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ABSTRACT

Infection of alfalfa with Rhizobium meliloti exo mutants deficient
in exopolysaccharide results in abnormal root nodules that are
devoid of bacteria and fail to fix nitrogen. Here we report further
characterization of these abnormal nodules. Tightly curied root
hairs or shepherd's crooks were found after inoculation with
Rm1021-derived exo mutants, but curing was delayed compared
with wild-type Rm1O21. Infection threads were initiated in curled
root hairs by mutants as well as by wild-type R. meli/oti, but the
exo mutant-induced threads aborted within the peripheral cells of
the developing nodule. Also, nodules elicited by Rm1O21-derived
exo mutants were more likely to develop on secondary roots than
on the primary root. In contrast with wild-type R. meliloti-induced
nodules, the exo mutant-induced nodules lacked a well defined
apical meristem, presumably due to the abortion of the infection
threads. The relationship of these findings to the physiology of
nodule development is discussed.

Rhizobial invasion and infection thread penetration into
root hair cells are crucial steps leading to the establishment
and development of the Rhizobium-legume symbiosis. Al-
though the early stages of nodule development have been
studied in a large number oflegumes, many questions relating
to the entry of the bacteria into the root hair cell and the
initiation of the nodule remain.

In the alfalfa-R. meliloti symbiosis, one of the earliest
responses to Rhizobium inoculation is root hair curling. In-
fection threads are formed within the tightly curled root hairs
known as "shepherd's crooks" and then penetrate the cells of
the root (33). Several cells away from the growing infection
thread (5), in the inner root cortex in alfalfa, anticlinal cell
divisions take place, giving rise to the nodule primodium. The
infection thread penetrates deep into the root cortex and
invades the nodule primordium (18, 23). Bacteria are released
from infection thread branches into the cortical cell deriva-
tives, which then stop dividing and expand. A persistent
nodule meristem is initiated at the distal (apical) end of the
nodule. Cell divisions also occur in the endodermis and
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pericycle after the initiation of mitoses in the inner cortex
(18).

R. meliloti mutants have been utilized extensively to char-
acterize the earliest events in the establishment of alfalfa root
nodules. Although nodulation (nod) mutants attach to root
hairs (see references in Long [20]), they do not elicit shep-
herd's crook formation nor do they stimulate cell divisions
within the root cortex (7). On the other hand, exo mutants,
which are deficient in EPS,2 trigger nodule formation, but the
nodules that develop are atypical. The nodules are free of
bacteria ("empty") and clustered on secondary roots like
"beads on a string" (11).
We originally reported that EJ355, an exoB mutant in the

multiply marked genetic background ofEJ312, deformed root
hairs but did not induce shepherd's crook formation (11). We
also noted that many of the nodules elicited by EJ355 devel-
oped on the primary root and had a defined apical meristem.
However, we have recently found that the EJ312 genetic
background affects the expression of R. meliloti symbiotic
genes (6). Accordingly, we have expanded our study of bac-
terial invasion and nodule initiation in response to exo mu-
tations in the wild-type Rm 1021 background so that the point
of nodule arrest may be delineated more clearly.
We investigated infection thread development as well as

the earliest steps in nodule formation-cortical cell division,
nodule primordium initiation, emergence ofthe nodule-and
compared them with the published reports of wild-type R.
meliloti-elicited nodule development (7). We found that many
ofthe initial stages ofbacterial invasion and nodule formation
are similar for wild-type R. meliloti (exo+) and exo mutants.
However, unlike the EJ355-induced nodules we described
earlier (11), the empty nodules elicited by exo mutants in the
Rm 1021 background have a diffuse region of cell division
that extends over the distal end of the nodule, rather than a
discrete, persistent meristem. Furthermore, although infection
threads were not detected in the deformed root hairs of plants
inoculated with Rm 1021-derived exo mutants, they were
observed in sectioned material, where, as in EJ355-inoculated
plants, they were present in the outermost cells of the nodule.
We suggest that the lack of sustained meristematic activity in
exo mutant-induced nodules is directly related to the abortion
of infection threads in the superficial cells of the nodule.

2 Abbreviations: EPS, exo, exopolysaccharide; LPS, lipopolysac-
charide; str, streptomycin resistance.
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MATERIALS AND METHODS

Growth of Seedlings

Seeds ofalfalfa (Medicago sativa L. cv Iroquois) were either
surface sterilized in 70% (v/v) ethanol for 10 min, followed
by 0.1% (w/v) HgCl2 for 3 min and 2.6% (v/v) sodium
hypochlorite for 20 min, or sterilized for 60 min in full-
strength commercial bleach (5.25% sodium hypochlorite)
after a 60-min pretreatment in 95% (v/v) ethanol. The seeds
were then washed 5 to 6 times with sterile distilled water and
germinated either on agar slants (22) under 16 h/8 h 21°C/
19°C day/night conditions or on water agar plates for 72 h in
the dark at room temperature.

Bacterial Strains

Rhizobium meliloti 1021 is a symbiotically effective, strep-
tomycin-resistant (str-7) derivative of R. meliloti 2011 (22);
the str-7 mutation, also called str-21, does not affect the
symbiotic behavior of R. meliloti. Strains Rm7094 (exoB),
Rm7061 (exoA), and Rm7055 (exoF), all derived from R.
meliloti 1021, are TnS mutants that are Fix- on plants and
deficient in EPS I, as is strain Rm7029, which carries a
deletion of the exo genes (10) (exoE). EJ355 is an exoB
mutant of EJ312 (16), which is streptomycin-resistant (str-3).
The str-3 mutation, in contrast to str-7, affects symbiotic
function (1, 6). Rm5078 carries the exoB355 mutation trans-
duced from EJ355 into the RmlO21 background (17).

Five milliliter cultures of rhizobia were grown overnight in
Lucia Bertani Broth with appropriate antibiotics (19), har-
vested by centrifugation, washed once with sterile PBS (per
liter: 8.0 g NaCl, 0.2 g KCI, 1.44 g Na2HPO4-2H20, 0.2 g
KH2PO4, pH 6.8), and centrifuged. The bacterial pellet was
resuspended in one-tenth strength PBS. The suspension was
further diluted with Fahraeus medium (9) to give an inoculum
density of approximately 1 x 107 cells/mL.

Plant Assays

Alfalfa seedlings were grown in agar slants (22) or in Fah-
raeus slide assemblies in liquid medium as described by
Bhuvaneswari and Solheim (3). The roots of plants grown in
the Fahraeus slide assemblies were examined under the light
microscope at daily intervals for 4 d. Roots were examined
every 4 to 6 h during the first day of culture in the Fahraeus
slide assemblies. The total root system of the seedling was
examined during the experiments. Photographs were taken of
almost fully elongated root hairs in the middle region of the
growing root hair zone as described by Wood and Newcomb
(33).
When plants were grown in agar slants, they were removed

from test tubes every other day, mounted on glass slides under
cover glasses, and examined under the light microscope for
the presence of infection threads. They were discarded after
examination.

Spot Inoculation

Alfalfa seeds were sterilized, planted on water agar, and
kept in the dark for 72 h. Seedlings were transferred to square

Petri dishes (Labtek) containing Jensen's (32) agar, and the
roots were inoculated as described by Dudley et al. (7). Root
sections were harvested and fixed for microscopy at varying
times after inoculation.

Microscopy

For electron microscopy, root and nodule tissue was fixed
in 3% (v/v) glutaraldehyde or 4% (v/v) glutaraldehyde, 1.5%
(w/v) paraformaldehyde in 0.1 M phosphate buffer, pH 6.8,
for 2 h at 4°C, then rinsed several times in fresh buffer. The
tissue was postfixed 1 h in 1% (w/v) OS04 at 4°C, rinsed
twice, dehydrated through acetone, and embedded in Spurr's
resin or Epon 812. Ultrathin sections for transmission electron
microscopy were stained in uranyl acetate and Reynold's lead
citrate.
For light microscopy, tissue was prepared as described

above. The plastic sections (0.5-1,um) were stained in 0.05%
(w/v) toluidine blue 0 dissolved in 1% (w/v) sodium borate.
Serial sections were made of more than 10 different nodules.
Some tissue was embedded in paraffin as described by Van
de Wiel et al. (30) and sectioned serially at 7 to 8,m.

RESULTS

Root Hair Deformation

Root hairs of alfalfa grown in Fahraeus slide assemblies
deformed within 4 h after inoculation with wild-type strains
Rm 1021 or Rm2O 11. By 8 h, deformation was extensive, and
an occasional 3600 curl (shepherd's crook) was observed.
However, shepherd's crooks generally were not conspicuous
until 12 to 24 h after inoculation. Moreover, they were
difficult to detect among the population of deformed root
hairs (Fig. IA, open arrow).

Extensive root hair deformation occurred as early as 4 h
after inoculation with the exoB::Tn5, exoA::Tn5, or
exoF::Tn5 derivatives of Rm 1021. However, shepherd's
crooks were not observed on alfalfa roots inoculated with exo
mutants until 24 h after inoculation. By 48 h after inoculation,
3600 curls were infrequently observed in the growing root hair
zone (33) (Fig. 1B). By 7 d after inoculation, root hairs in the
growing root hair zone were extensively deformed (Fig. IC).
Like wild-type R. meliloti, exo mutant bacteria attached po-
larly to root hairs.

Previously, we reported that strain EJ355, a spontaneous
exoB mutant in an EJ312 background, deformed root hairs
but did not induce shepherd's crook formation or infection
thread formation (11). We reexamined the effect of EJ355 on
root hair deformation and found one or two shepherd's
crooks/root 4 to 5 d after inoculation. However, this was an
uncommon response compared with roots infected with
Rm 1021 TnS exo mutants, in which shepherd's crooks were
observed 1 to 2 d after inoculation (Fig. IB).

Invasion of Root Hairs

Infection threads were found after wild-type R. meliloti
infection only in those hairs curled as shepherd's crooks.
However, infection threads were difficult to find in root hairs
of plants growing in the Fahraeus slide assemblies. Although
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Figure 1. Root hair deformation. A, The root hairs pictured were

deformed in response to R. meflioti Rml 021 (wild type) within 12 h

of inoculation. The photograph was taken 24 h after inoculation. The

open arrow points to a shepherd's crook and the numerous rhizobia

associated with the curled root hair. B, Root hairs 48 h after inocu-

lation with exoA mutant Rm7061. Almost all of the root hairs are

deformed, and several curled root hairs are visible. C, Root hairs

deformed in response to exoF mutant Rm7055 7 d after inoculation.

Almost all the root hairs are deformed. Magnification x480. All photos

were taken of root hairs in the growing root hair zone (33).

we did not detect any infection threads in root hairs of living
plants after infection with exo mutants, infection threads were
commonly observed in the epidermal cells of exo mutant-
induced nodules when nodule sections were examined under
the light microscope.

Invasion of the Root

Our observations suggested that there are two major modes
of invasion of the root by exo mutants: penetration via the
middle lamella (intercellular infection) and entry via infection
threads (intracellular infection).

Intercellular Infection

The exo mutant rhizobia were frequently sandwiched in
between epidermal cells, most likely a result of penetrating
the middle lamella (Fig. 2A, B). The bacteria within intercel-
lular spaces were surrounded by a thin fibrillar material (Fig.
2C, arrow), which might be considered a modified infection
thread. Within this fibrillar boundary, numerous vesicular or
tubular-like structures were observed (Fig. 2C, D, open ar-
rows). In some electron micrographs, the vesicles were closely
associated with the bacterial cell surface, appearing as exten-
sions of the outer membrane (Fig. 2D, arrow).

Intracellular Infection

Infection threads were frequently found in the root hair
cells of 2-week-old sectioned nodules (Fig. 3A-C). Infection
threads rarely elongated beyond the peripheral cells, and many
seemed to end blindly in the outermost cells ofthe developing
nodule, appearing distended (Fig. 3B, C). Some exo mutant
rhizobia were also observed free within root hair cells. The
root hair cells, however, appeared to have senesced; no host
cytoplasm was visible (Fig. 3D). Mutant rhizobia were also
observed trapped between the outer and inner cell wall layers
(Fig. 3B, D, open arrows, and boxed region in Fig. 3D).
The external wall of the root hair cell appeared to consist

ofan outer layer (a) and an inner layer (fl); both layers looked
fibrillar in electron micrographs (Fig. 3E). Some micrographs
illustrated what appeared to be rhizobial degradation of the
outer cell wall layer (Fig. 3E). Rhizobia were also observed
enclosed within the cell wall (Fig. 3E, asterisk). Bacteria
entrapped between the two wall layers were encapsulated by
a nonfibrillar material, presumably new wall material, from
which the thread appears to be derived (Fig. 3F). Figure 3F is
an enlargement of the boxed region in Figure 3D. The dis-
tended infection threads in Figure 3B and C (double arrow-
heads) appeared to have arisen in the same way-from new
wall material sandwiched between the original cell wall layers.

Nodule Development

We spot-inoculated alfalfa roots or inoculated plants grow-
ing in agar slants with exoF, exoE, or exoB mutants of
RmlO21 to study the early stages of nodule development.
After inoculation, very few protrusions other than lateral root
primordia were detected by 5 to 7 d after inoculation under
the growth conditions described in "Materials and Methods."
However, in some regions where the root hairs were exten-
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Figure 2. Intercellular invasion. A, exoB R. melfloti (Rm7094) cells are found between the root hair (rh) cell and an adjacent epidermal cell. Some
rhizobia (r) appear to penetrate the middle lamella (ml) and are found in an intercellular space (is). x5600. B, Rhizobia (r) embedded in the middle
lamella between two adjacent cells (ml). This area is comparable to the region in A designated by the open arrow. x1 8,000. C, Rhizobia within
an intercellular space (is) comparable to that in A. A fine fibrillar (f) matrix encircles the bacteria, which are also surrounded by numerous vesicles
(open arrows). x40,000. D, Enlargement of one bacterium illustrating the vesicles (open arrow) associated with the bacterial surface. x102,000.
Bars = 1 gm except in panel D.
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Figure 3. Intracellular invasion. A, Light micrograph of the periphery of a 2-week-old nodule induced by Rm7094 (exoB). An infection thread (it)
is visible within the root hair (rh). Some areas where intercellular invasions have occurred are indicated by the short arrows. x225. B, Root hairs

(rh) with aborted infection threads (it) containing R. mefiloti exoA mutants. The intercellular space (is) is packed with rhizobia. The open arrows

indicate rhizobia embedded between the outer and inner layers of the root hair cell wall, and the double arrowheads point to an expanding
infection thread. x1 500. C, A root hair (rh) with an aborted infection thread (it) containing R. mellloti exoA mutant bacteria. The double arrowheads

point to an expanding infection thread. x1500. D, Electron micrograph of the base of a root hair cell. Rhizobia are suspended within the cell and

are also embedded between the outer and inner cell wall layers (open arrow and boxed region). Rhizobia are also present within intercellular

spaces. x7000. Bar = 1 am. E, A polarly attached R. meliloti exo mutant bacterium appears to have degraded the outer layer (a) of the cell wall

(arrowhead). Another bacterial cell (*) is embedded between the outer and inner (fi) wall layers. x46,200. F, New cell wall material (nwm) is

deposited around the rhizobial cell (r) between the cell wall layers. x56,000.
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sively deformed, cell divisions were evident in both the peri-
cycle (arrow) and the inner cortex (arrowhead) (Fig. 4A).
Serial sectioning of swollen roots 7 to 9 d after inoculation
with exo mutants confirmed that both inner cortical cells as
well as cells of the pericycle divided (Fig. 4B, arrow and
arrowheads). The root endodermis (open arrow) was inter-
rupted at the site of these cell divisions (Fig. 4A-C). Deriva-
tives of the pericycle gave rise to the proximal tissue of the
developing nodule, whereas the inner cortical cell derivatives
formed the nodule primordium. At the distal end of the
nodule primordium, several centers of mitotic activity were
frequently evident, but no localized, spatially restricted nodule
meristem differentiated (Fig. 4D). The epidermal cells ap-
peared to keep pace with the developing nodule by dividing
and expanding in size, and infection threads aborted within
them.

DISCUSSION

The first response ofthe alfalfa plant to wild-type R. meliloti
is root hair deformation. Wood and Newcomb (33) have
made a detailed light microscopic study of the early infection
of alfalfa root hairs by R. meliloti. They found that shepherd's
crooks were visible 6 to 8 h after inoculation and that only a
small number of deformed root hairs developed into tightly
curled shepherd's crooks, within which the rhizobial cells
became encapsulated. Infection threads were initiated within
a few of the tightly curled root hairs and infrequently in
branched or intertwined hairs. Wood and Newcomb (33)
estimated that, ofthe 80,000 root hairs present on 10 different
seedlings, 52 infection threads were initiated in two branched
hairs, 17 intertwined hairs, and 33 shepherd's crooks.
The details of rhizobial entry into the root hair cells have

been examined at the electron microscope level for only a few
legume species (4, 28). Electron micrographs of clover root
hairs show that the bacteria invade the root hairs by degrading
the outermost cell wall layer. The rhizobia then become
trapped between the inner and outer cell wall layers, and new
cell wall material, which forms the nascent infection thread,
is deposited over them. Although electron micrographs show
that the cell wall is degraded at invasion sites, the exact
mechanism of breakdown is unknown. Rhizobium species
have been reported to produce pectolytic enzymes (8, 14, 24,
27), but there is no firm evidence indicating that pectin-
degrading enzyme production is essential for nodule
development.
For R. meliloti exo mutants, although the initial stages of

thread formation appear to be similar to those for wild-type
infections, there are major differences. Infection threads do
not penetrate deep into the cortex but abort within the en-
larged root hair cells. In the exo mutant-induced nodules,
numerous vesicle-like structures are associated with the bac-
teria. These structures are not observed in wild-type R. meli-
loti-induced nodules. However, Ridge and Rolfe (27) did
observe vesicle-like structures outside the infection threads in
Macroptilium nodules. There are at least two possible expla-
nations for the lack of vesicles in sections of normal nitrogen-
fixing alfalfa nodules. The vesicles might be produced during
normal infection thread development but become visible only
in exo mutant-infected tissue, because they are normally

covered by rhizobial EPS. Alternatively, the vesicle-like struc-
tures might accumulate only in the aborted infection threads,
either because the vesicles do not discharge their contents or
because they are deficient in contents that are secreted into
the normally growing infection thread.

Infection thread abortion is directly related to the produc-
tion of EPS. R. meliloti that are mutant in exoA, exoB, exoC,
exoF, exoL, exoM, exoP, exoQ, or exoT produce no acidic
exopolysaccharides (see references in Reed and Walker [26]).
However, by mutation, R. meliloti can produce a second
exopolysaccharide (EPSII) even in exo strains; such bacteria
can elicit effective, nitrogen-fixing nodules on alfalfa roots
(12). Thus, EPS appears to be required for the establishment
of effective indeterminate nodules like those of alfalfa and
pea (2). In contrast, determinate nodules, like those of Phas-
eolus (2) and Lotus (13), are effective even when induced by
exo mutants. However, the situation is more complicated
because, even in R. meliloti exo mutants, other mutations
can restore effectiveness without restoring EPS-for example,
by modification of LPS (34). Whether the difference in the
effectiveness of nodules elicited by exo mutants is related to
the mode of invasion of Rhizobium in determinate versus
indeterminate nodules or to other differences related to nod-
ule development remains to be established.
Although a number of roles for EPS in nodulation have

been suggested (e.g. 6, 12, 26, 34), its function remains
obscure. EPS might be part of the complex signaling process
that occurs between plant and bacteria. It might be involved
in positive recognition, enabling directional growth and pen-
etration ofthe infection thread, or it might mask determinants
on the rhizobial surface, thereby protecting Rhizobium from
host attack. Recently, Puhler et al. (25) observed an increase
in phenolic materials in cell walls of peripheral cells contain-
ing aborted infection threads initiated by exoY R. meliloti.
This reaction is reminiscent of the hypersensitive response
whereby a host recognizes an incompatible pathogen. Alter-
natively, EPS might play a mechanical role, i.e. by filling the
interior of the developing infection thread. Whatever the role
of EPS, however, it can also be fulfilled by appropriately
modified mutant LPS (34).

Inoculation with exo bacteria initiates anticlinal cell divi-
sions in the inner cortex, producing a region ofcells equivalent
to the nodule primodium. The cells of the endodermis and
pericycle also divide, and vascular tissue from the root
branches and extends into the developing nodule. However,
no discrete, persistent nodule meristem is initiated, even
though small, densely cytoplasmic, apparently meristematic
cells are observed at the distal end of the nodule. Conse-
quently, little peripheral and central tissue differentiates per-
pendicularly to the long axis of the nodule. The result is a
nodule that is compressed in length in contrast to the elongate,
cylindrical nodules elicited by wild-type R. meliloti.
The relationship of the differences we have observed be-

tween wild-type rhizobia and exo mutant-induced alfalfa nod-
ules to EPS deficiency is not clear. There are several possible
explanations for the lack of initiation of a defined meristem.
Rhizobium EPS might include molecular domains that induce
directed infection thread growth and also meristem formation;
such domains could be present in mutant LPS as well. Adding
low mol wt EPS to R. meliloti exo mutants restores the
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Figure 4. Early stages in nodule development elicited by exo mutants of R. melioti Rm7094. A, Transverse section of an alfalfa root 5 to 7 d
after inoculation with exoF mutant R. meliloti Rm7055. Cell divisions have taken place in both the pericycle (arrow) and the inner cortex
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cortex. The root endodermis (e) is indicated. x85. C, Transverse section of an alfalfa root 7 to 9 d after inoculation with Rm7029 (exoE). Cell
divisions in both the cortex and the pericycle have produced the nodule primordium (p). e, endodermis; px, protoxylem; rh, root hair. x120. D,
Longitudinal section of a root infected with an exoB mutant. Two sites of meristematic activity are observed within the confines of the root
cortex, but no defined, distal meristem is evident. x, xylem of the root. x85. Bar = 100 gm except in A.
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effective, elongate nodule phenotype, but at low efficiency.
Moreover, bacteroid development is not as extensive, and
nitrogen fixation levels are lower in the nodules elicited by
the exo mutants rescued by low mol wt EPS addition (J.
Leigh, personal communication; G. Walker, personal com-

munication). Another possible explanation for the lack of
meristem initiation is that, by the time shepherd's crooks
form in response to exo mutant inoculation, the internal
cortical cells are no longer susceptible to Rhizobium signals
that trigger further nodule development. The cortical cells are

able to divide and establish a nodule primordium, but no

meristem forms and nodule formation is arrested.
A persistent nodule meristem in normal nitrogen-fixing

nodules develops after infection threads elongate. Thus, it is
likely that such a meristem does not develop in exo mutant-
induced nodules because the infection threads abort within
the root hair cells and do not penetrate into internal tissues.
However, the exact mechanism of thread abortion is un-

known; either chemical or mechanical cues could be critical
for thread elongation. Furthermore, as described by Puhler et
al. (25), the superficial cells of the developing nodule may

accumulate phenolic substances, which are considered to be
potent inhibitors of IAA oxidases (31). Increased levels of
phenolics could result in a hormonal imbalance that inhibits
the formation of a persistent, focused nodule meristem.
The observations reported here are consistent with other

evidence indicating limited meristematic activity of exo mu-

tant-induced nodules. In wild-type R. meliloti-induced nod-
ules, transcripts of MsENOD2, an early nodulin gene of
alfalfa, are detected in parenchyma cells at the base and along
the periphery of the nodule (30). In the exo mutant-induced
nodules, however, MsENOD2 transcripts are detected only at
the nodule base, around the vascular bundles.
Although nodules induced by wild-type R. meliloti are filled

with bacteria and exo mutant-induced nodules are "empty,"
that cannot be the reason for the difference in meristematic
activity. The "spontaneous" nodules described by Truchet et
al. (29) are also devoid of bacteria, but they have a distal,
persistent nodule meristem; in many cases, they have multiple
meristems. Furthermore, spontaneous nodule development,
like that of exo mutant-induced nodules, is delayed compared
with normal nitrogen-fixing nodule formation. Yet, sponta-
neous nodules have a focused meristem, thus arguing against
a delay in infection as the reason for the compressed nodule
phenotype of nodules elicited by exo mutant R. meliloti. In
addition, incubation of alfalfa roots with Io-' M quercetin or

luteolin, compounds that function as auxin transport inhibi-
tors (15), increases the frequency of spontaneous nodules
with a discrete, terminal meristem (21). Thus, meristem for-
mation is independent of bacterial invasion. The lack of a

persistent nodule meristem in exo mutant-induced nodules
appears to be directly related to infection thread abortion and
the physiological changes that occur in host cells in response
to invasion-deficient R. meliloti.
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