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Rhizobium meliloti Mutants Unable To Synthesize
Anthranilate Display a Novel Symbiotic Phenotype
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Analyses ofRhizobium meliloti trp auxotrophs suggest that anthranilate biosynthesis by the R. meliloti trpE(G)
gene product is necessary during nodule development for establishment of an effective symbiosis. trpE(G)
mutants, as well as mutants blocked earlier along this pathway in aromatic amino acid biosynthesis, form
nodules on alfalfa that have novel defects. In contrast, R. meliloti trp mutants blocked later in the
tryptophan-biosynthetic pathway form normal, pink, nitrogen-fixing nodules. trpE(G) mutants form two types
of elongated, defective nodules containing unusually extended invasion zones on alfalfa. One type contains
bacteroids in its base and is capable of nitrogen fixation, while the other lacks bacteroids and cannot fix
nitrogen. The trpE(G) gene is expressed in normal nodules. Models are discussed to account for these
observations, including one in which anthranilate is postulated to act as an in planta siderophore.

Bacteria of the genus Rhizobium can fix nitrogen in
symbiosis with leguminous plants. Differentiated bacteria,
called bacteroids, fix nitrogen within specialized structures
termed root nodules. Establishment of this symbiosis re-
quires a complex series of developmental changes involving
differentiation of both plant and bacterial cells (14, 17, 21,
22). In an early stage of this process, bacteria trapped in a
curled root hair, or shepherd's crook, induce the formation
of an invasion tube called an infection thread. At the same
time, root cortical cells start dividing to begin nodule forma-
tion. The infection thread containing the invading microbes
extends down the root hair into the developing nodule,
where it branches and delivers bacteria into many plant
cells. These released intracellular bacteria are surrounded by
a plant membrane named the peribacteroid membrane. They
then differentiate into nitrogen-fixing forms termed bac-
teroids and synthesize the various proteins required for
nitrogen fixation.
The Rhizobium meliloti-Medicago sativa symbiosis is an

extensively studied example of this complex plant-bacterium
interaction. Many of the bacterial genes involved in symbi-
osis have been identified by mutations which cause a defect
in symbiosis and perturbation of symbiotic development.
For example, strains which are mutant in certain nod genes
do not induce formation of nodules or nodulelike structures
and are apparently blocked at the earliest stage of symbiotic
development (6). These mutants do not curl root hairs, nor
do they induce cortical cell divisions. Strains mutant in
production of the periplasmic cyclic glucan (ndv mutants) or
the acidic exopolysaccharide (exo mutants) form small white
nodules devoid of bacteria, indicating that these genes are
required for nodule invasion (16, 17). Finally, strains mutant
in any of the nif or fix genes induce nodules which are
morphologically mature but which fail to fix nitrogen. These
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genes are involved in the metabolism necessary for nitrogen
fixation in mature nodules (5, 13).

In this study, we analyzed the symbiotic phenotypes of R.
meliloti trp mutants. The tryptophan biosynthetic pathway
has been examined in detail in many prokaryotic systems
and is essentially the same in each (4), except for the
arrangement and regulation of the genes involved. By ana-
lyzing the ability of R' plasmids carrying R. meliloti DNA to
complement R. leguminosarum and Pseudomonas aerugi-
nosa trp mutants, Johnston and Beringer (15) were able to
show that the R. meliloti trp genes are present in three
unlinked chromosomal groups, containing trpE, trpC, and
trpD, and trpA, trpB, and trpF, respectively. The R. meliloti
trpE locus, identified by heterologous complementation, has
subsequently been shown by Bae et al. (1) to be a fusion
between the trpE and trpG coding sequences and has been
named trpE(G).

In this report, we describe the isolation and characteriza-
tion of a set of tryptophan auxotrophs of R. meliloti. Of
particular interest were R. meliloti trpE(G) mutants, since
we show that these mutants, blocked at the first step in
tryptophan biosynthesis, are ineffective symbionts, while
mutants blocked at later steps are symbiotically effective.

MATERIALS AND METHODS

Strains, plasmids, and media. The bacterial strains and
plasmids used are listed in Table 1. Bacteria were grown in
LB medium (19) with 2.5 mM MgSO4 and 2.5 mM CaCl2
added for R. meliloti cultures. The minimal medium was M9
(19) supplemented with 0.2% sucrose or 0.2% glucose as the
carbon source for R. meliloti or Escherichia coli, respec-
tively. For growth of tryptophan auxotrophs, the minimal
media was supplemented with tryptophan (20 ,ug/ml), indole
(20 ,ug/ml), or anthranilate (20 ,ug/ml). Antibiotics were used
at the following concentrations: neomycin, 200 ,ug/ml; spec-
tinomycin, 100 ,ug/ml; streptomycin 400 ,ug/ml; and tetracy-
cline, 10 ,ug/ml for R. meliloti and ampicillin, 50 ,ug/ml;
neomycin, 50 ,ug/ml; spectinomycin, 100 ,g/ml; and tetracy-
cline, 15 pug/ml for E. coli.

Designation of the R. meliloti trp mutant genotype. R.
meliloti tip mutants were assigned to genetic classes based
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant genotype or characteristic reference

R. meliloti strains
RmlO21 SU47 Smr F. Ausubel
Rm8614 RmlO21, trpE(G)504::Tn5 This work
Rm8694 RmlO21, trpE(G)505::Tn5 This work
Rm8695 Rm1021, trpE(G)509::Tn5 This work
Rm8699 RmlO21, trpE(G)530::Tn5 This work
Rm8691 RmlO21, trpFS19::TnS This work
Rm8602 RmlO21, trpC506::TnS This work
Rm8612 RmlO21, trpA521::TnS This work
Rm8692 RmlO21, trpBS40::Tn5 This work
Rm8736 RmlO21, trpDS41::Tn3HoSp This work
Rm8732 RmlO21, AtrpE(G)621::TnS This work

Plasmids
pRK600 pRK2013npt::Tn9 T. Finan

(8a)
pBD26 pLAFRl cosmid complementing This work

trpE(G)
pRmllO4 pLAFRl cosmid complementing This work

trpC and trpD
pRmll52 pLAFRl cosmid complementing This work

trp, trpB, and trpF

upon growth response in M9 minimal medium supplemented
with anthranilate, indole, or tryptophan and accumulation of
tryptophan intermediates when the mutants were grown in
minimal medium supplemented with growth-limiting concen-
trations of tryptophan (3 ,ug/ml) (25); the characteristics of
other mutants within the same complementation group and
complementation of defined P. aeruginosa PAO trp mutants
have already been described (1, 15). trpC mutants were
differentiated from trpD mutants on the basis of assay of
phosphoribosyltransferase as described by Smith and Yanof-
sky (27).

Genetic manipulations, transposon mutagenesis, and South-
ern hybridization. pLAFRl (9), pSUP202 (26), and their
derivatives were mobilized by triparental matings by using
helper plasmid pRK600 as described by Leigh et al. (16). TnS
mutants of strain RmlO21 were isolated in a manner similar
to that of Beringer et al. (2). Mutants disrupted in the
tryptophan biosynthetic pathway were originally identified
as those which required addition of tryptophan for growth on
minimal medium.
The TnS insertions in trpE(G) mutants were mapped by

Southern hybridization (data not shown) to independent
sites within a 2.7-kb EcoRI fragment within the R. meliloti
DNA carried by trpE(G) cosmid clone pBD26 (see Fig. 1).

Fusions to reporter genes were isolated by using trans-
posons Tn3HoSp (11), Tn3Hogus (kindly supplied by Brian
Staskowitz, University of California, Berkley), and Tn3-
HoHol by the method of Stachel et al. (29).
DNA manipulations and subcloning. Plasmid DNA was

isolated from overnight cultures of E. coli by the alkaline
lysis method (3). Chromosomal DNA was isolated by the
method of Marmur (20). Restriction enzyme digests and
ligations were performed in accordance with the specifica-
tions of the supplier (New England BioLabs, Beverly,
Mass.). DNA probes were labelled by using a nick transla-
tion kit (Bethesda Research Laboratories, Gaithersburg,
Md.), and Southern blotting (28) and hybridization on Gene
Screen Plus (New England Nuclear, Boston, Mass.) were

performed in accordance with the manufacturers' instruc-
tions.

Construction of a trpE(G) deletion. The AtrpE(G)621 dele-
tion mutant was constructed in the following manner. First
the 6.5-kb trpE(G)-containing BamHI fragment (see Fig. 1)
was cloned from pBD26 into suicide vector pSUP202 (26),
which can be conjugated into R. meliloti but cannot repli-
cate. Next, the 2.7-kb EcoRI fragment containing most of
the trpE(G) coding region (see Fig. 1) was replaced with a
cassette containing a spectinomycin resistance marker se-
lectable in R. meliloti (8). The resultant disrupted trpE(G)
gene was recombined into the Rm1021 chromosome by
selecting for transconjugants which acquired spectinomycin
resistance.

Nodulation assay. R. meliloti strains were screened for
nodulation phenotypes on M. sativa cv. Iroquois seedlings
as described by Leigh et al. (16). Each strain was tested on
at least 10 plants. Seedlings were observed for nodule
formation and growth over a 10-week period. For crushing,
nodules were surface sterilized with 1% sodium hypochlo-
ride, washed with LB, and crushed in LB containing 2.5 mM
MgSO4, 2.5 mM CaCl2, and 0.3 M glucose. Nitrogenase was
assayed by using the acetylene reduction technique (30) on
whole individual nodules.

Microscopy. Root nodules were excised from alfalfa roots
3 to 4 weeks after inoculation and fixed and prepared for
microscopy as described by Hirsch et al. (13). Sections 0.5
,um thick were stained with multiple staining solution (Poly-
sciences Inc., Warrington, Pa.) and examined under a light
microscope.

Histological detection of 13-glucuronidase activity. Nodules
harvested 3 to 4 weeks after inoculation of plants were fixed
on ice with 1% glutaradehyde and 0.1 M cacodylate, pH 7.2,
for 2 h. After one freeze-thaw cycle, nodules were rinsed
twice with Z buffer (0.05 M phosphate buffer, pH 7.0,
containing 0.01 M KCI, 0.001 M MgSO4, and 0.05 M
13-mercaptoethanol) and stained in the same buffer contain-
ing 2 mM 5-bromo-4-chloro-3-indoyl-3-D-glucuronide (X-
Glu; Sigma, St. Louis, Mo.). After being stained overnight at
37°C, nodules were affixed to a carrot slice with cyanoacry-
late adhesive (Krazy Glue) and sectioned on a Polaron
H1200 vibrating microtome (Bio-Rad Microscience Division,
Cambridge, Mass.). Sections 50 ,um thick were examined
under a light microscope. Assays for 3-glucuronidase activ-
ity were carried out by using the fluorometric substrate
4-methylumbelliferyl glucuronide (4-MU Glu). In prepara-
tion for the P-glucuronidase assay, bacteria from 1 ml of
log-phase cells grown in LB medium were incubated in 0.1
ml of Z buffer containing 0.05% sodium cholate and 5 ,ul of
toluene at 37°C for 10 min to permeablize their membranes.
Assays for P-glucuronidase used 10 RI of permeablized cells
in 100 ,ul of Z buffer containing 0.5 mg of 4-MU Glu at 37°C
for 30 min. The reactions were quenched with 5 ml of 0.1 M
glycine, pH 11, and the amount of 4-MU released was
determined on a Turner 112 fluorometer set for excitation at
320 to 390 nm by reading the emission from the 4-MU
product released at >415 nm. Micromoles of 4-MU released
were determined by comparison to standard 4-MU solutions.

RESULTS

Isolation and characterization of TnS-generated trp mutants
ofR. meliloti. By screening derivatives of R. meliloti RmlO21
that had been randomly mutagenized with transposon TnS,
we isolated 20 tryptophan auxotrophs. Recombinant plas-
mids that complemented these various tryptophan auxo-
trophs were then isolated from an R. meliloti library (9) by
complementation. Consistent with the previous results of
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TABLE 2. Characteristics of representative R. meliloti trp mutants

Tryptophan biosynthetic pathway R. meliloti Intermediate(s) Growth on minimal media plus: Complementing
step mutation accumulated Anthranilate Indole Tryptophan cosmid

Chorismate
I TrpE(G) trpE(G)504 NDa + + + pBD26

Anthranilate
a TrpD trpD541 Anthranilate - + + pRmllO4

Phosphoribosylanthranilate
TrpF trpF519 Anthranilate - + + pRmll52

1-(o-Carboxyphenylamino)-1-
deoxyribulose-5-phosphate
I TrpC trpC506 Anthranilate - + + pRmllO4

Indoleglycerol phosphate
t TrpAB trpA521 Anthranilate, - + + pRmll52

Indole
Tryptophan trpB540 Anthranilate, - - + pRmll52

Indole
a ND, not determined.

Johnston et al. (15), the tryptophan biosynthetic genes of R.
meliloti were found to be grouped into three gene clusters.
The individual trp::Tn5 mutations were then assigned to
various classes on the basis of complementation studies and
growth response to and accumulation of Trp intermediates.
The data from these experiments are summarized in Table 2.
Four of these mutants, represented in Table 2 by tipE

(G)505, are of particular interest, since, as described below,
they turned out to be the only class of tip mutants that
exhibited symbiotic deficiencies. These mutants were as-
signed to the trpE(G) class on the basis of the following
properties. They were able to grow on minimal media
supplemented with anthranilate and did not accumulate
anthranilate when grown with growth-limiting concentra-
tions of tryptophan. This indicated they were blocked at the
first step in tryptophan biosynthesis and were deficient in the

trpE(G)
activity + - -

trpE(G) gene product, anthranilate synthase. Each of these
mutations was complemented by 40-kb plasmid pBD26,
which was isolated from a broad-host-range cosmid bank of
R. meliloti DNA (8). The Tn5 insertions in each mapped to a
2.7-kb EcoRI fragment of the R. meliloti chromosome car-
ried by pBD26. While this work was in progress, the DNA
sequence that codes for the R. meliloti anthranilate synthase
gene, including its promoter and putative leader peptide, was
determined by Bae et al. (1). Southern hybridization exper-
iments using a Tn5 probe localized the positions of the TnS
insertions in the four trpE(G) mutants within the trpE(G)
coding sequence (Fig. 1).
The Tn5 insertions in five of the t-p mutants fell into a

second linkage group which contained the R. meliloti trpD
and trpC genes. DNA sequencing and Southern hybridiza-
tion experiments demonstrated that in two of these mutants,
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FIG. 1. Positions of transposon insertions in the trpE(G) region. The 6.5-kb BamHI fragment containing the R. meliloti trpE(G) gene (open
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represented in Table 2 by trpC506, TnS was inserted within
the trpC coding sequence (la). The other three insertions
were upstream of, and polar on, the trpD coding region. To
examine the phenotype of a null trpD mutant, we therefore
constructed trpD502 by gene disruption by using transposon
Tn3HoSp (11).
The remaining insertion mutants, represented by trpA521,

trpBl, and trpFSI9 in Table 2, were complemented by
recombinant plasmid pRmll52, which carried the third trp
linkage group. The mutations in each were assigned to
different loci on the basis of growth response to indole and
whether or not indole was accumulated under tryptophan-
limiting growth conditions.
R. meliloti mutants blocked in anthranilate synthesis are

symbiotically defective. When we screened the entire set of
R. meliloti trp mutants for the symbiotic phenotype, we

made the unexpected discovery that mutants blocked at the
first step of this pathway, trpE(G), were symbiotically de-
fective but that- mutants blocked at later steps in this
biosynthetic pathway (Table 2), trpA, trpB, trpC, trpD, or

trpF, were effective symbionts.
Plants inoculated with R. meliloti trpE(G)::TnS mutants

were stunted and chlorotic after 3 to 4 weeks of growth on

nitrogen-free medium. This contrasted with the healthy
green appearance of plants inoculated with trpA, trpB, trpC,
trpD, or trpF mutants or with wild-type R. meliloti. The
nodules that formed during the first 3 weeks were approxi-
mately the same size as those obtained with trp+ rhizobia
but were mostly white instead of pink. This suggested the
possibility that (i) anthranilate biosynthesis, but not tryp-
tophan biosynthesis, is required for successful nodulation of
alfalfa by R. meliloti, (ii) the insertions in trpE(G) are polar
on some downstream gene that is needed for effective
symbiosis, or (iii) the trpE(G) gene product plays a role in
nodulation unrelated to anthranilate biosynthesis.

Support for the first hypothesis, that anthranilate biosyn-
thesis is required for effective symbiosis, was provided by
our subsequent examination of the symbiotic properties of
seven R. meliloti aro::TnS mutants blocked in the aromatic
amino acid biosynthetic pathway prior to chorismate synthe-
sis (and therefore blocked before anthranilate biosynthesis).
Plants inoculated with these aro mutants were stunted and
chlorotic and carried Fix- nodules that lacked nitrogenase
activity at up to 3 weeks from inoculation. The nodules that
formed on plants inoculated with the aro mutants resembled
those elicited by trpE(G) mutants in that they were elongated
and approximately the same size as the pink nodules induced
by a wild-type strain but were white instead of pink.

After 3 to 4 weeks, some of the trpE(G)-inoculated plants
began to fix nitrogen, as indicated by greening of the leaves
and resumption of growth. Although most of the nodules on

these Fix' plants were still white, a few markedly pink
nodules were present. When these pink nodules were iso-
lated, surface sterilized, and crushed, they were found to
contain normal numbers of bacteria and bacteroids. How-
ever, the bacteria isolated from these pink effective nodules
were neomycin sensitive and prototrophic, suggesting they
had lost the TnS insertion and regained trpE(G) function.
There are three formal possibilities to account for this
reversion: (i) precise excision of Tn5, (ii) imprecise excision
that resulted in an altered but functional anthranilate syn-

thase, and (iii) marker rescue of trpE(G)::TnS by a cryptic
trpE(G) analog or by a related gene, such as pabA.

Precise excision of TnS appears to be the most likely
hypothesis to account for the reversion of our trpE(G)::TnS
mutants. By 6 to 8 weeks postinoculation, most of the plants

inoculated with any of the four trpE(G) Tn5 mutants in our
collection fixed nitrogen and had resumed growth. Since the
TnS insertions in these mutants were located at several sites
across the trpE(G) coding region, the second possibility
mentioned above appears unlikely. Marker rescue also
seems unlikely, since seven aro mutants in our collection,
which represent at least two complementation groups, have
the same revertable phenotype as the trpE(G) mutants with
respect to the appearance of a few Fix' nodules after 3 to 4
weeks. Therefore, the most likely mechanism for reversion
of trpE(G)::TnS appears to be precise excision of Tn5.
Reversion of a trpE(G)::TnS occurs at a frequency of less
than 10-8 in the free-living state, suggesting that there is
selection for revertants and that there may even be an
increased frequency of precise excision of TnS in planta.

Construction and characterization of a nonrevertable
hrpE(G) mutant. The instability of the trpE(G)::Tn5 insertion
mutants we had isolated made it difficult to assess the nature
of the symbiotic deficiency caused by loss of trpE(G) func-
tion during prolonged nodulation experiments. To examine
the symbiotic phenotype of trpE(G) mutants without the
interference caused by excision of TnS, we constructed a
deletion, AtrpE(G)621, by replacing the 2.7-kb EcoRI frag-
ment (Fig. 1), which contains most of the trpE(G) coding
sequence, with a spectinomycin resistance cassette. Details
of the construction of this mutant are given in Materials and
Methods, and the region deleted is shown in Fig. 1. Southern
hybridization experiments using the 2.7-kb EcoRI fragment
as a probe verified the deletion of trpE(G) in the AtrpE(G)621
mutant.

Plants inoculated with the AtrpE(G)621 mutant behaved
in a manner similar to that of those inoculated with
trpE(G)::TnS mutants at up to 3 weeks from inoculation.
After this period, many of the plants inoculated with the
trpE(G)::TnS mutants began to resume growth, apparently
owing to precise excision of TnS and restoration of trpE(G)
function as described above. In contrast, plants inoculated
with the AtrpE(G) mutant continued to blanche and were
dead by 7 to 8 weeks. Although 20 to 50% of these plants did
not grow larger than uninoculated control plants (2 to 3 cm),
the remainder did grow slightly (5 to 8 cm) but significantly
less than plants inoculated with wild-type R. meliloti (15
cm).

Nodules induced by trpE(G) deletion mutants. The large
nodules formed on alfalfa plants inoculated with the trpE(G)
deletion mutant were of two morphological types, as deter-
mined by visual observation and direct assay of nitrogen-
fixing ability by acetylene reduction. The first nodule type,
A, was elongated and white but had a small pink zone at its
base and was able to reduce acetylene. The second type, B,
was also elongated and white but lacked the pink zone at its
base and was unable to reduce acetylene. Type A nodules
were observed at approximately one-third of the frequency
of type B nodules. The finding that plants carrying type A
nodules grew larger than the uninoculated controls suggests
that these nodules were responsible for the limited nitrogen
fixation that had occurred in these plants. In addition to the
elongated nodules, we observed a number of small, round,
white nodules, most of which lacked detectable nitrogen-
fixing ability. We consider it likely that these were immature
forms of type A and B nodules.
Examination of stained longitudinal cross sections of fixed

type A and B nodules induced by the trpE(G) deletion
mutant indicated that the AtrpE(G)621 mutation results in a
block or delay at an intermediate stage in nodule develop-
ment. Longitudinal cross sections from a normal nodule and
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a type A nodule elicited by the AtrpE(G) mutant are shown
in Fig. 2. The normal nodule has five zones of cells as defined
by Vasse et al. (31). The first zone distal to the plant root is
made up of uninfected plant cells containing the nodule
meristem. Zone II, or the infection zone, is made up of a few
layers of cells just behind the nodule meristem and contains
cells early in the infection process. Heavily vacuolated plant
cells with visible nuclei containing few immature bacteroids
are characteristic of this region. The first few layers of cells
within the next zone have been defined as the zone II-zone
III interzone and contain a profusion of starch granules or
amyloplasts and are beginning to become packed with bac-
teroids. The nitrogen-fixing zone, III, makes up the bulk of
the nodule. Cells within this zone are packed with bacteroids
and have their intracellular organelles restricted close to the
cell wall. Proximal to the plant root is zone IV, or the
senescent zone. This zone contains the oldest infected cells
within the nodule. Both bacteroid and cell membranes within
this zone are beginning to degrade.
The structure of the AtqpE(G)-induced type A nodule

shown in Fig. 2B deviates significantly from that of a
wild-type nodule. The cells contained in zones I and II are
morphologically similar in both nodules, as illustrated by
comparison under higher magnification in Fig. 3. The plant
cells in this region are early in their symbiotic development
and characteristically contain a discernible darkly staining
nucleus, many large vacuoles, and a few immature bac-
teroids. In addition, infection threads indicated within this
region of nodules induced by both wild-type and trpE(G)
rhizobia appear similar. These observations suggest that the
early stages in symbiotic development induced by trpE(G)
mutants proceed normally.

In contrast to the normal nodule, in which cells character-
istic of the infection zone are found localized to a small
region (zone II) just behind the nodule meristem, in a
AtrpE(G)-induced type A nodule they are found over a much
more extensive region encompassing approximately two-
thirds of the nodule. The cells in this extended early symbi-
otic zone of type A nodules largely resemble those found in
zone II of normal nodules, except that there appear to be
more starch granules (amyloplasts), a characteristic of cells
normally found in the zone II-zone III interzone of normal or
ineffective nodules (31). The rest of a type A nodule (prox-
imal to the plant) consists of cells packed with differentiated
bacteroids and resembles zone III of nodules elicited by
wild-type rhizobia. However, unlike a normal nodule, in
which this zone occupies most of the nodule, it encompasses
only the proximal quarter of the AtrpE(G)-induced nodule.
This corresponds to the region of the nodules that was pink
and presumably is where nitrogen fixation occurs.
Type B nodules elicited by AtrpE(G) mutants contained no

cells packed with bacteroids, consistent with the fact that
nitrogen fixation was not detected. A representative cross
section of a type B nodule is shown in Fig. 4. As with the
type A nodules, the meristematic region and the early
infection zone appeared similar to those of wild-type nod-
ules. The extent of the zone II-like region varied from nodule
to nodule, but in general the region was more extended than
in nodules elicited by wild-type rhizobia but less extended
than in type A nodules. The example illustrated in Fig. 4 was
typical, with the zone II-like region extending approximately
halfway down the nodule. Immediately after the zone II-like
region of type B nodules, there was a band of cells contain-
ing a profusion of amyloplasts and infected cells. The
remaining region of the type B nodules, proximal to the root,
usually represented one-third or more of the nodule and

consisted of empty cells that lacked detectable bacteria,
bacteroids, infection threads, nuclei, or amyloplasts (Fig. 5).

All of the trpE(G)-induced nodule types contained bacte-
ria, but only the Fix', elongated nodules contained signifi-
cant numbers of bacteroids. When crushed, both t,ype A and
type B nodules were found to contain about 10 rhizobia,
comparable to numbers recovered from nodules induced by
the wild type. The rhizobia recovered from these nodules
were all spectinomycin resistant and Trp-, suggesting that
they still carried the original trpE(G) deletion. When the
Trp- bacteria isolated from these crushed nodules were used
to inoculate plants, their symbiotic phenotypes were indis-
tinguishable from those of the original trpE(G) deletion
mutant.
The symbiotic defect in trpE(G) mutants is due to disruption

of the trpE(G) gene. Since all of the available trpE(G) mutants
were generated by insertion of DNA, we were concerned
that the symbiotic deficiency of these mutants might not be
due to loss of trpE(G) function but rather to a polar effect of
these insertions on some previously unknown symbiotic
gene located downstream of trpE(G). To address this issue
directly, we constructed a strain containing a Tn3HoSp
insertion downstream of the trpE(G) coding sequence and
analyzed its symbiotic phenotype. The map shown in Fig. 1
illustrates the locations of insertions in the trpE(G) region
and the results of trpE(G) complementation with plasmids
containing these insertions. Strains containing insertion
Tn3HoSp23, which is within the trpE(G) coding sequence, or
Tn3HoSp4, located just downstream of the trpE(G) coding
sequence, were constructed by marker exchange. The strain
carrying the Tn3HoSp23 insertion had the Fix- symbiotic
phenotype described above for trpE(G)::TnS mutants. In
contrast, the strain carrying the Tn3HoSp4 insertion was
Fix'. Since the trpE(G) terminator (1) and the Tn3HoSp4
insert are within 40 bp of the anthranilate synthase stop
codon, we concluded that the symbiotic defect in trpE(G)
insertion mutants is unlikely to be due to polar effects on a
downstream gene.

Histological localization of trpE(G) expression in nodules.
To examine the expression of trpE(G) in planta, we used
transposon Tn3Hogus to construct trpE(G)-gus gene fusions
which expressed ,-glucuronidase as a reporter of trpE(G)
gene expression. 13-Glucuronidase activity is a useful histo-
logical reporter in R. meliloti-alfalfa symbiosis, since neither
the bacterium nor alfalfa produces a detectable background
of P-glucuronidase activity (25), thus allowing histological
localization of gene expression within the nodule by using
the P-glucuronidase-specific stain X-Glu. We isolated three
derivatives of pBD26 which carried Tn3Hogus insertions
which inactivated trpE(G) complementing activity and ex-
pressed 13-glucuronidase activity ex planta, as indicated by
their blueness when they were grown on medium containing
the ,-glucuronidase chromogenic substrate X-Glu. The rel-
ative positions of these insertions are shown in Fig. 1.
To examine expression of a trp gene required later in the

tryptophan biosynthetic pathway but not for symbiotic func-
tion, we also isolated a derivative of pRmll52 carrying a
Tn3Hogus insertion in the trpABF gene cluster which inac-
tivated t-pA complementing activity and expressed 1-gluc-
uronidase activity ex planta.

Alfalfa seedlings were inoculated with derivatives of pa-
rental strain RmlO21 that carried either a plasmid-borne
trpE(G)-gus fusion or a tipA-gus fusion, and the resulting
nodules were sectioned and stained for ,B-glucuronidase
activity. As shown in Fig. 6, the regions of the nodule that
contain bacteroids stained strongly with X-Glu, indicating

J. BACTERIOL.
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FIG. 4. Histology of type B nodule induced by Rm8732 [AtrpE(G)621] on M. sativa. The infectionlike zone (a), the zone like the zone
II-zone III interzone (b), and the senescent zone (c) are shown. The regions designated A and B are shown at a higher magnification in Fig.
6. Bar, 100 ,um.

that trpE(G) is expressed in the bacteroid state. We were not
able to detect 0-glucuronidase activity in the nodule elicited
by the derivative carrying the trpA-gus fusion (Fig. 6).
However, since the level of expression of the trpA-gus
fusion was 12-fold lower than that of the trpE(G)-gus fusion
in the free-living state (data not shown), it was possible that
our failure to detect trpA expression was due to insufficient
sensitivity in the cytological staining. Our failure to detect
trpA expression was, however, consistent with the failure to
detect tipA mRNA in nodules (18).

DISCUSSION

The trpE(G) gene of R. meliloti encodes anthranilate
synthase, the first enzyme in the tryptophan biosynthetic
pathway. We have shown that insertion and deletion trpE(G)
mutants of R. meliloti form two classes of unusual elongated
nodules on alfalfa that are distinguished by their extended
invasion zones. Type A nodules, which have pink bases and
are capable of limited nitrogen fixation, contain cells packed
with bacteroids at their bases. Type B nodules, which do not
have pink bases and do not fix nitrogen, do not contain
bacteroids. Genetic experiments have strongly suggested
that the symbiotic deficiencies of these trpE(G) mutants are
not due to polar effects of the trpE(G) mutations on some
downstream gene but rather are due to the loss of trpE(G)
function itself. Furthermore, we found that R. meliloti
derivatives carrying mutations in genes necessary for later

steps in the tryptophan biosynthetic pathway, trpD, trpF,
tipC, trpA, and trpB, formed Fix' nodules. These findings
indicate that R. meliloti requires trpE(G) function to carry
out normal nodulation of alfalfa but does not require the
function of the other tryptophan biosynthetic genes.
The simplest interpretation of these results is that normal

nodulation of alfalfa by R. meliloti requires bacterial synthe-
sis of anthranilate but not bacterial synthesis of tryptophan.
This interpretation is supported by the finding that R.
meliloti aro mutants, which are blocked prior to anthranilate
synthesis, exhibit symbiotic deficiencies similar to those of
trpE(G) mutants. Furthermore, our finding of trpE(G)
expression in nodules, coupled with our failure to detect
tipAB expression, is consistent with this interpretation. We
have not ruled out the formal possibility that the R. meliloti
trpE(G) gene product has a second symbiotic function that is
unrelated to anthranilate biosynthesis. However, the very
strong homology of the deduced amino acid sequence of the
R. meliloti trpE(G) gene product to other anthranilate syn-
thases (1), when taken together with the observed symbiotic
deficiencies of R. meliloti aro mutants, makes this class of
explanation seem unlikely.
The symbiotic deficiencies caused by trpE(G) mutations

appear to be different from those caused by mutations in
previously described symbiotic genes of R. meliloti. Not
only do nodules elicited by tipE(G) mutants have a novel
structure, but the nature of the block in nodule development
in type A nodules varies within the nodule as a function of

VOL. 174, 1992
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A B

FIG. 5. Regions of a type B nodule induced on alfalfa by Rm8732 [AtrpE(G)621]. The regions shown are from the zone like the zone II-zone
III interzone and from the infectionlike zone. Infection threads (i), immature bacteroids (b), amyloplasts (a), and nuclei (n) are indicated. Bar,
10 p.m.

the distance from the root. Mutations in previously de-
scribed symbiotic genes appear to block nodulation at some
characteristic stage. For example, nod mutants fail to elicit
nodules, ndv and exo mutants elicit nodules but fail to invade
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FIG. 6. Histological staining for expression of R. meliloti trp
genes. Thick sections of nodules induced by R. meliloti carrying
pBD26trpE::Tn3HoGus7 (A), R. meliloti carrying pRmll52
tqpA::Tn3HoGus (B), and wild-type R. meliloti (C) stained for
,B-glucuronidase activity with X-Glu. Symbiotic (S) and early sym-
biotic (ES) regions of each are indicated. Only the nodule induced
by R. meliloti carrying the trpE(G)::gus fusion stained blue in this
histological assay, as indicated by its darkness in this black-and-
white photograph.

them, leu and hemA mutations block nodulation just before
release of the rhizobia from the infection thread, dctA
mutations block bacteroid development, and nif and fix
mutations block the process at a very late stage (5, 7). The
type A nodules elicited by trpE(G) mutants are unusual in
that they contain cells packed with nitrogen-fixing bacteroids
near the base of the nodules, suggesting that in that region of
the nodule, the bacteria are able to differentiate into mature
nitrogen-fixing bacteroids. Yet farther from the base, much
of the nodule resembles zone II of wild-type nodules. This
suggests that in that more distal region of the nodule, the
rhizobia are not able to differentiate into nitrogen-fixing
bacteroids. Since nodules grow from their tips, there is a
direct relationship between the physical position of plant
cells within the nodule and the chronological appearance of
those plant cells. Thus, it is possible to describe the symbi-
otic deficiencies of type A nodules equivalently by saying
that the trpE(G) mutants are able to differentiate successfully
into bacteroids up to some time after nodule initiation but are
not able to differentiate into nitrogen-fixing bacteroids after
that time. We feel that the transition from a zone II-like
region to nitrogen-fixing bacteroid-containing cells observed
in type A nodules is more likely to be a consequence of
distance from the root rather than a consequence of the time
after nodule initiation, since nodules with the type A char-
acteristics kept appearing and developing over a period of
several weeks after the initial inoculation. Thus, we hypoth-
esize that in nodulation of alfalfa by R. meliloti trpE(G)
mutants, symbiotic development is limited by the absence of

J. BACT1ERIOL.
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some factor and this limitation can be overcome in plant cells
that are proximal to the root but not in plant cells that are

more distal from the root. It is also possible that the
limitation of such a factor is responsible for the failure of the
bacteroids in type A nodules to exhibit the senescence that is
observed in the corresponding position in wild-type nodules.

In such a model, the limiting factor could be anthranilate
itself or some factor derived from anthranilate. With respect
to the first possibility, an attractive model we are considering
is that anthranilate functions as an in planta siderophore and
that the symbiotic block observed in cells more distal from
the base of the nodule is a consequence of failure of the
bacteria to import sufficient iron to allow development into
nitrogen-fixing bacteroids. Anthranilate has previously been
shown to function as a siderophore for R. leguminosarum
(23, 24). There is an increased demand for iron during
bacteroid development because of the need to synthesize
heme and the various iron-containing proteins necessary for
nitrogen fixation, which contain 30 to 40 atoms of an

iron-enzyme complex (32). For example, nitrogenase can

constitute 10 to 12% of the total protein in a bacterial cell and
the bacteria also synthesize the heme moeity of leghemoglo-
bin, which can represent as much as 25 to 30% of the total
soluble protein in infected plant cells (12). R. meliloti
RmlO21 possesses a high-affinity iron transport system that
utilizes a novel siderophore with an unknown structure (10).
However, it is possible that utilization of such a high-affinity
iron transport system in planta is incompatible with devel-
opment of a symbiotic relationship with the plant. The fact
that R. meliloti mutants lacking this high-affinity transport
system have only very slight symbiotic deficiencies (10) is
consistent with the hypothesis that the bacteria use a differ-
ent iron transport system in planta. With respect to the
second possibility, that the putative limiting factor is a

compound derived from anthranilate, it is interesting that
anthranilate represents the first step towards the synthesis of
an indole ring and that plant hormones such as indole-3-
acetic acid contain an indole ring.
Both the type A and type B nodules differ from those

induced by ndv, exoD, and other exo mutants in that they
become very elongated. In the case of the type B nodules,
this elongation occurs without the obvious appearance of
mature bacteroids typical of zone III, suggesting that release
of the bacteria from the infection thread is important for
nodule elongation but differentiation into bacteroids is not.
We have no good explanation for the appearance of the type
B nodules, as well as the type A nodules, since both classes
of nodules continued to appear over an extended time and
within the same general regions on the roots. There appears

to be some type of microheterogeneity within the root tissue
that is responsible for this.

It is possible that nodules elicited by trpE(G) mutants will
ultimately prove to be useful in biochemical characteriza-
tions of cells within the invasion zone. Normally, cells in the
part of the nodule classified as zone II constitute a very small
fraction of a wild-type nodule. In contrast, in nodules
elicited by R. meliloti trpE(G) mutants a zone II-like region
can constitute as much as two-thirds of the nodule.
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