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Rhizobium-legume symbiosis shares an exocytotic pathway required for arbuscule formation

Sergey Ivanov, Elena E. Fedorova, Erik Limpens, Stephane De Mita, Andrea Genre, Paola
Bonfante, Ton Bisselinga

Abstract

Endosymbiotic interactions are characterized by the formation of specialized membrane
compartments, by the host in which the microbes are hosted, in an intracellular manner. Two well-
studied examples, which are of major agricultural and ecological importance, are the widespread
arbuscular mycorrhizal symbiosis and the Rhizobium—legume symbiosis. In both symbioses, the
specialized host membrane that surrounds the microbes forms a symbiotic interface, which
facilitates the exchange of, for example, nutrients in a controlled manner and, therefore, forms the
heart of endosymbiosis. Despite their key importance, the molecular and cellular mechanisms
underlying the formation of these membrane interfaces are largely unknown. Recent studies
strongly suggest that the Rhizobium—legume symbiosis coopted a signaling pathway, including
receptor, from the more ancient arbuscular mycorrhizal symbiosis to form a symbiotic interface.
Here, we show that two highly homologous exocytotic vesicle-associated membrane proteins
(VAMPs) are required for formation of the symbiotic membrane interface in both interactions.
Silencing of these Medicago VAMP72 genes has a minor effect on nonsymbiotic plant development
and nodule formation. However, it blocks symbiosome as well as arbuscule formation, whereas root
colonization by the microbes is not affected. Identification of these VAMP72s as common
symbiotic regulators in exocytotic vesicle trafficking suggests that the ancient exocytotic pathway
forming the periarbuscular membrane compartment has also been coopted in the Rhizobium-legume
symbiosis.

During the symbiosis of plants and arbuscular mycorrhizal (AM) fungi, as well as in the symbiosis
between Rhizobium bacteria and legumes, the microbes are hosted intracellularly inside
specialized membrane compartments of the host (1). These membrane compartments,
although morphologically different, create a symbiotic interface that controls efficient
exchange of nutrients and signals and therefore their formation is at the heart of endosymbiosis.
Although these symbiotic interfaces have a pivotal role in endosymbiosis, the molecular and
cellular mechanisms by which they are formed are still largely obscure.

In the Rhizobium—legume symbiosis, the rhizobium bacteria are hosted inside a novel organ, the
root nodule. The formation of this organ, through the reprogramming of root cortical cells, is set in
motion by specific lipochito-oligosaccharides called Nod factors that are secreted by rhizobia (2).
At the same time, Nod factors control the formation of tubular, transcellular, cell wall-bound
infection structures, called infection threads. In most of the advanced legumes infection threads
originate in root hairs and guide the bacteria to nodule primordium cells that are formed from
reprogrammed root cortical cells (2). There, the bacteria are released from the infection threads into
the developing nodule cells (Fig. 1 A and B). In the model legume Medicago truncatula (Medicago)
this process continuously occurs because of the activity of an apical nodule meristem, where
invasion by infection threads and release of bacteria from these threads occur in a few cell layers
just below this meristem (Fig. 1 A and B). Release of bacteria starts with the formation of a local
invagination of the infection thread membrane, which is devoid of a structured cell wall, by which
an unwalled infection droplet is formed (Fig. 2 C and D) (3, 4). The formation of this unwalled
infection droplet is the start of the formation of a symbiotic interface; it allows the bacteria to come
into close contact with the host membrane of the droplet and individual bacteria are subsequently
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“pinched off” by which they become surrounded by a host membrane (the symbiosome membrane)
and together are called symbiosomes (1, 5). Next, symbiosomes divide and differentiate in
organelle-like structures where the bacteria are able to fix atmospheric nitrogen (6). The
symbiosome membrane facilitates the exchange of fixed nitrogen in return for carbohydrates from
the plant (2). In more basal legume species, as well as Parasponia, the only nonlegume genus able
to form a Rhizobium symbiosis, nitrogen-fixing rhizobia, are retained in highly branched
intracellular thread-like structures, called fixation threads, that are continuous with the infection
thread (7, 8).

Fig. 1.

MtVAMP721d and MtVAMP721e are required for symbiosome and arbuscule formation. Light
microscopic images of Medicago root nodules on control (A and B) and 35S::RNAiyamp7214:vaMP721e
transgenic roots (C and D). Longitudinal section of a control nodule 14 dpi (A) and magnification
(B) of the region indicated in (A), shows cells penetrated by an infection thread (arrowhead), cells
containing released and developing symbiosomes (containing S. meliloti bacteria) that are filling the
host cell (arrow). Section of a 35S::RNAivamp721d:vampr21e NOdule (C) and the indicated
magnification (D) showing cells that are penetrated by an infection thread, but symbiosomes are not
formed. Light microscopic images of Medicago control (E and F) and 35S::RNAiyamp7214:vamMp721e
transgenic roots (G and H) infected by G. intraradices. Control root (E) and its magnification (F)
show that the fungus forms intraradical hyphae (arrowhead) and mature fine-branched arbuscules
(ar) inside inner root cortical cells. 35S::RNAivamp721d:vamp721e 0Ot (G) and its magnification (H)
show that AM fungal hyphae grow intraradically (arrowhead) and form trunk hyphae (arrow) that
have entered inner cortical cells. A few major branches are made, but fine-branched arbuscules are
not formed. (Scale bars, 100 um in Aand C, 10 um in B and D, 50 um in E and G, 25 um in F and

MtVAMP721d and MtVAMP721e are essential for the formation of unwalled infection droplets at
infection threads. (A and B) EM images of an infection thread in a 35S::RNAivamp721d:vamp721e
nodule (A) and magnification of the designated area (B). The infection thread (it) is filled with
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bacteria and bound by a cell wall (arrowhead). At the tip of the thread a droplet-like structure (ds)
filled with bacteria (b) is formed. The droplet-like structure is surrounded by a membrane (B,
arrow) extending from the infection thread plasma membrane and bound by a cell wall (B, white
opposed arrowheads) that is markedly thinner than the wall around the infection thread (B, open
opposed arrowheads). (C and D) EM images of an infection thread in a control nodule (C) and
magnification of the designated area (D). The unwalled droplet (ds) is bound by a membrane
(arrow), but a cell wall is absent. Bacteria (b) are being released (br) and form symbiosomes (sb).
(E—H) Electron microscopy computed tomography and 3D reconstruction of an infection thread in a
control (E and F) and 35S::RNAivamp721d:-vampr2ie (G and H) nodule. Analyses were performed on
360-nm-thick sections. In the droplet structure (ds) of RNAivamp7214:vamp721e NOdules (G and H) the
bacteria are separated from the host membrane (green) by a cell wall (white, opposed arrowhead).
This cell wall is markedly (~3x) thinner (white opposed arrowheads) than the cell wall of the
infection thread (it) at which a droplet structure is formed (open opposed arrowheads). The
unwalled droplets in nodules on control roots (E and F) are bound only by the host membrane
(green), which allows the bacteria (b, gold) to come into close contact with it. (Scale bars, 0.5 um in
A-G).

Fig. 3.

Phylogenetic analysis of MtVAMP72s. Unrooted phylogenetic neighbor-joining maximum-
likelihood tree of M. truncatula (Mt) and Arabidopsis thaliana (At) Populus thrichocarpa (Pt),
Glycine max (Gm), Solanum lycopersicum (SI), and Vitis vinifera (Vv) VAMP72s. The sequences
were identified using BLASTN searches in genome/EST databases and aligned at the protein level
using MUSCLE v3.8.31. The phylogenetic tree was built using PHYML version 3.0 using protein-
coding nucleotide sequences aligned using the protein alignment as a template. We used the general
time-reversible model with y-distributed rates of evolution with six categories. AtVAMP711 was
used as outgroup, 100 bootstrap repetitions were performed to assess robustness of nodes. Note that
MtVAMP721d and MtVAMP721e form a separate “symbiotic” subgroup (e, bootstrap 97%) inside
VAMP721 group, whereas other MtVAMP721a, MtVAMP721b, and MtVAMP721c form other
subgroup which also includes all Arabidopsis VAMP721 genes (m, bootstrap 73%). The latter are
crucial in defense against fungal pathogens.

Like in the Rhizobium—legume symbiosis, AM fungi also enter the root (9). After traversing the
epidermis and outer cortical layers, AM fungal hyphae spread mostly intercellularly in the inner
cortex. Subsequently, they enter cortical cells via invagination of the plasma membrane and first
“trunk” hyphae are formed that are bound by the cell wall of the host (10). In this respect they are
similar to the infection threads that are formed in the Rhizobium-legume symbiosis. Subsequently,
the trunk hypha branches repeatedly to develop the specialized structure known as arbuscule. This
highly branched hyphal structure is enveloped by a special extension of the host plasma membrane,
the periarbuscular membrane (9). Some cell-wall components typical of the primary plant cell wall
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(e.g., cellulose, pectins, and hemicellulose) have been immunologically detected in the space
between the arbuscule and periarbuscular membranes. However, EM studies show that a structured
cell wall is not present, indicating a specialized nature of this membrane compartment (10-12). The
specialized nature of the periarbuscular membrane is further demonstrated by the observation that
certain proteins localize specifically to the periarbuscular membrane, but not to the host-cell plasma
membrane or the membrane surrounding the trunk hypha (13). Similar to the symbiosome
membrane, the periarbuscular membrane is thought to facilitate the exchange of nutrients/minerals,
especially phosphorus (and nitrogen) in return for photosynthates from the plant (9).

Although the molecular and cellular mechanisms of symbiotic interface formation are largely
unknown, the signaling pathways that initiate these symbiotic interactions are better studied. In
recent years it has become clear that several components of the signaling pathway, called the
common signaling pathway, which is activated by rhizobial Nod factors in the epidermis, are also
required for AM symbiosis (14). Furthermore, in nodules, this common signaling pathway is also
essential for the release of the rhizobia from infection threads (symbiosome formation), but not for
infection thread formation. This result has been demonstrated for the receptor-like kinase SymRK,
the calcium- and calmodulin-dependent kinase, as well as its interacting partner (IPD3) (15-20). It
is currently not known whether this common signaling pathway is activated by Nod-factor receptors
in legume nodules. However, in the nonlegume Parasponia knock-down of a Nod-factor receptor (a
single-copy gene) specifically blocked the formation of the (intracellular) rhizobial symbiotic
interface (i.e., fixation threads) (21). Furthermore, knock-down of this Nod-factor receptor also
blocked arbuscule formation by AM fungi, whereas intercellular colonization of the root was not
affected (21). Consistent with this observation, it was recently shown that also AM fungi produce
lipochito-oligosaccharides, with a structure very similar to that of Nod factors (22). Taken together,
these findings strongly suggest that Rhizobium—legume symbiosis coopted the complete signaling
pathway from the AM symbiosis and in both interactions this signaling pathway induces the
formation of the membrane compartment, forming a symbiotic interface. Therefore, we hypothesize
that this common signaling pathway activates a similar cellular process that in root cortical cells
leads to the formation of fungal and in nodule cells to a rhizobial symbiotic interface. This finding
would imply that in current legumes similar or even identical key regulators are required for the
formation of periarbuscular and symbiosome membrane compartments, despite their—at first
sight—major morphological differences.

A major morphological difference is the fact that in advanced legumes, Rhizobium bacteria are
individually internalized into symbiosome compartments, which suggests an endocytosis-like
process. However, studying the localization of membrane identity markers of the various endocytic
compartments did not show any association of key regulators of the default endocytosis pathway at
the early steps of symbiosome formation (23). Only later in symbiosome development (as the
symbiosomes differentiate) a late endosome/vacuolar marker, the small GTPase Rab7, was
observed on the symbiosome membrane. In contrast, a plasma membrane t-SNARE (see below),
syntaxin SYP132, has been shown to be associated with the infection thread membrane, unwalled
infection droplets, and symbiosomes immediately after their release from the infection thread, and
throughout symbiosome development (23, 24). This finding suggests the involvement of an
exocytosis-derived process in symbiosome formation. This finding is further supported by the fact
that in Parasponia and primitive legumes the membrane that surrounds the fixation threads, like the
periarbuscular membrane, remains connected to the plasma membrane (3, 7, 8). Therefore, we
hypothesized that the same exocytotic pathway controls the formation of the symbiotic interface in
both interactions.

Exocytosis involves focalized fusion of transport vesicles (with a specific cargo) with their target
(plasma) membrane. Vesicle fusion is controlled by a group of proteins named SNARESs (soluble N-
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ethylmaleimide sensitive factor attachment protein receptor) and it is accomplished by the
formation of a stable core complex of four SNARE motifs of the interacting SNARES (25).
Generally, one SNARE protein that locates on the transport vesicle (v-SNARE), pairs with three
SNARE proteins (including syntaxins), which reside on the target membrane (t-SNARE) (25). In
plants, exocytotic processes are mediated by v-SNARES belonging to the VAMP72 (vesicle-
associated membrane protein) family (26, 27). Previously, it has been shown that specific VAMP72
genes have been recruited in the Arabidopsis interaction with biotrophic fungi (27). Therefore, we
focused on the role of the MtVAM72 family in the formation of a symbiotic interface in the
interaction of Medicago with Sinorhizobium meliloti and Glomus intraradices, respectively. Here,
we show that two highly homologous Medicago VAMP72s are required for symbiosome as well as
arbuscule formation.

Results and Discussion
Identification of VAMP72 Genes in Medicago.

We identified the Medicago MtVAMP72 family based on homology with Arabidopsis members
(26). Mining of Medicago EST and genome sequence (28) data identified seven MtVAMP72 genes
(Tables S1 and S2). Phylogenetic analysis using several genome sequences that represent major
eudicot clades (29) showed that the VAMP72s can be divided into three groups, namely VAMP721,
VAMP724, and VAMP727 (Fig. 3 and Table S2). The VAMP721 group can be further divided into
two subgroups. One includes all Arabidopsis VAMP721 genes and Medicago VAMP721a, -b, -c,
whereas the second (“symbiotic”) subgroup includes MtVAMP721d and -e, but no Arabidopsis
homologs (Fig. 1). Arabidopsis has lost the ability to interact with AM fungi and this is correlated
with the loss of several genes involved in the common signaling pathway (30). Furthermore, other
eudicots with a sequenced genome that can interact with AM fungi do have at least one VAMP721
member that belongs to the “symbiotic” subgroup. Along this line MtVAMP721d and MtVAMP721e
are the best candidates to be involved in the formation of periarbuscular and symbiosome
membrane compartments. Furthermore, these two genes are expressed at relatively high levels in
roots, nodules, and mycorrhized roots (Fig. S1 A-D). For these reasons we have analyzed the
function of MtVAMP721d and MtVAMP721e in both interactions.

Silencing of MtVAMP721d and MtVAMP721e Blocks Symbiosome and Arbuscule Formation.

To study the function of MtVAMP721d and MtVAMP721e, we used gene-specific RNAI. Based on
quantitative RT-PCR analyses of Medicago roots and nodules we also selected MtVAMP721a and
MtVAMP724, because they are expressed at moderate levels in both organs (Fig. S1 A and B). As
both MtVAMP721d and MtVAMP721e are highly homologous, we also created a construct
(35SCaMV::RNAIiyavp721d:-vampr21e) BY Which both are knocked down. We obtained composite
Medicago plants with transgenic roots, using Agrobacterium rhizogenes mediated transformation,
that were selected through the use of a red fluorescent reporter (16, 31). The gene-specific RNAI
constructs reduced the level of their corresponding target RNA to 10-40%, compared with control
roots transformed with the empty vector, whereas the expression level of the other MtVAMP72
genes was not reduced (Fig. S2 A-D). The composite plants were inoculated with S. meliloti and
root nodules were analyzed after 14 d. Microscopic sections of nodules (n = 20 for each construct
from independently transformed roots) formed on roots expressing one of the four single gene-
specific RNAI constructs showed that they all had a cytology similar to nodules formed on control
roots transformed with the empty vector. Transgenic RNAiyamp721d:vampr21e 100tS had markedly
reduced levels of both mMRNAs (down to 10-40%) (Fig. S2E). The growth of these transgenic roots
and the number of nodules that are formed were only slightly affected (Fig. S3). Light microscopic
analysis of nodules collected from RNAiyamp7214:-vampr21e transgenic roots (Nroots = 15) revealed the
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presence of numerous infection threads in the central tissue of these nodules (Fig. 1 C and D);
however, symbiosomes were absent or present at very low numbers in 18 of 37 analyzed nodules
(48%). Such nodules were not observed on control roots (Npogutes = 0 0f 27, Nroots = 15) (Fig. 1 A and
B). Therefore, knock-down of both MtVAMP721d and MtVAMP721e specifically blocks
symbiosome formation.

To test whether MtVAMP721d and MtVAMP721e are also required for arbuscule formation,
RNAivamp721d, RNAivampr21e, RNAIvaMP721d:vamp721e, @D RNAivampr21a COMposite plants were
inoculated with G. intraradices. Plants were analyzed 4 wk after inoculation. In control and all
RNAIi roots, fungal hyphae successfully colonized the root cortical layers and spread longitudinally
along the root axis (Fig. 2 E and G, and Fig. S4). Fully developed arbuscules were efficiently
formed in control roots expressing an empty vector [arbuscule presence (a) = 61%] (Fig. 2F and
Fig. S4), as well as in RNAiyamp721d, RNAiIvamp721e, and RNAIyampr21a ro0ts. However, silencing of
both MtVAMP721d and MtVAMP721e (RNAivamp721d:vamp721e) resulted in marked decrease of
mature arbuscules [arbuscule presence (a) = 6%]. Small trunk-like hyphae abundantly occur in root
inner cortical cells, but mature arbuscules were only rarely formed (Fig. 2H and Fig. S4). These
small trunk-like hyphae are likely the result of an early arrest of arbuscule formation and not the
collapse of mature arbuscules. In some plant mutants arbuscules can, at a late stage of development,
be absent because of premature collapse (32). This collapse of arbuscules is associated with the
formation of dense clumps (9, 32). These dense clumps of collapsed hyphae did not occur in
RNAIvamp721d:vamp721e FOOtS. Thus, the knock-down of both MtVAMP721d and MtVAMP721e affects
the formation of arbuscules as well as symbiosomes. Arbuscule formation is even more efficiently
blocked than symbiosome formation, which might imply that higher levels of MtVAMP721d and
MtVAMP721e are required for arbuscule formation.

Silencing of MtVAMP721d and MtVAMP721e Affects Unwalled Droplet Formation
and Bacterial Release from the Infection Thread.

The lack of symbiosomes in RNAiyamp721d:vamp721e NOdules allowed us to predict that the formation
of an unwalled droplet and subsequent release of bacteria, which marks the start of symbiosome
formation, is affected. To address this finding we used EM to compare RNAiyamp721d:vamp721e
nodules where symbiosomes were absent or present at very low numbers (Fig. 3 A and B) to
nodules formed on control roots (Fig. 3 C and D). In the latter, unwalled infection droplets are
formed at infection threads in the cell layer directly adjacent to the meristem (Fig. 2 A and B). The
unwalled infection droplets are bound by a membrane of the host, but a cell wall is completely
lacking (Fig. 3 C and D). In the RNAiyamp7214:vamp721e NOdules infection threads contain a structure
that resembles an infection droplet. However, these droplet-like structures still show the presence of
a thin layer of cell wall next to the surrounding host membrane (Fig. 3 A and B). To confirm that
walled infection droplets are formed, we also used EM computer tomography and made 3D
reconstructions of 360-nm-thick section (Fig. 3 E—H). This finding shows that droplet-like
structures have been formed and these are bound by a membrane and a cell wall with a thickness of
about one-third (0.03 nm £ 0.01; Ninfection threads = 10, Nnogutes = 3) Of the infection thread wall (0.10
nm = 0.03; Ninfection threads = 10, Nnodules = 3). The presence of a cell wall in the infection droplets
prevents a close contact between the bacteria and the host membrane and thereby likely hampers the
pinching off of symbiosomes. This finding can explain why numerous infection threads have such a
walled infection droplet. The formation of droplet-like structures in the RNAivamp721d:-vamp721e
nodules suggests that the switch to a specific MtVAMP721d/e controlled exocytosis pathway is
impaired that in wild-type nodules is responsible for the formation of an unwalled infection droplet.
Our explanation for walled droplet formation in RNAiyamp721d:vamp721e F00t nodules is the following:
residual levels of MtVAMP721d/e vesicles (because of incomplete silencing) are present in
RNAivamp721d:vampr21e 100t Nodules and these are targeted to the infection thread membrane to
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initiate the formation of an unwalled droplet. Their cargo [possibly cell wall-degrading enzymes
(33) or altered membrane composition] leads to the formation of a cell wall-free interface.
However, their number is low in comparison with other vesicles involved in growth of the plant
cell. The latter may deliver cell-wall components and we postulate that they “compete” with the
MtVAMP721d or -e vesicles, and therefore a thin cell wall is formed instead of a cell wall-free
interface. Alternatively, the MtVAMP721d/e controlled pathway might be specifically involved in
symbiosome formation. In this case, block of symbiosome formation might lead to a droplet that is
an intermediate infection thread and unwalled infection droplet. Taken together, these data suggest
that an exocytotic pathway involving MtVAMP721d/e controls the formation of the symbiotic
interface in the Rhizobium—legume symbiosis.

MtVAMP721d and MtVAMP721e Localize at the Site of Bacterial Release on
Symbiosome and Periarbuscular Membranes.

To find further support for a role of MtVAMP721d/e vesicles in symbiotic interface formation, their
subcellular localization was determined in transgenic roots expressing translational fusions GFP-
MtVAMP721d or GFP-MtVAMP721e under the control of their native promoters. Promoter—3-
glucuronidase (GUS) analyses showed that these promoters are active in the nodule region where
symbiosomes are formed (Fig. 4 C and D). Confocal microscopy of GFP-MtVAMP721e-expressing
nodules (Nnogules = 5) revealed accumulation of GFP-fluorescence on dot-like structures (Fig. 5A).
These dot-like structures accumulated at local regions near infection threads where unwalled
droplets are formed and symbiosomes start to develop. The subcellular localization of GFP-
VAMP721d is very similar to that of GFP-VAMP721e (Fig. S5A). The nature of the labeled dot-
like structures was investigated using EM immunodetection with an antibody against GFP or an
antibody that recognize both MtVAMP721d and MtVAMP721e (Figs. S5 C and D and S6 A and
B). This finding showed that MtVAMP721d and MtVAMP721e were present on small (50 nm)
vesicles in close association with unwalled infection droplets (Fig. S5D) and on or near
symbiosome membranes of young symbiosomes (Fig. S5C). When we used both antibodies
simultaneously we could distinguish the signals using secondary antibodies linked to gold particles
with a different size. This result showed that the signals coincided (Fig. S5C) and indicates the
specificity of the anti- MtVAMP721d/e antibodies. Thus, these data are consistent with focal
MtVAMP721d/e-mediated delivery of exocytotic vesicles to unwalled droplets and symbiosomes.
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Fig. 4.

Activity of MtVAMP721d and MtVAMP721e promoters. The 2.5-kb region upstream of the
translational start of MtVAMP721d (A and C) and of MtVAMP721e (B, D, and E), respectively,
were fused to GUS and transgenic roots expressing these genetic constructs were inoculated by S.
meliloti 2011 (C and D) or G. intraradices (E). Nodules were harvested 14 dpi and were analyzed
for GUS activity. Nodules were hand-sectioned. Promoters of MtVAMP721d and MtVAMP721e are
active in the meristem and the infection zone of the nodule where release of bacteria from the
infection threads and symbiosome development occurs. Mycorrhized roots were harvested and
analyzed for GUS activity 28 dpi. Promoter MtVAMP721e shows activity in vascular tissue and
arbuscule-containing cells (E, arrowheads). (Scale bars, 100 um in A-E).
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Fig. 5.

MtVAMP721e marked vesicles accumulate at the site of symbiosome, periarbuscular membrane
formation and at cell plates. Confocal microscopy images showing localization of GFP-
MtVAMP721e expressed under the control of its native promoter. (A) Accumulation of GFP-
MtVAMP721e labeled dot-like structures (green) in infected Medicago nodule cells at local regions
of infection threads (it) where bacteria are released (unwalled droplet, arrow) and around newly
formed symbiosomes (*). (B) Accumulation of GFP-MtVAMP721e at the cell plate (arrowhead) in
dividing meristematic cells of a Medicago root. (C and D) Confocal microscopy picture of
immunolocalization of GFP-MtVAMP721e (C) and corresponding Bright-field image (D) in a root
cortical cell containing an arbuscule. GFP was visualized by anti-GFP antibodies (green
fluorescence). The signal is present near fine arbuscule branches (arrow) and absent on intraradical
hypha (arrowhead). Samples were contrasted by FM4-64 (red) to visualize membranes. (Scale bars,
20 umin A, C, and D; 10 um in B).

Medicago roots expressing MtVAMP721d::GUS or MtVAMP721e::GUS showed that these
promoters are active in the inner cortex, where arbuscules can be formed (Fig. 4 A and B). In
MtVAMP721e::GUS transgenic roots colonized by G. intraradices, GUS activity was slightly
higher in cells with arbuscules than in noninfected inner cortical cells (Fig. 4E). Roots expressing
GFP-VAMP721e under the control of its native promoter (nros = 3) Were infected by G.
intraradices and the fusion protein was detected using anti-GFP or anti-MtVAMP721d/e
antibodies. This finding showed that GFP-VAMP721e was abundantly present in root cells
containing arbuscules, whereas the level of MtVAMP721e in noninfected inner cortical cells was
rather low. In cells containing arbuscules, the signal was accumulating over the periarbuscular
membrane, especially at the fine branches (Fig. 5 C and D and Fig. S5B).

Therefore, the knockdown and localization studies show that arbuscule and symbiosome formation
are specifically controlled by the MtVAMP721d/e-regulated exocytotic pathway. This finding
suggests that symbiosomes, like the periarbuscular endomembrane compartments, represent an
apoplastic compartment despite their intracellular nature. At a later stage of development the
symbiosome membrane obtains the identity marker Rab7, which also occur at the late
endosome/vacuole, whereas vacuolar SNAREs accumulate on symbiosome membrane when
senescence is initiated (23). Therefore, we conclude that functional symbiosomes do not seem to
have a true vacuolar nature but remain as an apoplastic-like compartment. The switch to the
MtVAMP721d/e controlled exocytotic pathway allows the targeting of vesicles with a different
cargo, and this facilitates the formation of a symbiotic interface with specific protein composition
(34).

In root and nodule meristems we observed MtVAMP721d and MtVAMP721e accumulation at the
site of cell plate formation (Fig. 5B). The cell plate is a transient membrane compartment created by
membrane vesicle fusion in which a cellulose-based cell wall is not yet formed (35). Therefore, it is
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tempting to speculate that part of the machinery that is involved in the formation of a cell plate is
coopted to build the symbiotic interface. MtVAMP721d and MtVAMP721e might not be essential
for cell plate formation, because RNAivamp7214:vampr21e has only a slight effect on root growth and
nodule formation. However, we cannot exclude that the residual levels of MtVAMP721d and
MtVAMP721e in the RNAI roots are sufficient for rather normal root growth. Furthermore, the
expression level of MtVAMP721a is slightly higher in MtVAMP721d and MtVAMP721e
knockdown lines (Fig. S2E) and this might have a compensating effect. This finding is well in line
with studies of Kwon et al., who showed that in Arabidopsis two VAMP721 genes from the
“nonsymbiotic” subgroup (AtVAMP721 and AtVAMP722) have been recruited in defense against
powdery mildew (Fig. S1E) and marked reduction of their expression blocked the defense response,
but had no effect on plant growth (27). However, a complete loss of function of both AtVAMP721
and AtVAMP722 causes severe dwarfism of the plant. Recently, it has been shown that these
AtVAMP72s play a crucial role in cell plate formation (36).

The interaction of plants with AM fungi is about 450 million years old (37), whereas the Rhizobium
symbiosis evolved about 60 million years ago (38). Recent studies show that AM fungi produce
Nod factor-like lipochito-oligosaccharides (22), and that the same Parasponia Nod-factor receptor
is required in both symbiotic interactions (21). This finding strongly suggests that during evolution,
rhizobia acquired the ability to make a factor (Nod factor) with a structure similar to that of more
ancient mycorrhizal factors. This finding is consistent with the idea that rhizobia obtained the genes
to make Nod factors by horizontal gene transfer (39). Here we show that the exocytotic pathway
that is required for arbuscule formation is also essential for Medicago symbiosome formation.
Therefore, it is probable that during evolution the acquisition to produce Nod factors provided
rhizobia with the ability to use the ancient AM machinery to establish an intracellular interface. In
this study we focused on the Medicago symbiosis. Whether the VAMP721d/VAMP721e controlled
exocytosis pathway is also used in other legumes to establish symbiosome formation, or fixation
threads, remains to be demonstrated. Our studies on Medicago strongly suggest that most plants
have genes encoding the core of a mechanism that can support a Rhizobium infection process.
Nevertheless, although the AM fungal symbiosis is widespread across the plant kingdom, it is
perplexing that the Rhizobium—legume symbiosis is restricted to legumes and Parasponia.

Materials and Methods
Plant Transformation and Inoculation.

A. rhizogenes MSU440-mediated hairy root transformation was used to obtain transgenic roots (31).
M. truncatula accession Jemalong A17 was grown in perlite saturated with Farhaeus medium
without nitrate in a growth chamber at 21 °C and 16/8-h light/darkness. These plants were
inoculated with S. meliloti 2011 (ODggo 0.1, 2 mL per plant). Root nodules were collected for
analysis 10—14 d postinoculation (dpi). Medicago plants that were inoculated with G. intraradices
were cocultivated with Allium schoenoprasum nurse plants in sand/hydrobeads mixture saturated by
Hoagland medium. To quantify the infection by the fungus, roots were stained with 0.2% Trypan
blue and roots were analyzed by light microscopy. In total, 75 cm of each transgenic root system
was analyzed and the level of infection was quantified as previously described (39).

Cloning.

DNA fragments were generated via PCR on Medicago genomic DNA or cDNA made from root
nodules as a template using Phusion High-Fidelity DNA Polymerase (Finnzymes) and gene-specific
primers (Table S3). The Gateway technology (Invitrogen) was used to create genetic constructs for
GFP-fusion, promoter-GUS and RNA interference (40). TOPO cloning (Invitrogen) was used to
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create entry clones. To create RNAI constructs, entry clones were recombined into the modified
Gateway pK7GWIWG2(I1)-Q10::DsRED binary vector (16, 31). To generate GFP-MtVAMP721d
and GFP-MtVAMP721e translational fusions, GFP was fused to the N-terminal end of
MtVAMP721d or MtVAMP721e. Expression of these fusions were driven by 2.5-kb 5’ regulatory
sequence (VAMP721d::GFP-VAMP721d and VAMP721e::GFP-VAMP721e).

Gene Expression.

Total RNA was extracted from roots, root nodules, and mycorrhized roots using E.Z.N.A. Plant
RNA Mini Kit (Omega Bio-Tek). Equal amounts of total RNA was used to analyze gene expression
of MtVAMP72s by quantitative real-time PCR using iQ SYBR Green Supermix (Bio-Rad) and
gene-specific primers (Table S3). Detection of fluorescent signal was performed on a My iQ Real-
Time Detection System (Bio-Rad). Gene-expression profiles were normalized against the
transcription level of reference gene MtUBQ10. Data were compared with M. truncatula Gene
Expression Atlas data (41) (http://mtgea.noble.org/v2/).

Antibodies Against MtVAMP721d and MtVAMP721e.

Affinity-purified polyclonal rabbit anti-MtVAMP721d antibodies were generated by GenScript
against the peptides QKLPSTNNKFTYNC. Protein extraction and immunoprecipitation from
transgenic roots expressing GFP-VAMP721a, GFP-VAMP721d, or GFP-VAMP721e was
performed using GFP Trap A Kit (Chromotek) according to the manufacturer’s instructions. To
detect GFP fusion protein, proteins were separated on SDS-polyacrylamid gel and probed with anti-
GFP antibody (Molecular Probes) in dilution 1:2,000 or anti-VAMP721d in dilution 1:100/1:500
and secondary anti-rabbit antibodies conjugated with alkaline phosphatase (Promega).

Confocal Laser-Scanning Microscopy.

GFP-fused proteins were visualized on transgenic roots and hand sectioned nodules. Imaging was
done on a Zeiss LSM 5 Pascal confocal laser-scanning microscope (Carl Zeiss). Immunodetection
was performed as described previously (23). Goat serum or 3% (vol/wt) BSA was used as blocking
agent. Polyclonal rabbit anti-GFP antibodies (Molecular Probes) in dilution 1:200 or anti-
VAMP721d/VAMP721e in dilution 1:50-100 and secondary anti-rabbit Alexa 488 antibodies
(Molecular Probes) in dilution 1:200 were used. Sections were counterstained by FM4-64 (30
ug/mL).

Sample Preparation for Light and Transmission Electron Microscopy (TEM) and TEM
Immunodetection.

Tissue preparation was performed as described previously (23). Semithin (0.6 um) for light and thin
sections (60 nm) for EM of the same nodule were cut using a Leica Ultracut microtome (Leica).
Nickel grids with the sections were blocked in normal goat serum with 1% milk or 2% BSA in PBS
and incubated with the primary antibody according to dilutions given above. Goat anti-rabbit
coupled with 15-nm gold (BioCell) (1:50 dilution) were used as secondary antibody. Sections were
examined using a JEOL JEM 2100 transmission electron microscope equipped with a Gatan
US4000 4Kx4K camera.

TEM Computer Tomography and 3D Reconstruction.

The method of electron tomographic analysis adapted for plant tissue was used (42). Sections of
300-360 nm thickness were mounted on 100-nm mesh copper grids coated by Formvar. Tilted
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images were collected from —55 to 55° with a tilt-rotate specimen holder using Serial EM software.
Obtained image series were used for 3D reconstruction using IMOD (Cygwin, Linux) software
package. The membrane boundaries were traced manually and 3D models were computed.
Rendering of the obtained images was performed automatically by IMOD mesh command. Four
tomograms were reconstructed.
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