced levels of Rab7. Immunolocalization of anti-VTI11 in
Rab7A1 RNAI roots showed that VTI11 indeed occurs on the
tonoplast and endosomes, like in wild-type plants (see Supple-
mental Figure 8A online). Furthermore, in the Rab7A1 RNAI
nodules, senescing symbiosomes do contain VTI11 (see Sup-
plemental Figure 8B online), indicating the senescence-related
acquisition of vacuolar identity.

These observations suggest that the survival and maintenance
of the bacteria in individual symbiosome compartments during
the N,-fixing stage is achieved by delaying the acquisition of
vacuolar identity (e.g., vacuolar SNAREs).
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Figure 7. Symbiosomes Do Not Have Vacuolar Identity until the Onset of Senescence.

(A) Confocal image of pUBQ3:GFP-MtSYP22-expressing root, showing mainly tonoplast labeling.
(B) Confocal image of pUBQ3:GFP-MtSYP22-expressing 14 DAl nodule, showing tonoplast labeling. No signal is observed on the symbiosomes

(arrow).

(C) pLB:GFP-MtSYP22 expression in the infected cells of the fixation zone of 14 DAI nodules. GFP-MtSYP22 appears on the tonoplast and dot-like

structures, but not on the symbiosomes.

(D) In 5-week-old pLB:GFP-MtSYP22-expressing nodules, GFP-MtSYP22 can be observed over the senescent symbiosome membrane (arrow) in the

basal part of the nodule.

(E) Confocal image of pUBQ3:At-y-TIP-GFP-expressing 14-d-old nodule, showing labeling of the tonoplast, but not of the young differentiating

symbiosomes.

(F) pUBQ3:At-3-TIP-GFP-expressing 14-d-old nodule, showing also tonoplast but not symbiosome labeling.
(G) Confocal image of pLB:GFP-MtVTI11 expression in the infected cells of the fixation zone of 14 DAI nodules. In contrast with tonoplast labeling,

symbiosomes are not labeled.

(H) Immunolocalization of MtVTI11 on 8-week-old wild-type nodule tissue showing the labeling of symbiosome membranes in senescent nodules.
Rhizobia in (B) to (F) are expressing mRFP (red). It, infection thread. Bars = 500 nm in (A) and 200 nm in (B) to (D).

The Plasma Membrane SNARE SYP132 Occurs on
Symbiosomes throughout Their Development

A proteomics approach has previously identified a plasma mem-
brane syntaxin, SYP132 (TC86779), which immunolocalized to
the infection thread membrane as well as to the symbiosome
membrane, although it was not reported from which develop-
mental stage (Catalano et al., 2007). Therefore, we wondered
whether early symbiosomes (directly after release from the infec-
tion threads) contain this syntaxin and whether they retain this
marker during further development. We created a GFP fusion
construct and studied its localization in roots and nodules. In
roots, GFP-SYP132 marks the plasma membrane and occasion-
ally accumulates in spots in the plasma membrane (Figure 8A). In
nodules, GFP-SYP132 marks the plasma membrane as well as
the infection thread membrane (Figure 8B) and labels the sym-
biosome membrane as soon as the rhizobia are taken up into the
cells (Figures 8B and 8C). GFP-SYP132 strikingly labels the
symbiosome membrane throughout all developmental stages
up to stage 4 in the fixation zone (Figure 8D) as well as during
senescent stages. Therefore, mature symbiosomes appear to
have a unique mosaic identity, containing both SYP132 and Rab7.

DISCUSSION

We showed that the Medicago Rab5s and Rab7A1/A2 are late
endosomal membrane identity markers. The latter mark a unique
endomembrane compartment in plants that might be positioned
in between Rab5 MVBs and the vacuole. Symbiosomes do not
contain Rab5s at any stage of their development and the TGN
marker SYP4, thought to be an early endosome marker, did not
occur on symbiosomes. By contrast, Rab7 is acquired by
symbiosomes when they have stopped dividing and start to
elongate, and it is maintained up to the senescence stage.
However, the symbiosomes do not acquire a (lytic) vacuole
identity (vacuolar SNAREs) until the onset of senescence. In-
stead, symbiosomes acquire the plasma membrane SNARE
SYP132 from the start of symbiosome formation throughout their
development. Therefore, symbiosomes appear to be locked in a
unique SYP132 and Rab7 positive stage, and the delay in
acquiring vacuolar identity most likely facilitates their mainte-
nance as individual membrane compartments.

The membrane identity markers used in this study were
selected based on homology to well-studied Arabidopsis coun-
terparts as well as on their expression in infected cells of the
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Figure 8. Symbiosomes Retain Plasma Membrane Identity throughout Their Development.

(A) Confocal image of pUBQ:GFP-SYP132-expressing root. GFP-SYP132 marks the plasma membrane and occasionally accumulates in spot in the

plasma membrane (arrow).

(B) and (C) pE12:GFP-SYP132-expressing nodules show GFP-SYP132 on the plasma membrane and infection thread (it) membrane as well as just
formed symbiosomes ([B]; arrow) and early stage symbiosomes ([C]; arrow).
(D) pLB:GFP-SYP132-expressing nodule showing GFP-SYP132 marking the symbiosome membrane (arrow) in fully infected cells of the fixation zone.

Rhizobia in (B) to (D) are expressing mRFP (red).
Bars = 20 um (A) and 10 pm in (B) to (D).

nodule, which was confirmed by microarray analysis on RNA
from infected cells isolated by laser microdissection. Specific
antibodies for Rab5, Rab7, and VTI11 confirm that the corre-
sponding genes are indeed active in the infected as well as
uninfected cells of Medicago nodules and that the GFP fusion
constructs correctly mark the localization of the endogenous
proteins.

Medicago has three Rab5 homologs, similar to Arabidopsis.
These Rab5 proteins mark multivesicular endosomes (100 to 300
nm) in Medicago root and nodule cells. The high level of
colocalization of these Rab5 endosomes with the (lytic) vacuolar
sorting receptor BP-80 identifies them as PVCs, similar as in
Arabidopsis (Paris and Neuhaus, 2002; Sohn et al., 2003; Foresti
et al., 2006; Lam et al., 2007). Labeling by the endosomal tracer
FM4-64 shows that the Rab5 MVBs are involved in endocytosis.
Therefore, it is very probable that like in Arabidopsis (and yeast),
the endocytic and vacuolar transport pathways merge at these
Rab5-labeled MVBs (Gerrard et al., 2000; Pelham, 2002; Tse

et al., 2004; Lam et al., 2007; Jaillais et al., 2008; Robinson et al.,
2008). Medicago Rab7A1/A2 is located at 300 to 500 nm MVBs
that become labeled with the endocytic tracer FM4-64 as well as
the tonoplast. The latter has also been observed in rice and
Arabidopsis (Saito et al., 2002; Nahm et al., 2003). Interestingly,
the involvement of Rab7-labeled MVBs in endocytosis in plants
raises the possibility that, like in mammalian cells, Rab5-labeled
MVBs mature into Rab7 MVBs that subsequently fuse with a lytic
compartment (Rink et al., 2005; Vonderheit and Helenius, 2005).
In this case, the Rab7 MVBs function as a transitory compart-
ment between Rab5 late endosomes and the vacuole, like in
yeast (Pelham, 2002). Consistent with this hypothesis is the
observed colocalization of Rab5 and Rab7 in ~30% of the
endosomes and the markedly bigger size of Rab7-labeled MVBs
compared to Rab5 MVBs, as in animals (Méresse et al., 1995).
Colocalization of BP-80 with Rab7 showed markedly less colo-
calization than BP-80 with Rab5 and Rab7. This might suggest
that vacuolar sorting receptors are recycled from the Rab5



MVBs, as these mature to Rab7 MVBs. However, in vivo studies
on maturating endosomes remain to be done in Medicago to
prove that Rab5 MVBs mature via Rab7 MVBs. With the current
knowledge, it cannot be excluded that Rab7-labeled endosomes
are involved in a Rab5-independent endocytic pathway.

Symbiosomes do not acquire Rab5s at any stage of their
development into mature N,-fixing organelles. Also BP-80,
which colocalizes with Rab5 on endosomes, does not occur on
symbiosome membranes. Even at the stage where Rab7 does
not yet occur at the symbiosome membrane, Rab5 and BP-80
are not present. At this stage, symbiosomes also do not show
any association of the early endosome marker SYP4. Therefore,
it is unlikely that symbiosome formation involves fusion with the
TGN or Rab5 endosomes, although these are present in the
infected nodule cells.

By contrast, the symbiosome membrane acquires the endo-
somal/vacuolar marker Rab7A1/A2 when symbiosomes have
stopped dividing. This suggests that symbiosomes either have
vacuolar identity or Rab7-MVB identity. The absence of the
vacuolar syntaxins SYP22 and VTI11 up to the senescence stage
suggests that a Rab7-MVB identity is more probable. So al-
though our studies suggest that the Rab5- and Rab7-labeled
endosomes can be part of the same endocytic pathway, Rab7 is
recruited to the symbiosome membrane in a Rab5-independent
manner. In this case, early steps of symbiosome formation are
not related to the Rab5-dependent endocytic pathway. It ap-
pears that early steps of symbiosome formation do not require
any endocytic machinery, and Rab7 might be recruited directly
from the cytoplasm to facilitate symbiosome development. An
endocytosis-independent process would be consistent with the
presence of the plasma membrane-type syntaxin, SYP132, on
the symbiosome membrane throughout its development. The
combined presence of SYP132 and Rab7 suggests a unique
mosaic identity of the symbiosome membrane, which could
allow the bacteria to intercept both specific secretory traffic to
the plasma membrane and specific endocytic/biosynthetic traf-
fic towards the vacuole. Generally during endocytosis, plasma
membrane identity markers are recycled/removed as endocytic
vesicles are sorted along the endocytic pathway. Therefore,
retaining SYP132 on the symbiosome membrane suggests ei-
ther an endocytosis-independent process or a block of recycling
of SYP132 during endocytosis. We are currently investigating the
role of the plasma membrane-directed secretory pathway in
symbiosome formation and development.

On the other hand, it is possible that Rab7-labeled endosomes
are involved in a yet uncharacterized Rab5-independent endo-
cytic pathway, suggesting the existence of additional not yet
characterized endosome compartments in plants. Theoretically,
developing symbiosomes might interact with these endosomes
before acquiring Rab7. In animal cells, non-Rab5-labeled early
endosomes have been identified that are associated with lipid
raft/nonclathrin-mediated endocytosis in a pathway that does
not lead to fusion with lysosomes (Conrad et al., 1995; Shin and
Abraham, 2001; Mayor and Pagano, 2007).

Several pathogenic bacteria that are able to survive in vacuole-
like compartments in animal cells, such as Legionella pneumo-
phila and Escherichia coli, have also been shown to acquire the
late endosomal marker Rab7 in a Rab5-independent manner
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(Clemens et al., 2000a, 2000b; Shin et al., 2000; Passey et al.,
2008). Like symbiosomes, both are maintained as individual
compartments that do not fuse with lysosomes, indicating that
Rab7 is not sufficient to induce fusion with a lytic compartment.
Even association of constitutively active GTP-locked GFP-
Rab7A2[Q67L] with the symbiosome membranes did not induce
their fusion and formation of lytic compartments. By contrast,
stronger labeling of the tonoplast was observed in the infected
cells expressing GFP-Rab7A2[Q67L] compared to symbiosome
labeling. This might indicate that there is enhanced trafficking
from Rab7 endosomes to the vacuole similar as in animal cells
where always-active forms of Rab7 indeed enhance endocytic
traffic to lysosomes (Méresse et al., 1995). Similarly, in Legionella-
or Salmonella-infected animal cells, the presence of an always-
active Rab7 on the bacteria-containing membrane compartments
is not sufficient to promote their fusion with lysosomes (Clemens
et al., 2000a; Harrison et al., 2004). Therefore, components
required in addition to Rab7 to facilitate fusion and the transition
into a lytic compartment are missing in the symbiosome mem-
brane (Vieira et al., 2003).

Vacuolar SNARE proteins play a role in vacuole biogenesis
and do occur in plant PVCs and tonoplast (Sato et al., 1997;
Sanderfoot et al., 1999, 2001; Rojo et al., 2003; Carter et al.,
2004; Samaj et al., 2005; Bassham and Blatt, 2008; Ebine et al.,
2008). Therefore, we studied the vacuolar SNAREs SYP22 and
VTI11 and showed that they occur on the tonoplast (and likely
PVCs) of root cells as well as of infected and uninfected nodule
cells. However, they do not occur on young symbiosomes and
only appear on the symbiosome membrane as senescence
starts, when symbiosomes fuse and form lytic compartments
(Van de Velde et al., 2006). This process resembles lytic vacuole
formation, which fits with the observation that the vacuolar
identity markers SYP22 and VTI11 now mark the symbiosome
membrane. Therefore, we propose that the delay in acquiring
lytic vacuolar identity (e.g., vacuolar SNARE proteins) by the
symbiosomes is facilitating maintenance of symbiosomes as
individual N,-fixing organelles. How this delay is established
remains to be solved.

It has previously been suggested that symbiosomes represent
vacuole-like compartments in analogy to protein storage vacu-
oles (PSVs) (Mellor, 1989). Lytic vacuoles and storage-type
vacuoles can be distinguished by the respective presence of
the vacuolar-targeted TIP proteins y-TIP and 3-TIP (Jauh et al.,
1999). The absence of both y-TIP and &-TIP on functional
symbiosomes suggests that symbiosomes do not have lytic or
storage vacuole identity, although we did not study whether
these TIP proteins indeed distinguish PSVs from lytic vacuoles in
Medicago. During seed germination, PSVs are thought to acquire
lytic activity through the delivery of newly formed proteases via
MVBs (Wang et al., 2007). Comparably, the observed acquisition
of vacuolar identity by symbiosomes upon senescence likely
allows the delivery of newly formed proteases to facilitate the
switch to lytic compartments.

Our data indicate that Rab7 is not essential for proper local-
ization of vacuolar SNAREs, as VTI11 localization was not
affected in Rab7A1 RNAI roots or in nodule cells that show an
early senescence phenotype. However, redundant roles of ad-
ditional members of the Rab7 family cannot be ruled out, as in
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Arabidopsis double, triple, and quadruple Rab7 mutants did not
show obvious phenotypes (T. Ueda, unpublished data in Nielsen
et al., 2008). A study in soybean had previously shown that
antisense expression of a Rab7 homolog resulted in a more
frequent degradation of symbiosomes in vacuole-like compart-
ments (Cheon et al., 1993). However, in this study, the leghemo-
globin promoter was used to drive the antisense construct by
which it is first expressed at a late stage of development. Here,
we show that knockdown of Rab7A1/A2 expression actually
blocked symbiosome development at a stage where symbio-
somes had started elongation (differentiation) but were not yet
fixing nitrogen. This suggests that Rab7 is essential for proper
development into a nitrogen-fixing organelle. How Rab7 regu-
lates symbiosome development and maintenance remains un-
clear. It is possible that unknown components required for
symbiosome development/maintenance require Rab7 for proper
targeting to the symbiosomes.

The Rab7 endosomal nature of symbiosomes might explain
the reported presence of several vacuolar enzymes in the
symbiosome space (Mellor, 1989; Jones et al., 2007), as these
are likely transported to the vacuole via late endosomes. This is
further supported by the observation that a Cys protease, which
localizes to the symbiosome space, is indeed detected in both
vacuoles and ~500-nm cytoplasmic vesicles in pea roots and
nodules (Vincent and Brewin, 2000). Although the nature of these
~500-nm cytoplasmic vesicles was not studied, their ultrastruc-
ture seems strikingly similar to the Rab7-MVB.

In conclusion, symbiosome development appears to involve
only part of the known/default endocytic machinery, and this is
first used when symbiomes stop dividing. Which endomembrane
processes have been adapted to support the endocytotic uptake
of rhizobia in nodule cells and the subsequent proliferation of
symbiosomes remains to be revealed. The continued presence
of SYP132 during symbiosome development suggests a major
role for the secretory pathway. Furthermore, Rab7-containing
symbiosomes are maintained as individual N»-fixing compart-
ments by delaying the acquisition of (lytic) vacuolar identity.
Therefore, it will be important to determine the molecular mech-
anism by which this is achieved.

METHODS

Plant Transformation and Rhizobial Strains

The Medicago truncatula accession Jemalong A17 was used. Agro-
bacterium rhizogenes strain MSU440 (Sonti et al., 1995) was used for
hairy root transformations according to Limpens et al. (2004). For nod-
ulation, Sinorhizobium meliloti strain Sm2011 or S. meliloti Sm2011-
mRFP (Smit et al., 2005) expressing the red fluorescent mRFP protein
were used. Nodulation was done according to Limpens et al. (2004) using
2 mL (ODggp 0.1) rhizobial suspension per plant.

Constructs

Medicago Rab5A1, A2, and B and Rab7A1, A2, SYP22, VTI11, SYP132,
and SYP4 open reading frames were PCR amplified from 10-d-old nodule
cDNA using Phusion high fidelity Taq polymerase (New England Biolabs)
and directionally cloned into pENTR-D-TOPO (Invitrogen). PCR primers
are presented in Supplemental Table 1 online. Medicago SYP22 and

VTI11 were directionally cloned with Hindlll-Kpnl and BamHI-EcoRl,
respectively, into a modified pENTR vector (bENTR2) containing a mul-
tiple cloning site. Arabidopsis thaliana §-TIP (NM_112495) and y-TIP
(NM_129238) were amplified from Arabidopsis Columbia root cDNA and
cloned BamHI-EcoRI into pENTR2. pENTR clones Rab5A1, Rab5A2,
Rab7A1, Rab7A2, SYP22, VTI11, SYP132, and SYP4 were recombined
into either of the following Gateway-compatible binary vectors using LR
Clonase (Invitrogen): 35S-pK7WGF2-R (containing the 35S promoter)
(Smit et al., 2005), UBQ3-pK7WGF2-R, E12-pK7WGF2-R, and LB-
pK7WGF2-R, creating N-terminal GFP-X fusions. pENTR clone Rab5B
was recombined into 35S-pK7FWG2 (Karimi et al., 2002), E12-pK7FWG2,
and LB-pK7FWG2; pENTR clones 3-TIP and y-TIP were recombined into
UBQ3-pK7FWG2, creating C-terminal X-GFP fusions. For RNAi, pENTR-
Rab7A1 was recombined into pK7GWIWG2(Il)-Q10:DsRED (Limpens
et al., 2005). All constructs were verified by sequencing and restriction
digestion. The constructs were transformed to MSU440 and used for
hairy root transformations.

Constitutive-active [Q67L] and dominant-negative [T22N] Rab7A2
constructs were generated via two subsequent PCR reactions using
Rab7A2-F x Rab7A2[Q67L]-2/Rab7A2[T22N]-2 and Rab7A2-R x Rab7A2
[Q67L]-1/Rab7A2[T22N]-1 in a first PCR reaction using Phusion high
fidelity Taq polymerase (New England Biolobs). PCR primers are pre-
sented in Supplemental Table 1 online. The obtained fragments were
diluted 1:1000 and used in a second PCR reaction using Rab7A2-F and
Rab7A2-R. The resulting fragment was directionally cloned into pENTR-
D-TOPO (Invitrogen), verified by sequencing, and subsequently recom-
bined into 35S-pK7WGF2-R, E12-pK7WGF2-R, and LB-pK7WGF2-R.

The Gateway-compatible binary vectors containing the Ubiquitin3
(UBQ3), ENOD12 (E12), and pea (Pisum sativum) LB promoters were
created by digesting pK7FWG2 (Karimi et al., 2002) or pK7WGF2-R (Smit
etal., 2005) with Hindlll-Spel (removing the 35S promoter) and ligating the
corresponding promoter fragments amplified using specific primers,
which are presented in Supplemental Table 1 online.

Quantitative PCR Analysis

Quantitative RT-PCR was conducted on RNA isolated form nitrogen-
starved, uninoculated roots, 10-d-old nodules, and 3-week-old nodules
as well as on RNA from nodulated Rab7A1 RNAi and control roots. Total
RNA was isolated and DNAse treated using the Plant RNeasy kit (Qiagen;
according to the manufacturer’s instructions). cDNA was synthesized
from 1 g total RNA using the Tagman Gold RT-PCR kit (Perkin-Elmer
Applied Biosystems) in a total volume of 50 pL using random hexamer
primers (10 min 25°C, 30 min 48°C, and 5 min 95°C) . Quantitative PCR
reactions were performed in triplicate on 1 pL cDNA using the Quanti-
tative PCR Core kit for SYBR Green | (Eurogentec), and real-time
detection was performed on a MyiQ (Bio-Rad) (40 cycles of 95°C for 10
s and 60°C for 1 min) followed by a heat dissociation step (from 65 to
95°C). Primers were used at a final concentration of 300 nM. GAPDH was
used as reference. PCR primers are presented in Supplemental Table
1 online.

Fluorescence Microscopy

Transgenic roots and nodules were selected based on GFP or DsRED1
expression using a Leica MZFLIII binocular fitted with HQ470/40, HQ525/
50, HQ553/30, and HQ620/60 optical filters (Leica Microsystems). Trans-
genic nodules were hand-sectioned using double-edged razorblades and
mounted on microscope slides in 0.1 M phosphate buffer, pH 7.4,
containing 25 mg/mL sucrose. Transgenic roots and sectioned nodules
were further analyzed on a Zeiss LSM 510 confocal laser scanning
microscope (Carl-Zeiss Axiovert 100 M equipped with a LSM510, an
argon laser with a 488-nm laser line, a helium-neon laser with a 543-nm
laser line); excitation at 488 nm (GFP; Sytox Green/Alexa 488) and 543 nm



(DsRED1/mRFP/CY3); GFP/Sytox Green/Alexa 588 emission was selec-
tively detected using a 505- to 530-nm band-pass filter; DsSRED1/mRFP/
CY3 emission was detected in another channel using a 560- to 615-nm
band-pass filter.

Immunolocalization

Nodules were hand-sectioned using a double-edged razorblade. Nodule
sections or roots were fixed in 1% of freshly depolymerized paraformal-
dehyde in 1X PBS, pH 7.4, for 30 min at 4°C. Nodule sections were
blocked in normal goat serum or 3% BSA and further incubated with the
primary antibody overnight at 4°C in 1X PBS containing 0.3% Triton
X-100. The secondary antibodies anti-Rabbit Alexa 488, anti-mouse
Alexa 488, anti-Mouse CY3 (Molecular Probes) were used according to
the supplier’s instructions. Controls were carried out in the absence of
primary antibodies. Nodule sections containing wild-type Sm2011 rhizo-
bia were counterstained with Sytox Green (Molecular Probes) or propi-
dium iodide and examined by confocal microscopy. Primary antibody
dilutions were as follows: anti-GFP rabbit (Molecular Probes), 1:200;
anti-GFP mouse (Molecular Probes), 1:50; anti-Ara7 (T. Ueda), 1:200;
anti-Ara6 (T. Ueda), 1:100; anti-Rab7 mouse (GenScript), 1:50 and 1:100;
anti-VTI11 (rabbit) (GenScript), 1:100 and 1:200; anti-BP-80 (N. Paris),
1:100. Affinity-purified polyclonal mouse anti-Rab7 and polyclonal
rabbit anti-VTI11 were generated by GenScript against the peptides
FLIQANPSDPENFPC (Rab7) and RKMDLEARSLQPNIC (VTI11).

FM4-64 Staining

Transgenic roots were selected using the Leica MZFLIII fluorescence
stereomacroscope, cut from the plant, and directly placed into a solution
of FM4-64 (30 wg/mL) in phosphate buffer (0.1 M, containing 25 mg/mL
sucrose) on ice for a minimum period of 30 min. The roots were washed
two times in phosphate buffer (0.1 M, containing 25 mg/mL sucrose) to
remove the excess FM4-64 and incubated at room temperature for the
indicated times.

EM Sample Preparation by High-Pressure Freezing and
Freeze Substitution

For tissue processing, a modified method of Thijssen et al. (1997) was
used. Nodules and roots were cryofixed with a Balzers HPM 010 high-
pressure freezing device, and specimens were further placed in heptane.
Freeze substitution was performed with a FreasySub unit (Cryotech
Benelux, Schagen-NL), from —90 to 0°C for 68 h. The substitution
medium contained 0.3% glutaraldehyde + 0.2% uranyl acetate in ace-
tone. Samples were embedded in LR White resin with 0.5% benzoin
methyl ether as a catalyst and polymerized under UV light at —20°C.
Some samples were fixed by a conventional method in 4% paraformal-
dehyde mixed with 0.3% glutaraldehyde in 50 mM phosphate buffer, pH
7.4, embedded in LR white resin prepared as above and polymerized with
UV light at —20°C.

For the analysis of the structure of Rab7A1 RNAi nodules, the tissue
was fixed by the conventional method in 4% paraformaldehyde with 3%
glutaraldehyde in 50 mM phosphate buffer, pH 7.4, postfixed with 1%
0s04, embedded in LR white resin according to the supplier’s recom-
mendations and polymerized at 60°C.

EM Immunodetection

Thin sections (60 nm) were cut using a Leica Ultracut microtome. Nickel
grids with the sections were blocked in normal goat serum or 2% BSA in
PBS. Grids were incubated overnight at 4°C with the primary antibody
according to dilutions given above. Goat anti-rabbit coupled with 15-nm
gold (BioCell) (1:50 dilution), donkey anti-rabbit (15 nm) (1:50), or donkey
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anti-mouse coupled with 10-nm gold (1:30) (Aurion) was used as secondary
antibody. The sections were contrasted with 2% aqueous uranyl acetate
and lead citrate and examined using a JEOL JEM 2100 transmission
electron microscope equipped with a Gatan US4000 4K X 4K camera.

Phylogenetic Analyses

Phylogenetic analyses were conducted using MEGA version 4 (Tamura,
Dudley, Nei, and Kumar 2007). A multiple protein alignment was made
using default parameters: gap opening, 10.00; gap extension, 0.20;
residue-specific penalties, on; hydrophilic penalties, on; gap separation
distance, 4; end gap separation, off; negative matrix, off; delay divergent
sequences, 30%; protein weight matrix, Gonnet Series. The alignment is
provided in Supplemental Data Set 1 online. From this alignment a
midpoint-rooted neighbor-joining tree with bootstraps values (1000 rep-
licates) was drawn.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries or TIGR Gene Indices under the following accession numbers:
Rab5A1, TC106962; Rab5A2, TC106963; Rab5B, TC93994; Rab7A1,
TC101145; Rab7A2, TC94423; SYP4, TC96961; VTI11, TC95338; SYP22,
TC100656; SYP132, TC86779; GAPDH, BT052418.1; Arabidopsis 3-TIP,
NM_112495; Arabidopsis y-TIP, NM_129238.

Supplemental Data

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

Figure 1. Phylogenetic Comparison of Rab5 and Rab7 Proteins from
Medicago and Arabidopsis.

Figure 2. Quantification of Rab5A1, A2, and B, and Rab7A1 and A2
Expression Levels in Roots, 10-d-Old Nodules, and 3-Week-Old
Nodules.

Figure 3. Confocal Images of GFP-Rab5A1, GFP-Rab5B, and GFP-
Rab7A1 in Roots and Nodules.

Figure 4. Confocal Image of a Medicago Nodule Expressing p35S:
GFP-Rab7A2[Q67L].

Figure 5. Localization of GFP-SYP4 in Roots and Nodules.
Figure 6. Immunolocalization of VTl 11 on GFP-SYP22 Roots.
Figure 7. Immunolocalization of Rab7 on GFP-SYP22 Roots.

Figure 8. Immunolocalization of VTI11 on Rab7A1 RNAi Roots and
Nodules.

Figure 9. Quantification of Rab7A71 and Rab7A2 Knockdown Levels in
Rab7A1-RNAi Nodulated Roots.

Figure 10. Preimmune (Mouse Preimmune Serum) Control for Anti-
Rab7Ab.

Figure 11. Secondary Antibody (Anti-Mouse CY3) Control on Wild-
Type Nodules.

Supplemental Table 1. Primers Used in This Study.

Supplemental Data Set 1. Text File of Alignment Used for Phyloge-
netic Tree in Supplemental Figure 1.
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