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Nitrogen-fixing nodules on plants such as alfalfa, pea and vetch
arise from the root inner cortex and grow via a persistent
meristem. Thus, these nodules are defined as indeterminate.
The formation of functional indeterminate nodules requires that
symbiotic bacteria, collectively called rhizobia, gain access to
the interior of roots and root nodules via infection threads.
Recent work has begun to elucidate the important functions of
the root cell cytoskeleton in infection thread formation. It has
also recently become apparent that rhizobial Nod factors and
rhizobial exopolysaccharides play key roles in the initiation and
elongation of infection threads.
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Abbreviation
GFP green fluorescent protein
PIT pre-infection thread

Introduction
Bacteria belonging to the genera Rhizobium, Sinorhizobium,
Azorhizobium and Bradyrhizobium (referred to here as rhizo-
bia) can live inside root nodule cells of leguminous host
plants and reduce atmospheric dinitrogen to ammonia, thereby
providing the host with a ready source of nitrogen [1].

Nodulation requires the action of a lipo-oligosaccharide
signaling molecule, Nod factor. Nod factors from all rhizo-
bial species have the same basic chemical structure, but
factors from different species differ with respect to the side
groups bound to the oligosaccharide backbone and also in
the length and degree of saturation of the lipid moiety
[2,3•]. Plant responses mediated by Nod factor during
nodulation of indeterminate hosts include: initiation of cell
division in the inner cortex to form a nodule primordium,
induction of plant genes, calcium oscillations and root hair
distortion and curling [4–6].

Infection of the host begins when rhizobia become trapped
between two root hair cell walls. This most often occurs
when a deformed root hair forms a sharp bend or curl and
bacteria bound to the root hair become trapped between
appressed cell walls (Figure 1). Initiation of infection from
such sites involves structural alterations of the root hair cell
wall, followed by invagination of the root cell wall to form an
incipient tubule and finally extension of the tubule by tip

growth. This tubule, the infection thread, grows down the
inside of the root hair and into the body of the root hair cell
(epidermal cell). Rhizobia inside the infection thread grow
and divide, keeping the tubule filled with bacteria. If the
infection thread exits the epidermal cell, it does so by fusing
with the distal cell wall, resulting in the release of bacteria
into the intercellular space between the epidermal cell and
the underlying cell layer. Invagination and tip growth, simi-
lar to that seen at the beginning of infection thread growth,
occurs at the underlying cell wall and a bacteria-filled thread
propagates further towards the inner root cortex [7]. The
inward-growing infection thread network and the outward-
growing nodule eventually meet. Branching of the thread as
it approaches and then enters the nodule primordium
ensures that a sufficient number of nodule cells are colo-
nized. In indeterminate nodules, the infection threads do
not penetrate the nodule meristem cells that constitute the
growth zone, but rather grow and ramify in a zone behind
the meristem called the infection zone or zone II. Bacteria
eventually exit the infection thread network, thereby enter-
ing the cytoplasm of nodule cells; they then differentiate
into bacteroids and fix atmospheric nitrogen [8•,9•]. In this
review, we summarize the infection process in indetermi-
nate hosts, and discuss recent advances in understanding
the behavior of rhizobia in infection threads and the rhizo-
bial genes and extracellular factors needed for the initiation
and growth of these structures.

Redirection of root hair tip growth 
Once rhizobia attach to root hairs and secrete Nod factor,
the stage is set for their invasion of the plant. Successful
invasion necessitates the reorientation of plant cell wall
growth, in order to allow the root hairs to deform and the
infection thread to initiate by invagination of the root hair
cell wall. These major changes in cell shape and growth
direction correlate with, and are probably caused by, sig-
nificant alterations in the plant cytoskeleton. Actin
depolymerization is one of the earliest effects seen in root
hairs following exposure to Nod factor. Cárdenas et al. [10]
followed the dynamics of filamentous actin (microfila-
ments) in live root hair cells of Phaseolus vulgaris (bean) by
microinjecting FITC-phalloidin and monitoring its fluo-
rescence after addition of Rhizobium etli Nod factor.
Control root hairs displayed the normal complement of
long microfilaments parallel to the long axis of the root
hair. In contrast, 5–10 minutes after exposure to Nod fac-
tor, most of the fluorescence migrated to the root hair tip
and changed from fibrous to diffuse. Because phalloidin
binds polymerized actin and not actin monomers, it is likely
that the diffuse fluorescence at the tip represents short
actin polymers. Another study of actin dynamics during
root hair growth also provided evidence for Nod factor-
stimulated reorganization of the actin cytoskeleton. These
authors hypothesize that this reorganization redirects vesicle
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traffic from the root hair tip to the site of new root hair out-
growths, which eventually result in the typical root hair
deformation and curling observed during infection [11•]. 

The microtubule cytoskeleton also displays significant
alterations during the course of infection; for example,
microtubule reorganization in the plant cortical cells is a
prerequisite for formation of the nodule primordium [12].
Microtubules are probably also involved in regulating
infection thread growth. They surround the nucleus and
appear to connect it to the tip of the infection thread as
they both migrate down the root hair [13••]. The general
involvement of microtubules in tip growth [14] is consis-
tent with the idea that infection thread extension may be a
specialized form of tip growth. 

Plant cell division and growth of the thread
During the initiation of indeterminate nodules, root cells of
the inner cortex respond to Nod factor by re-entering the
cell cycle and dividing anticlinally, thereby giving rise to the
nodule primordium and meristem [15,16]. In the outer cor-
tex, above the developing nodule, a column or two of root
cells also begin to divide. The cytoplasm moves from the
cell periphery to a central position, as it normally does dur-
ing cell division, but the cells usually progress no further and
apparently arrest in the G2 phase of the cell cycle [17]. The
cells in these columns give rise to columns of aligned cyto-
plasmic bridges called PITs (pre-infection threads) through
which the inwardly growing infection thread can move.
Thus the path of the growing infection thread through the
outer cortex is marked by the aligned PITs [16]. 

Timmers et al. [13••] have recently shown that a nodF/nodL
double mutant of Sinorhizobium meliloti, which synthesizes
a Nod factor with an altered lipid group and no acetyl mod-
ification at the nonreducing end (Figure 2), is unable to
induce PITs on its host alfalfa. This laboratory earlier
showed that the nodF/nodL double mutant also did not
readily initiate infection threads [18]. These phenotypes
are not the result of a completely inactive Nod factor,
because the mutant can induce root hair deformation and
activate cell division in the root inner cortex. This suggests
that the nonreducing end of wild-type S. meliloti Nod fac-
tor contains information essential for triggering formation
of infection threads and PITs in alfalfa. 

Interestingly, purified S. meliloti Nod factor alone is not suf-
ficient to trigger PIT formation in alfalfa, even though it
can induce inner cortex cell division. This is in contrast to
the action of purified Nod factor of Rhizobium leguminosarum,
which is sufficient to trigger PITs on its host plant, vetch.
Thus, in alfalfa, formation of PITs may be distinct from ini-
tiation of nodule primordia, even though PIT formation
superficially appears to be an arrested response in outer cor-
tex cells to the process that triggers cell division in the inner
cortex. The fact that nodF/nodL double mutants fail to ini-
tiate infection threads and the formation of PITs implies
that these processes are somehow related [13••].
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Figure 1

Schematic diagram of infection thread formation in alfalfa.
(a) S. meliloti binding to a growing root hair. (b) Under the influence of
Nod factors, the root hair curls and traps a microcolony of bacteria.
(c) The root hair cell wall invaginates at the site of the microcolony and
extends via tip growth down the root hair. (d) Infection threads ramify
and grow toward inner cortex cells, which are dividing and forming the
meristem of the nodule primordium. Mitotic figures are drawn in two of
the bottom cells to represent the initiation of mitosis in these cells.
(e) An enlarged view of the root hair shown in (c). The curl has been
unrolled to show that topologically, the bacteria in the infection thread
are still outside the root hair. Bacteria remain topologically outside the
root until they bud from the tip of the thread and enter nodule cells as
membrane-enclosed bacteria.
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Bacterial genes required for infection
thread growth
nod genes
Recently, Walker and Downie [19••] published experi-
ments in which they inoculated a nodFEMNTLO deletion
mutant of R. leguminosarum biovar vicae onto vetch
seedlings. The mutant synthesized Nod factor molecules
that contained no host-specific decorations and it was
unable to induce nodules on the seedlings. Microscopic
observation of roots showed that the bacteria accumulated
in large masses in the crooks of curled hairs and failed to ini-
tiate infection thread formation. Overexpression of nodO
was able to rescue this phenotype to some extent: as the
deletion mutant no longer accumulated in large masses,
some root hairs initiated infection threads, and some nod-
ules formed. This is a particularly intriguing result, because
again it shows that Nod factor decorations are needed for
the initiation of infection but not for all plant responses.
NodO protein is known to be secreted from bacterial cells,
has been shown to form pores in membranes, and can be a
host-range determinant [20,21]. Perhaps NodO rescued the
nodFEMNTLO phenotype by stimulating ion flow across a
membrane, thereby amplifying a weaker-than-normal sig-
nal transmitted by the stripped-down version of Nod factor.
Additional support for the importance of nodO and for mod-
ifications on the nonreducing end of Nod factor comes from
experiments showing that a nodE/nodO double mutant
induced aberrant infections, whereas nodO and nodE single

mutants did not [19••]. The infection phenotype of the
nodO/nodE mutant was similar to the phenotype of the
nodFEMNTLO strain, except that a few infection threads
formed. This was in spite of the presence of bacterial aggre-
gates at infection sites. The infection threads were swollen,
distorted and contained high numbers of infecting bacteria. 

One striking phenotype of the nodFEMNTLO and
nodE/nodO mutants is that the bacteria appear to be growing
too much during their invasion of the host. Could Nod fac-
tor have a role in slowing the growth rate of rhizobia during
the process of invasion and infection? Although Nod factor
conceivably might act directly to influence the growth rate
of the invading bacteria, it is more likely that it acts indi-
rectly to trigger responses in the root cells, which in turn
might down-regulate bacterial growth. Because the plant
needs to control a rapidly proliferating population of bacte-
ria within the infection thread, which itself has a limited
expansion rate, it makes sense that the plant would exert
some form of growth regulation on the invading rhizobia.

Exopolysaccharide synthesis genes
Nodules on alfalfa fail to develop properly when inoculated
with mutants of S. meliloti that are unable to produce the
exopolysaccharide succinoglycan [22,23]. Nodules induced
by such mutants are small, lack a persistent meristem, and
contain few or no bacteroids [24]. Work from several labo-
ratories suggests that signaling is an important function of
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Nod factor structure. One form of Nod factor synthesized by S. meliloti is
shown. The upper arrow indicates the acetyl group added by NodL (top
gray box) and the lower arrow indicates the lipid moiety, the length and

degree of saturation of which is modified by NodF and NodE (bottom
gray box). Other species of rhizobia, such as R. leguminosarum, have
NodL, NodE and NodF enzymes that perform similar functions.



the exopolysaccharides [25,26]. It has been hypothesized
that succinoglycan is important for symbiosis because it
may suppress or delay host defense responses that would
compromise the infection. Recently, it was shown that suc-
cinoglycan is important for initiating and extending
infection threads, as exo mutants, which do not synthesize
this exopolysaccharide, were inefficient at initiating infec-
tion threads, and threads that were initiated terminated
early [24,27–29]. In certain cases, a second form of
exopolysaccharide, EPSII, or lipopolysaccharide, KPS, can
obviate the need for succinoglycan. Although these poly-
saccharides can replace the requirement for succinoglycan
in terms of allowing the development of functional nod-
ules, it has recently been shown that they are far less
efficient than succinoglycan in promoting the initiation
and extension of infection threads [30•].

Growth behavior of the bacterial population
inside infection threads
Studies using green fluorescent protein (GFP)-tagged
S. meliloti strains to infect alfalfa have shown that the
population of bacteria inside the infection thread origi-
nates from the clonal expansion of a small number of
founder cells which entered the thread early. This can be
seen when a root hair is co-infected with two bacterial
strains that can be differentiated on the basis of their flu-
orescence. When both strains enter the infection thread,
they form alternating sectors with relatively sharp
boundaries [31] (Figure 3). Each sector represents the
clonal expansion of one or a few founding bacteria.

Microscopic observations show that when they nodulate
alfalfa, S. meliloti cells usually form two or three columns
inside the infection threads. The bacteria appear to be
loosely associated with one another, and the columns have
a braided appearance. Bacteria in the columns are aligned
with their long axis more or less parallel to the long axis of
the thread [29,31].

It is not currently known how rhizobia travel down infec-
tion threads. They do not have flagellae when inside the
thread, and hence do not swim toward the growing tip.
Because the bacteria remain in neatly ordered columns,
and the sector boundaries remain sharp even in mixed
infections, it is possible that the bacteria don’t push past
each other during growth, but rather move in unison
down the thread. One form of movement compatible
with these observations is sliding motility. In this rather
obscure form of bacterial locomotion, loosely associated
bacteria move in unison, and the bacterial cells them-
selves do not move with respect to each other during
growth, division or translocation. This form of motility
was first described in 1972 [32], and was recently shown
to be operative in Mycobacteria, which were previously
considered nonmotile [33•]. 

It is also possible that the bacterial columns inside the
infection thread are cohesive because they are connected
to a structure in the host cytoplasm such as the cytoskele-
ton and as such are under tension. This tension could
provide the motive force for bacterial translocation down
the thread, and could explain why sector boundaries
remain sharp during infection thread growth. 

Conclusions
The ability to monitor bacterial cells and cytoskeletal
structures within plant cells with fluorescent probes has
spurred recent progress in our understanding of the bio-
genesis of infection threads and the organization and
movement of rhizobia within them. The completion of
genome sequences of both bacterial and plant partners in
the near future promises additional ways to gain a molecu-
lar understanding of the cellular reorganization that occurs
after bacterial attachment to root hairs. It will also be nec-
essary to learn more about how the host regulates invading
microbes and how it distinguishes rhizobia from
pathogens. It is likely that defense mechanisms used
against pathogens are somehow modified, such that
instead of sequestering the invading bacteria, the plant
channels this response toward cell wall invagination, root
hair distortion, and reactivation of cortical cell division.
Ultimately, it will be crucial to begin to integrate the vari-
ous events that occur early in infection and identify
molecular mechanisms; for example, are asymmetric local-
ization and spiking of Ca2+ prerequisites for actin filament
reorganization, perhaps via Ca2+-mediated actin depoly-
merization? Testing hypotheses such as these holds
promise for revealing the molecular interactions driving
early symbiotic events.
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Figure 3

The bacterial population inside alfalfa infection threads is derived from the
clonal expansion of a few founder cells. (a) An alfalfa root hair infected
with a mixed population of GFP-tagged and non-GFP-tagged S. meliloti.
(b) An alfalfa root hair infected with a mixed population of S. meliloti. One
strain expressed the red fluorescent protein DsRed (colored red) and the
other expressed a variant of GFP (colored green). Both images show
mixed infections that give rise to infection threads containing a small
number of sectors, indicating that the entire population in the thread
results from the clonal expansion of a few founder cells.
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