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Under conditions of nitrogen limitation, soil bacteria of the
genus Rhizobium are able to induce the development of
symbiotic nodules on the roots of leguminous plants.
During nodule organogenesis, bacteria are released endo-
cytotically inside the invaded plant cells where they differ-
entiate into their endosymbiotic form called bacteroids.
Bacteroids surrounded by a plant-derived peribacteroid
membrane are nondividing, organellelike structures,
called symbiosomes, that use nitrogenase to reduce N, to
ammonia. Experiments performed in vitro with isolated
symbiosomes have previoudly led to the suggestion that the
NH; produced by the bacteroids is released as NH," into
the plant cytosol. Furthermore, it was observed that the
bacterial amtB (ammonium/methylammonium transport
B) gene is switched off very early during symbiosis, just
when bacteria are released into the host cells. We report
here that the ectopic expression of amtB in bacteroids al-
ters the ability of bacteria to invade the host cells and the
symbiosome differentiation process. Both the NtrC pro-
tein, which controls the expression of the bacterial genes
involved in NH," assimilation, and the nitrogenase activity
are essential to observe the amtB-mediated effect. Our re-
sults support the idea that in vivo bacteroids do not take
up NH,* and demonstrate that the transcriptional down-
regulation of the amtB gene is essential for an effective
symbiotic interaction.

Additional keyword: poly-f-hydroxybutyrate.

Bacteria of the genus Rhizobium are able to elicit the for-
mation of nitrogen-fixing nodules on the roots of a legume
plant. Nodule formation involves complex interactions be-
tween the bacterium and the host plant, from initia recogni-
tion and infection to nodule development and nodule function.
Briefly, bacteria proliferate in the rhizosphere and infect the
root by growing inside tubular structures called infection
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threads (1 Ts). Meanwhile, nearby cortical cells de-differentiate
and, after various mitotic steps, form a nodule primordium
that is reached by the ITs. Bacteria are released endocytoti-
caly from the I Ts into the cytoplasm of the invaded host cells
where, surrounded by a peribacteroid membrane (PBM) of
plant origin (which controls the nutrient transfer between the
symbionts), they differentiate into nitrogen-fixing sym-
biosomes (i.e., they are able to reduce atmospheric dinitrogen
[N,] to ammonia[NHs3]) through the activation of the nitroge-
nase complex (for reviews, see Verma 1992; Panagiota et a.
1995; Van Rhijn and Vanderleyden 1995).

One of the most important aspects of this type of endosym-
biotic association is the identification of the molecular
mechanism by which bacteroids are able to fix nitrogen but,
unlike free-living diazotrophs, are unable to assimilate the
NH; produced. In fact, athough it was suggested some time
ago that most of the fixed-nitrogen produced by the sym-
biosomes is exported to the host plant to satisfy its demands
for nitrogen (Glenn and Dilworth 1984), the form (e.g.,
NHa/NH,* or organic compounds, such as amino acids) and
the mechanism (passive diffusion or active transport) by
which nitrogen is exported are still largely unclear. However,
it has recently been proposed (see Figure 1; Udvardi and Day
1997) that NH; might passively diffuse across the bacteroid
membrane into the relatively acidic peribacteroid space (PBS)
where it is converted to NH,*, which then enters the plant cy-
tosol through a channel located on the PBM. This model was
based on previous observations indicating that the NH," as-
similation activities of isolated bacteroids, such as NH,* up-
take (AMT) and glutamine synthetase (GS) activities, are ex-
pressed at very low levels in N,-fixing bacteroids (for a
review, see Udvardi and Day 1997) and on the identification
of an NH," carrier (identified by the patch clamp technique)
located on the PBM (Tyerman et a. 1995; Kaiser et a. 1998).

In Rhizobium etli it has previously been demonstrated that
the transcription of genes involved in NH," assimilation is
regulated by the two-component Ntr system (for a review, see
Merrick and Edwards 1995) including the histidine protein
kinase NtrB and the transcriptional regulator NtrC (Patriarca
et a. 1992, 1993, 1994). Furthermore, it has been observed
(Patriarca et a. 1996; Taté et al 1998) that this system is
switched off inR. etli bacteria growing inside thiehaseolus

vulgaris (common bean) nodule, by a three-step mechanism of
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gene regulation acting firstly by inactivation of the NtrC pro- measuring the nitrogenase activity of fresh nodules and the

tein (most probably by de-phosphorylation), secondly by effect on bacteroid differentiation and nodule development
down-regulation of ntrC transcription occurring in bacteroids observed at the structural and ultrastructural levels.

of young symbiosomes, and thirdly by the complete removing

of NtrC protein by an unknown mechanism of protein degra- RESULTS

dation. Therefore, it was suggested (Taté et al. 1998) that the
inactivation of NtrC may be the first step of a regulatory Effect of amtB expression on the nodulation efficiency
mechanism of gene regulation acting during bacteroid differ- of R. etli.
entiation to uncouple Nfixation and NH* assimilation ac- To test the effect of the ectopic expression of Rhetli
tivities (see Figure 1). Two other lines of evidence support thisamtB gene in bacteroids, various derivatives of plasmid
mechanism: firstly, antrC mutant strain oR. etli forms very pTR102 were constructed (Fig. 2A). These plasmids were
efficient nitrogen-fixing nodules (Moreno et al. 1992), thus transformed into the wild-type strain, CE3, Rfetli and the
indicating that, unlike free-living diazotrophsif genes may resulting strains were tested for their nodulation behavior. At
be activated independently of the general system. Sec-  the earliest time checked, 12 dpays st inoculation), the
ondly, the expression iR. etli of the Escherichia coli gdh plants inoculated with strain CE3-pRT14xifpl-antB) had
(glutamate dehydrogenase) gene interferes with nodulationproduced root nodules, but of a smaller size than nodules
and with nitrogen fixation (Bravo et al. 1988; Mendoza et al. formed by the control strains (CE3-pTR102, CE3-pRT140,
1995, 1998). CE3-pAR187, CE3-pAR188) (Fig. 3A, B). Later on, at 21 dpi,
Homologues of themtB (NH,*/CH;NH;* transport) gene  the nodules elicited by CE3-pRT142 never reached the size of
have been cloned and characterized from various organismsthe control and became oval in shape (Fig. 4A, B). Moreover,
including yeast{Marini et al. 1994), plants (Ninneman et al. the nodules showed an abnormal pigmentation, being gener-
1994), and bacteria (Siewe et al. 1996; Van Heeswijk et al.ally pale inside (ranging in color from off-white to tan or
1996; Taté et al. 1998). In bacteria thetB gene product  slightly pink), compared with nodules formed by the control
(which is predicted to encode a membrane protein of aroundstrains, thus indicating a deficiency in leghemoglobin content.
54 kDa, with 10 to 12 transmembrane domains) is required for To test the expression @mtB gene during nodulation,
transport (uptake activity) of NFICH;NHs* (Siewe et al. bacteroids were isolated from nodules (21 dpi) elicited by
1996) and for growth at low Nftoncentrations (Soupene et strain CE3-pRT142 or by the strains used as a control (CE3-
al. 1998). INR. etli theamtB gene is transcribed from an NtrC- pTR102, CE3-pRT140, CE3-pAR187), and tested for their
dependent promoter that, during the symbiotic interaction, is ability to accumulate'{C]methylammonium (used as an NH
active in bacteria growing inside the ITs, but is switched off analogue). Transport activity was calculated from measure-
just when bacteria are released inside the invaded host cellsnents of accumulated radioactive label in bacteroids incu-
(Taté et al. 1998). We correlated the down-regulatiomnuB bated at 30°C in minimal medium (pH 6.5) with 100 uM
expression with the absence of an active transport mechanisni*“Clmethylammonium, as previously described (Taté et al.
for the uptake of Nk ions previously observed with isolated 1998). Under these conditions, bacteroids of strain CE3-
symbiosomes (Brown and Dilworth 1975; Laane et al. 1980; pRT142 showed significant**C]methylammonium uptake
Howitt et al. 1986) and predicted that forcing the expression activity (0.6 nmol mint mg™), whereas the bacteroids of
of amtB in N,-fixing bacteroids should retrieve at least part of strains used as a control had no significant activity. Therefore,
the NH," present in the PBS, thus generating an energy-we concluded that the amtB gene is expressed in bacteroids
consuming, futile cycle with negative consequences for the carrying plasmid pRT142 (pnifH-amtB).
symbiotic association (see Figure 1). In this work we have The nitrogenase activity of fresh nodules was tested (Fig.
tested this hypothesis by expressamgB ectopically in bac- 2B) by measuring the acetylene reduction activity (ARA). At
teroids under the control of the etli nifHc promoter fifH 12 dpi the nodules formed by CE3-pRT142 showed very low
codes for a nitrogenase subunit; Quinto et al. 1985). The con-{almost undetectable) levels of ARA, whereas nodules in-
sequence of this ectopic expressioraoiB was analyzed by  duced by the control strains showed significant levels of
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Fig. 1. The current model of NH,* transport from the N,-fixing symbiosome to the cytoplasm of the invaded plant cell; nitrogenase (Ntase), glutamine
(GLN), glutamate (GLT), peribacteroid membrane (PBM), peribacteroid space (PBS), glutamine synthetase (GS).
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ARA. The ARA of 15-, 21-, and 28-dpi nodules is shown in
Figure 2B. Even though the ARA of nodules formed by CE3-
pRT142 increased with time, it never reached more than 25%
of the activity of the control nodules. Nodules elicited by one
of the strains, CE3-pAR187 (carrying a partially deleted amtB
gene), showed a delay in ARA induction (about 60% of the
control ARA at 21 dpi) but the activity was at all times sig-
nificantly higher than that of CE3-pRT142 induced nodules.

Effect of amtB expression on nodule organogenesis.
Cross-sections of resin-embedded nodules were examined
by light and electron microscopy. At 12 dpi, the nodules in-
duced by the strains used as control (CE3 carrying either
pTR102, pRT140, pAR187, or pAR188) were aready full of
infected cells with a normal morphology for this stage of nod-

At 21 dpi, the nodules formed by CE3-pRT142 contained a
lower ratio of invaded to uninvaded cells than the control
nodules (Fig. 4C, D). At this stage, nodules elicited by CE3-
pRT142 contained all the tissues found in a mature bean nod-
ule (Taté et al. 1994), including peripheral vascular bundles, a
layer of schlerenchymatic cells, and a central tissue (Fig. 4D).
In the central tissue the uninfected cells had a normal size and
showed large accumulations of starch, while the infected cells
were apparently still in the process of being invaded (Fig.
4D). In these invaded cells the cytoplasm contained fewer
symbiosomes (Fig. 4E, F) with 1 or 2 bacteroids per sym-
biosome, compared with 2 to 4 in the control nodules. Most
bacteroids were like rod-shaped dividing bacteria, with a
higher density of ribosomes and a lower accumulation of poly-
B-hydroxybutyrate (PHB) vesicles. However, a heterogeneous

ule organogenesis (Fig 3C; Taté et al. 1994). By contrast, population of symbiosomes expressing various stages of early
nodules induced by CE3-pRT142, though having an appar-development was also observed, with the bacteroids never
ently normal morphology to the naked eye, were smaller (Fig. reaching the maturity seen in the controls (Fig. 5C, D). The
3A, B) and histological examination showed them to contain a maximum stage of morphological differentiation shown by a
large central zone with spherical masses of cytoplasm-richsymbiosome of strain CE3-pRT142 at 21 dpi (Fig. 5D) can be
cells having no visible infection (Fig. 3D). Most of these cells, compared with the homogenous stage of symbiosomes ob-
which were smaller than the invaded cells formed by the con-served in the controls at 12 dpi (Fig. 5A).

trol strains (Fig. 3C, E), contained a large nucleus, a promi-

nent nucleolus, and densely staining cytoplasm containing The ntrC gene and the nitrogenase activity arerequired

only small vacuoles. The uninfected cells also showed largefor the amtB-mediated effect.

accumulations of starch grains (Fig. 3D). The few nodule cells In order to examine whether the phenotype caused by ectopic
invaded with CE3-pRT142 were present only as small patchesamtB expression requires bacterial NHssimilation we tested
surrounded by many layers of uninfected cells (Fig. 3F). The the effect of pRT142 on the nodulation efficiency of strain

cytoplasm of these rare infected cells contained a very low CFN2012 (trC::Tn5), which has a pleiotrophic phenotype in-

number of undifferentiated symbiosomes (Fig. 5B).
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Fig. 2. A, Schematic rapresentation of the plasmid used to transform Rhizobium etli. All plasmids are derivatives of plasmid pTR102 and in all cases the
DNA fragments were cloned into the BamHI site (see Material and Methods). These plasmids were used to transform the wild-type strain of R. etli; with
the resulting strains nodulation tests on the roots of common beans (Phaseolus vulgaris) were performed. B, At 15, 21, or 28 days post inoculation (dpi),
the nitrogenase activity measured as acetylene reduction activity (ARA) of nodules licited by strain CE3, CE3/pTR102 (carrying the vector alone),
CE3/pRT140 (the amtB gene without promoter), CE3/pRT142 (amtB under the control nifHc promoter), CE3/pAR187 (a deleted version of amtB under
the control of pnifHc), CE3/pAR188 (the pnifHc alone). Values are expressed as percentage of the ARA measured with 15-dpi nodulated roots elicited by
strain CE3 alone (none). To determine the ARA of a strain, three independent experiments with 10 nodulated roots each time were performed. In any

case, values differ up to £20% of the value indicated. In some experiments, the ARA of 15-dpi nodules induced by strain CE3/pRT142 was almost un-

detectable.

Vol. 12, No. 6, 1999 / 517



1992; Patriarca et a. 1992, 1993; Taté et al. 1998). At 12 dpithe  pAR187. It was also observed that, unlike that observed in 12
nodules elicited by CFN2012-pRT142 showed almost the samedpi nodules elicited by strain CE3-pRT142, the invaded cells of
symbiotic phenotype (i.e., nodule number, shape, color, and12-dpi nodules formed by CFN2012-pRT142 were already full
ARA) as that observed in the nodules elicited by strain CE3- of symbiosomes (Fig. 6B).

' Gt SN

Fig. 3. A—F, Nodules (12 days post inoculation) elicited by the Rhizobium etli strains (A, C, and E) CE3-pRT140 or (B, D, and F) CE3-pRT142 on the
root of Phaseolus vulgaris. A and B, Whole roots were fixed with paraformal dehyde, cleared with sodium hypochlorite, and viewed by bright-field mi-
croscopy. C and D, Sections (1 to 2 um) of Poly/Bed 812-embedded nodules were stained with toluidine blue and observed by light micEbaoopy.
F, Ultrathin sections were stained with uranyl acetate and lead citrate and observed by electron microscope. The stamchvgramusi(te vascular
bundles (VB), nodulparenclyma (NP), and central tissue (CT) are indicated. Scale b&rs) 00 or E andF) 20 um.
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Fig. 4. A—F, Nodules (21 days post inoculation) elicited by the Rhizobium etli strains (A, C, and E) CE3-pRT140 or (B, D, and F) CE3-pRT142 on

the root of Phaseolus vulgaris. A and B, Whole roots were fixed with paraformaldehyde, cleared with sodium hypochlorite and viewed by bright-

field microscopy. C and D, Sections (1 to 2 um) of Poly/Bed 812-embedded nodules were stained with toluidine-blue and observed by light mi-
croscopy.E andF, Ultrathin sections were stained with uranyl acetate and lead citrate and observed by electron microscope. The infection thread
(arrow head), nodule vascular bundles (VB), nodule parenchima (NP), nodule outer cortex (OC), and central tissue (Ch}ede Sodie bars =

(A-D) 200 or E andF) 20 pm.
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To test whether the phenotype caused by ectopic amtB ex-
pression requires the nitrogenase activity, the effect of pRT142
on the nodulation efficiency of a Fix- mutant of R. etli, strain
CFNX249, was tested. At 12 dpi, the nodules elicited by
CFNX249-pRT142 showed almost the same symbiotic phe-
notype (i.e., nodule shape and color) as that observed in the
nodules dlicited by the strains used as control (CE3 carrying
either pTR102 or pRT140). However, the nodules (12 dpi)
formed by CFNX249-pRT142 showed undetectable levels of
ARA, whereas the invaded cells were aready full of sym-
biosomes (Fig. 6C).

Theactivity of R. etli pnifHc at different stages
of nodule development.

To determine the specificity and the timing of nifHc pro-
moter (pnifHc) activity during nodule development, the wild-
type strain of R. etli was transformed with plasmid pRT123

detected in undifferentiated bacteria growing inside the ITs
(Fig. 7A, B). By contrast, thetrBC promoter is active in
bacteria in the ITs and in symbiosomes inside the invaded host
cells (Fig. 7D-F).

DISCUSSION

Implicationsfor fixed nitrogen flux in the symbiosome.

A model of NH* flux during symbiosis has previously
been proposed (Udvardi and Day 1997) based essentially on
experiments performed with isolated symbiosomes (Fig. 1).
In this model the Nklproduced in the bacteroids by the ni-
trogenase complex would diffuse to the PBS, where it would
be converted to NH. These NH* ions would pass from the
PBS through an NH channel located in the PBM and
would be rapidly fixed into amino acids in the cytoplasm of
the plant cell. The function and capacity of the symbiosome

carrying anifHc-lacZ fusion (Taté et al. 1998) and pAR66 car- to export NH* depend on the following conditions: (i) a low
rying a transcriptional fusion between the promoter of the level of ammonium assimilation activities, such as GS ac-
ntrBC operon andacZ (Patriarca et al. 1993). Under free- tivity, in bacteroids; (ii) the presence of Nknd NH* in
living aerobic conditions of growth, strain CE3-pRT123 the PBS; (iii) the absence of an NHiptake system in the
showed no significanB-galactosidase activity in any of the bacteroid membrane; (iv) the presence of an/Nfarrier in
growth conditions tested (such as nitrogen or carbon starvathe PBM; and (v) a high level of NHassimilation activities
tion, etc.), whereas the strain used as a control (CE3-pARG66)(e.g., GS) in the cytoplasm of the invaded plant cell. We hy-
had significant activity under all conditions tested (Patriarca et pothesized that inducing the ectopic expression ottt

al. 1993, 1996). During the symbiotic interactionifHc is (NH,"CH;NH3* transport) gene in bacteroids might help to
active in symbiosomes inside invaded cells in the central partconfirm this model. The bacteroid NHcarrier should com-

of the central tissue and this activity is already evident at 8 topete with the channel located on the PBM of the sym-
9 dpi, when the nodule primordium is just emerging from the biosome for NH" ions present in the PBS (see Figure 1),
root and is visible to the naked eye (Fig. 7C); no activity is though obviously the proportion of NHretrieved by the

Fig. 5. A-D, Ultrastructural differentiation of bacteroids of nodules elicited by strain (A and C) CE3-pRT140 or (B and D) CE3-pRT142 at (A and B) 12
or (C and D) 21 days post inoculation. Deposits of poly-B-hydroxybutyrate (PHB) are indicated. Scale bars =2 pm.
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bacteroids should be dependent on the relative capacities of
both carriers (their affinities, abundance, etc.).

In 15-dpi nodules elicited by the wild-type strain CE3 of R.
etli expressing amtB ectopically, the nitrogenase activity
(ARA) was less than 5% of the control and this only increased
to 20% of the control in 21-dpi nodules (Fig. 2B). Moreover,
comparing the ARA of nodules elicited by strain CE3-pRT140
(amtB aone) and CE3-pRT142 (pnifHc-amtB), it is clear that
the nodule function was atered only when the expression of
amtB was driven by pnifHc. In R. etli, the transcriptional acti-
vator NifA is absolutely required for both the induction of the
pnifHc and an effective symbiosis (Vaderrama et al. 1996).
Thus, the low ARA observed with CE3-pRT142 (pnifHc-amtB)
could be due to titration of NifA in bacteroids by the presence of
extra copies of the NifA-dependent promoter. However, nod-
ules formed by strain CE3-pAR188 (pnifHc aone) showed a
normal morphology and ARA, alowing us to exclude that the
phenotype observed is due to the titration of NifA.

It was observed that only strain CE3-pAR187 showed a
delay in the kinetics of ARA induction, compared with the
control nodules. Plasmid pAR187, carrying a deleted version
of amtB under the control of pnifHc, should express a trun-
cated AmtB protein lacking 2 of the 12 putative transmem-
brane domains. We observed that, unlike the intact gene, this
deleted version of amtB is unable to rescue the lacks of trans-
port of [*C]methylammonium (an NH,* analogue) shown by
bacteroids. Moreover, nodules formed by strain CFN2012-
pRT142 (strain CF2012 is impaired in NH,* assimilation) or
CFNX249-pRT142 (strain CFNX249 is a Fix~ mutant)
showed a symbictic phenotype comparable to (or less marked
than) that observed in nodules elicited by strain CE3-pAR187
(Fig. 6). Therefore, athough the phenotype caused by ectopic
expression of amtB is, at least in part, due to a nonspecific
mechanism (i.e, independent of its function in the
NH,*/CH3NH3" transport mechanism), it appears that the
complete effect depends not only on the presence of an intact
version of the amtB gene, but also on the capacity of bacteria
to fix nitrogen (i.e., to produce NH,") and to assimilate NH,".
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Thetiming of nif gene expression in determinate nodules.

One of the earliest and most remarkable consequences of
the ectopic expression of amtB during symbiosis (simul-
taneous induction of amtB and nif genes) is the presence, in
12-dpi nodules, of a reduced number of invaded cells con-
taining only a few symbiosomes (Fig. 3F). Moreover, the few
symbiosomes observed showed all the morphological charac-
teristics of free-living bacteria (Fig. 5B). This low number of
undifferentiated symbiosomes indicates that the induction of
pnifHc occurs at a very early stage of nodule invasion, that is,
in bacteria growing inside the 1Ts or just released inside the
plant cells. When a pnifHc-lacZ fusion was tested, it was ob-
served (Fig. 7) that pnifHc is inactive in bacteria located in-
side the ITs but is active in bacteroids of about 8- to 9-dpi
nodules, which are emergent, spherical structures containing
few invaded cells. This result was quite unexpected but a-
lowed us to identify a previously unrecognized difference
between determinate and indeterminate nodules that differ
considerably in their developmental patterns.

It has been well established that, in indeterminate nodules,
symbiosomes occupy most of the cell volume of the invaded
plant cells before activation of transcription of the nif genes
(Vasse et a. 1990; Yang et a. 1991). This is aso true when
the activity of R. etli pnifHc is tested during development of
indeterminate nodules, induced by Rhizobium leguminosarum
bv. viciae on the roots of Vicia hirsuta (Patriarca et a. 1996).
By contrast, the results presented here clearly shown that, in
determinate nodules, such as those induced by R. etli on
common beans, the activation of at least nifHc takes place
during the invasion process (i.e., before the invaded cells are
filled with symbiosomes).

It was previously observed that the R. etli pnifHc is induced
in an NifA-dependent manner under low oxygen (1%) con-
centration (Valderrama et a. 1996). Since the induction of
pnifHc also depends on nifA during symbiosis it is reasonable
to speculate that during symbiosis this promoter is activated in
response to a drop in the oxygen tension. The microaerobic
environment should therefore be generated inside the emer-

e
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Fig. 6. A—C, Sections of nodules (12 days post inoculation) elicited by the Rhizobium etli strains (A) CE3-pRT142, (B) CFN2012-pRT142, or (C)
CFNX249-pRT142 on the root of Phaseolus vulgaris. Ultrathin sections of Poly/Bed 812-embedded nodules were stained with uranyl acetate and lead

citrate and observed by electron microscope. Scale bars, 20 pm.
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gent nodules when bacteria are going to be released inside the
plant cells and most probably when the nodule endodermis
surrounds almost completely the central part of the emergent
nodule (see Figure 7).

The ability of bacteroidsto accumulate PHB
and the nitrogenase activity of symbiosomes
are strongly affected by the ectopic expression of amtB.
The low number of undifferentiated symbiosomes observed
in nodules elicited by strain CE3-pRT142, at 12 dpi, could
explain the amost undetectable levels of nitrogenase activity
(ARA) measured at this stage. By 21 dpi, the invaded cells of
these nodules do contain symbiosomes, athough at a lower
number and with rarely more than one bacteroid per sym-
biosome (Fig. 4F). However, this low density of symbiosomes
(which islower than in nodules elicited by the control strain at
12 dpi; see Figures 3E and 4F) cannot per se explain the low
ARA (Fig. 2B). Moreover, there are few PHB deposits in the
cytoplasm of the bacteroids of CE3-pRT142 induced nodules
(Figs. 4F, 5D). PHB is accumulated as a means of carbon and
reductive-power storage in bacteria with a low-efficiency tri-
carboxylic acid cycle such as R. etli (for references, see Ce-

vallos et a. 1996) and it is known that bacteroids may accu-
mulate PHB and reduce N, simultaneously (Wong and Evans
1971). Since both functions require large amounts of reductive
power it is obvious that they will compete for the reducing
equivalents. In fact, it has previously been shown (Cevallos et
a. 1996) that the nodules €elicited by an R. etli phaC mutant
(unable to synthesize PHB) showed a 30% higher ARA than
those elicited by the wild-type strain and, in agreement with
this, we observe that the cytoplasm of bacteroids of strain
CFNX249 (Fix") of R. etli contains a great deal of PHB (data
not shown). Thus, we conclude that the symbiosomes of strain
CE3-pRT142 (simultaneous induction of amtB and nif genes)
show a new phenotype, characterized by the presence of less
PHB deposits and alow nitrogenase activity.

The ectopic expression of amtB and the uncoupling
between nitrogen fixation and assimilation
in symbiosomes.

It is known that, in free-living diazotrophic bacteria, the
expression of the nitrogenase complex is regulated in re-
sponse to the nitrogen status of the cell (i.e., the nitrogenase
activity is adapted to the requirement of NH,* for growth).

Fig. 7. A—F, The activity of the ntrBC and nifHc promoters was observed during development of nodules induced by Rhizobium etli on the roots of
Phaseolus vulgaris. Transversal sections of emergent nodules at (A and D) 5, (B and E) 7, and (C and F) 9 days post inoculation were obtained, fixed,
and immersed in a staining solution containing 1 mM 5-bromo-4-chloro-3-indolyl 3-galactopyranoside (X-Gal) as described elsewhere (Taté et al. 1998).
The samples were incubated at 37°C for the required time, rinsed in 70% ethanol, and then photographed with a light rnjcrosemgeof bright-
field and epipolarization optics. Nodules were elicited byRhetli strains(A—C) CE3-pAR124 (pnifHc-lacZ ) or (D—F) CE3-pAR66 (ntrBCp-lacZz).

The nodule endodermis (NE) isindicated. Scale bars= 100 um.
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This control is exerted by the ntr system, which, through the
control of the activity of the transcriptional regulator NtrC,
regulates the expression of the transcriptional activator
NifA, which in turn activates the transcription of the nif
genes (for a review, see Merrick and Edwards 1995).
Moreover, it was observed that in bacteria that are fixing
nitrogen, the ammonium transport (uptake or influx) system

is activated, most probably to retrieve the NH," ions that
could be lost by simple diffusion of NH; (for a review, see
Kleiner 1985). On the other hand, the symbiosomes are
nondividing, organelle-like structures programmed not only

to fix nitrogen but also to release most of the nitrogen fixed.

In correlation, it has been shown that, in symbiosomes of R.
etli, the nif genes are expressed independently of the ntr
system (Moreno et al. 1992) and that the transcription of
amtB (NH4*/CH3NH;* transport) is switched off before ni-
trogen fixation commences (Taté et al. 1998). Thus, during
symbiosis, the blfixation process in bacteroids (and conse-
quently the amount of NH produced therein) is regulated
to satisfy the plants’ requirement for nitrogen.

MATERIALS AND METHODS

Bacterial strainsand media.

Rhizobium etli (formerly Rhizobium leguminosarum bv.
phaseoli; Segovia et al. 1993) strains were grown at 30°C in
TYR medium containing the following (g lité): tryptone (5),
yeast extract (3), and CaCl, - 2H,0 (0.88).E. coli strains were
grown at 37°C in TY medium containing the following (g li-
ter?): tryptone (10), yeast extract (5), and NaCl (10). Antibi-
otics used were (ug mb?): tetracycline (5); nalidixic acid (20),
ampicillin (100). All media were solidified with 1.5% agar
(Difco, Detrait, MI).

Generation of amtB-expressing vectors.

We have used derivatives of the plasmid pTR102 (see Fig-
ure 2), which specifies tetracycline resistance and was found
to be very stable in both free-living and symbiotic bacteria
cells (Weinstein et a. 1992). We aso used the R. etli nifHc
promoter (nifH gene codes for a subunit of the nitrogenase
complex) that is activated under symbiotic conditions (Quinto

We propose that the marked change in the process of nodet a. 1985; Vaderramaet al. 1996).

ule invasion and bacteroid differentiation resulting from the

ectopic expression odmtB in N,-fixing bacteroids can be
explained simply by considering that l\fHons are retrieved

Plasmid pRT140 (carrying the amtB gene but without its
promoter) was constructed as follows: plasmid pAR139, a
pGEM7Zf* (Promega, Madison, WI) derivative carrying a

from the PBS, thus generating an energy-consuming, futile complete version of the R. etli amtB gene, was constructed by
cycle and/or lowering the energized state of the bacteroidligation of the 1.3-kb Hindlll DNA fragment from plasmid
membrane. The function of the nitrogenase complex (underpAR124 to Hindlll-digested pAR132. Plasmids pAR124 and
aerobic conditions) requires energy in the form of ATP and pAR132 have been described elsewhere (Taté et al. 1998).
reducing equivalents. It has previously been observed thatPlasmid pAR140 was constructed by ligation of the 1.9-kb

the addition of NH" to succinate-grown cells é&zotobacter
vinelandii rapidly inhibits the nitrogenase activity (Laane et

Xbal/Nsil DNA fragment from pAR139 tXbal/Pstl-digested
pMP220 (Spaink et al. 1987). Plasmid pRT140 was con-

al. 1980). It was demonstrated that ammonium (added at astructed by ligation of the 1.9-KBglll/BamHI DNA fragment
concentration of 0.2 mM) is taken up by the cells as a from pAR140 toBamHI-digested pTR102.

cation, and that the uptake of NHdecreases the flow of

Plasmid pRT142 (carrying thR. etli amtB gene under the

reducing equivalents for nitrogenase. Moreover, at a con-control of theR. etli pnifHc) was obtained as follows: plasmid
centration higher than 0.5 mM, ammonium also reduces thepRT123, containing thaeifHc geneof R. etli fused tolacZ,

intracellular ATP/ADP ratio (Laane et al. 1980). In contrast,

at concentration of even 10 mM of NHno effect on the
nitrogenase activity of isolated bacteroidsRbfizobium le-

guminosarum was observed. Since
showed undetectable levels of NHiptake activity, it was

was constructed by ligation of the 1.54Rglll DNA fragment
from plasmid pCQ23 (Quinto et al. 1985)BamHI-digested
pGEM3Z (Promega), followed by digestion wittoRI/Xbal

isolated bacteroids and recloning into plasmid pMP220 (Spaink et al. 1987).

Plasmid pAR142 was obtained by ligation of a 1.3kbRI/

concluded that ammonium can affect the energized state ofXbal DNA fragment from pRT123 into plasmid pAR140 di-
the cell membrane only when it is taken up (Laane et al. gested with the same enzymes. Plasmid pRT142 was con-
1980). Thus, the presence in bacteroids of an active mechastructed by ligation of the 3.2-Kglll/BamHI DNA fragment

nism for the uptake of NH (by expressingamtB ectopi-
cally), could inhibit the formation of reducing equivalents

from plasmid pAR142 iBamHI-digested pTR102.
Plasmid pAR187 (carrying an in-frame deleted version of

and ATP, altering not only the nitrogenase activity but also amtB gene under the control of the etli pnifHc) was ob-
the capacity of bacteria to divide at normal rates during the tained as follows: plasmid pAR146 was constructed by di-
invasion process, and to accumulate storage material such agesting plasmid pAR139 witlsall, and religating. Plasmid

PHB. In addition, the internal assimilation of WHvia GS
and consuming ATP) should stimulate the Nidptake ac-

pAR186 was constructed by ligation of the 1.6-Kbal/
BamHI DNA fragment from plasmid pAR146 tbal/BamHI-

tivity and enlarge the energy problems of bacteroids. This digested pAR123. Plasmid pAR187 was constructed by liga-
hypothesis is substantiated by the partial effect observedtion of the 2.9-kbBglll/BamHI DNA fragment from plasmid

when the expression @mtB was forced in bacteroids of
strain CFN2012 ntrC), which showed lower intracellular
levels of GS activity than its wild-type parent CE3.

Nevertheless, it is clear that the transcriptional down-

regulation of theemtB gene (and hence of NHuptake), oc-

pAR186 toBamHI-digested pTR102.
Plasmid pAR188 (carrying thenifHc alone) was obtained
by digesting plasmid pAR187 witdindlll and religating.

Transformation of R. etli.

curring just when bacteria are released from the ITs into the Strain CE3 ofR. etli was grown at 30°C with shaking (250
invaded host cell (Taté et al. 1998), is essential for an effectiverpm; G-76 rotary shaker; New Brunswick, New Brunswick,

symbiotic interaction.

NY) in TYR medium, and competent cells for electroporation
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