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Control of the permeability to oxygen is critical for the function of symbiotic nitrogen fixation in legume nodules. The inner
cortex (IC) seems to be a primary site for this regulation. In alfalfa (Medicago sativa) nodules, expression of the Msca1 gene
encoding a carbonic anhydrase (CA) was previously found to be restricted to the IC. We have now raised antibodies against
recombinant Msca1 protein and used them, together with antibodies raised against potato leaf CA, to demonstrate the
presence of two forms of CA in mature nodules. Each antibody recognizes a different CA isoform in nodule tissues.
Immunolocalization revealed that leaf-related CAs were localized primarily in the nitrogen-fixing zone, whereas the Msca1
protein was restricted exclusively to the IC region, in indeterminate and determinate nodules. In alfalfa nodules grown at
various O2 concentrations, an inverse correlation was observed between the external oxygen pressure and Msca1 protein
content in the IC, the site of the putative diffusion barrier. Thus Msca1 is a molecular target of physiological processes
occurring in the IC cells involved in gas exchange in the nodule.

Carbonic anhydrase (CA; EC 4.2.1.1) catalyzes the
reversible hydration of CO2 to form HCO3

2. Most
reports on plant CAs are concerned with the enzyme
from green tissues, but despite its abundance, the
physiological role of this protein is still poorly un-
derstood (Sültemeyer et al., 1993; Badger and Price,
1994). In leaves two CA isoforms were localized to
different subcellular compartments, the chloroplasts
and the cytosol (Atkins et al., 1972; Fett and Coleman,
1994; Rumeau et al., 1996). In leaves of C3 plants most
of the CA activity resides within the chloroplast
stroma. Thus it has been proposed that this enzyme
accelerates the dehydration of bicarbonate to CO2,
providing a constant CO2 supply for Rubisco activity
during photosynthesis (Badger and Price, 1994; Ma-
jeau and Coleman, 1994). In C4 leaves, however, CA
is largely confined to the cytosol of mesophyll cells.
The cytosolic enzyme phosphoenolpyruvate carboxy-
lase (PEPC; EC 4.1.1.31), which catalyzes the initial
carboxylation reaction in C4 photosynthesis, requires

bicarbonate as a substrate instead of CO2. In these
plant tissues, CA and PEPC seem to be coordinately
regulated, suggesting that the cytosolic-located CA
may furnish the bicarbonate for PEPC activity (Hatch
and Burnell, 1990; Ludwig et al., 1998).

Most of the CA-encoding cDNA clones so far iden-
tified have been isolated from green leaves (Burnell
et al., 1990; Majeau and Coleman, 1991; Raines et al.,
1992; Cavallaro et al., 1994; Fett and Coleman, 1994;
Price et al., 1994). The only cDNA clone encoding a
CA of a non-photosynthetic tissue was isolated from
RNA of alfalfa (Medicago sativa) nodules (Msca1;
Coba de la Peña et al., 1997). Nodules are symbiotic
nitrogen-fixing organs that develop on legume roots
under nitrogen-limiting conditions. In this symbiosis
the bacterial partner fixes atmospheric nitrogen to
form ammonium, which is then exported into the
plant cell. In exchange, the plant partner provides a
carbon source to the nitrogen-fixing bacteroid forms
to sustain their metabolism. Hence a coordination of
carbon and nitrogen metabolisms is required for nod-
ule function (Vance and Gantt, 1992).

In legume nodules PEPC plays an important role in
the anaplerotic replenishing of the Krebs cycle inter-
mediates that are removed to provide either the car-
bon skeletons for ammonia assimilation (Vance et al.,
1994), or the organic acids used by bacteroids for
carbon metabolism and N2 fixation (King et al., 1986).
In nodules grown under normal oxygen conditions
Suc coming from photosynthesis is metabolized via
glycolysis to form phosphoenolpyruvate. In the pres-
ence of CA and PEPC, this phosphoenolpyruvate is
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transformed into oxaloacetate and malate. Both en-
zymatic activities are present in these organs (Atkins,
1974; Vance et al., 1994). Dark CO2 fixation by PEPC
in legume nodules occurs at rates equivalent to
leaves of C4 plants, accounting for the fact that PEPC
can represent up to 2% of the total soluble protein in
nitrogen-fixing cells (Miller et al., 1987).

Symbiotic nitrogen fixation depends upon nitroge-
nase, an O2-labile enzyme located within bacteroids.
However, bacteroid nitrogenase requires a large sup-
ply of ATP generated through oxidative phosphory-
lation. Hence the plant must provide the bacteria
with a high O2 flux at a low O2 concentration. The
plant exercises then a physiological control over the
nodule’s permeability to O2 diffusion (Hunt and Lay-
zell, 1993). Microelectrode studies (Witty et al., 1986)
demonstrated the presence of steep O2 concentration
gradients between the cortex and the central tissues
of legume nodules; the concentration in infected cells
(10–50 nm; Kuzma et al., 1993) is about 1024 of that at
the nodule surface (250 mm). Although oxygenated
leghemoglobin gradients may have a role in the fine
control of infected cell O2 concentration (Thumfort et
al., 1999), a physical barrier to gas diffusion in the
inner cortex (IC) seems to be the primary site for the
regulation of nodule permeability to gas diffusion
(Hunt and Layzell, 1993).

Nodule permeability to oxygen is controlled by
two distinct mechanisms: long-term developmental
adaptations, such as changes in the number of IC cell
layers, and short-term physiological mechanisms al-
lowing rapid adjustments to changes in oxygen and
other environmental parameters (Hunt and Layzell,
1993). The mechanisms responsible for controlling
short-term oxygen diffusion remain poorly under-
stood, but most likely involve changes in the gas-to-
liquid composition in the path that O2 (and other
gases) take in diffusing into (or out of) the nodule. In
long-term developmental regulation of nodule per-
meability, proteins exclusively present in the nodule
IC may play a role in this process. In alfalfa, nodules
grown at high oxygen concentrations showed in-
creased amounts of a glycoprotein that bind to the
monoclonal antibody MAC236 (Wycoff et al., 1998).
This glycoprotein was present in the intercellular
spaces of the IC where it could contribute to their
occlusion, thereby reducing permeability to O2 diffu-
sion. Because expression of the Msca1 gene was de-
tected in the nodule IC in nitrogen-fixing and inef-
fective nodules (Coba de la Peña et al., 1997), the
function of Msca1 is not likely to be related to nitro-
gen fixation or malate supply to the bacteroids.

To assess the role of Msca1 in legume nodules, the
present study characterized the localization of two
forms of CA in determinate and indeterminate nod-
ules, from Lotus japonicus and Medicago truncatula,
respectively. Then using alfalfa indeterminate nod-
ules, the effect of rhizosphere O2 concentration was
examined on the expression of the Msca1 isoform in

the nodule IC. The results of these experiments have
led to proposals for the physiological role of Msca1 in
legume nodules.

RESULTS

Mature Nodules Contain at Least Two Forms of CA
Located in Different Cell Types

We have previously identified Msca1, a cDNA en-
coding an alfalfa CA expressed in nodule tissues
(Coba de la Peña et al., 1997). In mature nodules, the
corresponding transcripts were detected in a thin
layer of cells situated in the IC region at the nodule
periphery. To localize the protein in nodules, a re-
combinant His-tagged Msca1 protein purified from a
bacterial culture was used to raise polyclonal anti-
bodies in rabbits. The specificity of these antibodies
was tested by western-blot analysis of total soluble
protein extracts from roots, nodules, and leaves (Fig.
1A). In nodule extracts, these antibodies strongly
recognized a single protein band with a molecular
mass of 28.5 kD, very close to that expected for the
putative Msca1-encoded protein. They did not recog-
nize any root protein, but in leaf extracts, a protein
band of 39.5-kD cross-reacted. This molecular mass
was close to the size range described for leaf CA
monomers (27–36 kD; Majeau et al., 1994; Rumeau et
al., 1996).

Antibodies raised against a synthetic peptide cor-
responding to the N-terminal amino acid sequence of
the potato leaf chloroplastic CA (kindly provided by
G. Peltier) were also tested in western blots. These
antibodies cross-reacted also with the cytosolic po-
tato leaf isoform (Rumeau et al., 1996). However, this
peptide region is not conserved in the Msca1-encoded

Figure 1. Western-blot analysis for detecting CA in M. truncatula
protein extracts. Proteins were separated by SDS-PAGE, electrotrans-
ferred onto nitrocellulose, and incubated with antibodies raised
against either the recombinant Msca1 protein (A) or the potato leaf
CA (B). Forty micrograms of total soluble proteins from roots (R),
mature nodules (N), and leaves (L) were loaded per lane. Arrows
indicate the major protein bands recognized by the antibodies.
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protein and in M. truncatula, they failed to recognize
any protein band in total root extracts (Fig. 1B). They
did, however, cross-react with at least four nodule
proteins (two bands of 83 and 49.3 kD and two bands
of high and very low molecular mass), but not with
the Msca1 band. In leaf extracts, two bands were
revealed (the one having a very low molecular mass
is probably a degradation product), but not the
39.4-kD isoform that is related to Msca1. The protein
bands recognized by the potato anti-CA antibodies
have the same molecular mass as two of the nodule
proteins. To confirm that these antibodies recognized
CA isoforms in nodules an assay of CA activity in gel
was carried out (Tashian, 1969). In native gels two
CA isoforms were detected in leaves and nodules
(Fig. 2A). The leaf and anti-Msca1 antibodies recog-
nized the upper and lower bands, respectively,
whereas the latter antibody did not recognize any
active band in the leaf extracts (Fig. 2B). On the other
hand, the recombinant Msca1 protein was not recog-
nized by the leaf antibodies (Fig. 2C). Hence in ma-
ture nodules, there are at least two forms of CA: one
is recognized by the anti-Msca1-encoded protein an-
tibodies, and other form(s) cross-react with the anti-
potato leaf CA antibodies.

We next addressed where these different isoforms
are located in nitrogen-fixing nodules (Fig. 3). We
carried out an immunolocalization analysis on mature
M. truncatula nodules with either the pre-immune
serum or the anti-Msca1 protein antibodies (Fig. 3,
A–C). A secondary antibody linked to the Cy3 fluo-
rophore was used for revealing the immunological
signal. The Msca1 antibodies strongly labeled a thin
region at the periphery of the nodule equivalent to
the IC, whereas no significant signal was detected in

the nitrogen-fixing central region (Fig. 3C). This
binding of anti-Msca1 antibodies was blocked by pre-
incubation with the recombinant Msca1 protein (data
not shown). Moreover, in determinate nodules of L.
japonicus, a similarly strong signal was observed in
the IC cells (Fig. 3, G and H). This suggests that
Msca1 proteins are specifically located in the inner
cortical cells in indeterminate and determinate nod-
ules. A similar immunolocalization experiment was
carried out using the anti-potato leaf CA antibodies
(Fig. 3, D–F, I). In M. truncatula, no signal was de-
tected in the IC region, but was found mainly in the
central region (compare Fig. 3, C and F). In mature
nodules from L. japonicus, incubation with the leaf
CA antiserum also labeled all cells containing
nitrogen-fixing bacteroids (Fig. 3I). Noninfected cells,
likely implicated in metabolite exchange mecha-
nisms, lacked any label regardless of their location.
The nodule periphery did not contain any leaf-
related CA isoform in indeterminate or determinate
nodule types.

These results indicate that in mature nodules at least
two CA isoforms located in different cell types (IC or
infected cells) exist, suggesting that they may have
different, noninterchangeable physiological roles in
nodule metabolism. The CA recognized by the anti-
leaf CA antibodies is likely to be involved in the
provision of bicarbonate to PEPC, for the synthesis of
carbon skeletons needed for ammonia assimilation
and bacteroid respiration. The other CA isoform, the
Msca1-encoded protein, is present in the IC, a region of
the mature nodule proposed to be involved in the
control of oxygen diffusion inside the nodule, and
may have a very different primary function.

The presence of high amounts of CA protein(s)
inside the nitrogen-fixing region of the nodule ex-
plains why Coba de la Peña et al. (1997) measured
minor changes of CA activity in extracts of young
and mature nodules, whereas there was a large vari-
ation in the Msca1 mRNA amounts and localization
when the two samples were compared. The CA
forms present in nodules are different enough in
nucleotide and protein sequences so that they do not
exhibit cross-hybridization at mRNA or immunolog-
ical levels, although both contribute to the measured
CA activity. In consequence, measurement of CA
enzymatic activity in mature nodules is not appro-
priate for studying the physiological role of the
Msca1-related protein. Thus a strategy involving the
use of isoform-specific antibodies in an immunolo-
calization approach was undertaken.

Effect of External Oxygen Pressure on Msca1
Protein Levels

A variable diffusion barrier, located at the level of
the IC region, has been proposed to control the entry
of oxygen into the central infected zone (IZ; Witty et
al., 1986; Batut and Boistard, 1994). However, the

Figure 2. Detection of enzymatic isoforms of CA in nodule tissues.
A, Total leaf (L, 100 mg) and nodule (N, 5 mg) extracts were analyzed
in native gels and processed for in gel detection of CA enzymatic
activity using veronal buffer. B, Parallel native gels were transferred
to nitrocellulose and incubated with anti-leaf CA (Ab-Leaf) or anti-
Msca1 antibodies (Msca1-Ab) as indicated. C, Western SDS-PAGE
blots containing total extracts (20 mg) of Escherichia coli cells ex-
pressing recombinant Msca1 (28.5 kD) were probed with anti-leaf
CA and anti-Msca1 antibodies, left and right, respectively.
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elements involved in the formation and maintenance
of this barrier are unknown. Changes in the external
oxygen pressure evoke adjustments in the thickness
and shape of the IC cells, as well as in the occlusion
of their intercellular spaces (Arrese-Igor et al., 1993;
Iannetta et al., 1995). To study whether the Msca1-
encoded CA isoform is implicated in the control of
oxygen diffusion inside the nodule, immunolocaliza-
tion assays on mature nodules of alfalfa grown under
different oxygen pressures were carried out. The ef-
fects of these changes in oxygen concentration on
nodule structure and gas-exchange measurements
have been characterized previously (Wycoff et al.,
1998).

Longitudinal sections of these nodules were incu-
bated in the presence of either a pre-immune serum
or antibodies raised against the IC-located CA, as
described above (Fig. 4). The autofluorescence of the

nodules was used to identify the different cell types
(Fig. 4, A–C). To compare relative intensities of red
fluorescence between different treatments, serial sec-
tions of the same nodule localized on the same slide
were incubated with either the pre-immune serum
(Fig. 4, D–F) or with the anti-CA antibodies (Fig. 4,
G–L). In this way the observed differences were due
exclusively to the primary antibody, and not due to
artifacts brought about by using different nodules or
slides.

Nodules grown under normal oxygen pressure
(21%; Fig. 4, H and K) had a detectable amount of
Msca1 protein in the IC. Nodules grown at subambi-
ent oxygen concentration (8%) showed significantly
increased Msca1-related signal in this region (Fig. 4,
G and J). In a converse manner, nodules grown at
high (50%) O2 exhibited an almost undetectable
amount of specific labeling in the IC (Fig. 4, I–L).

Figure 3. Immunolabeling of CA isoforms in mature nodules. After incubation of sections from M. truncatula (A–F) and L.
japonicus (G–I) nodules with either the pre-immune serum (A, E, and G), the anti-Msca1 antibodies (B, C, and H), or the
anti-leaf CA antibodies (F and I), detection was based on Cy3 fluorescence. A, Pre-immune serum control section indicating
the absence of specific labeling in the IC in paraffin-embedded nodules. B, A section similar to A was incubated with
anti-Msca1 antibodies. C, Detail of the IC region in B is shown. Red fluorescence labels the IC cells. D, Autofluorescence
of a nodule showing the infected and IC cells. E, Pre-immune serum control section of a similar region. F, Same section as
D incubated with anti-leaf CA antibodies. Red fluorescence indicates that CA recognized by these antibodies are located in
the nitrogen-fixing zone and not in the IC-region. G through I, Detail of consecutive sections of L. japonicus nodules
incubated with pre-immune serum (G), anti-Msca1 antibodies (H), and anti-leaf antibodies (I). Red fluorescence labels
mainly the IC or IZ region in H and I, respectively. A and B, Paraffin-embedded material. C through I, Methacrylate-
embedded material. Bars 5 50 mm.
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Fifteen slides containing around 30 sections per slide,
corresponding to five to six different nodules per
treatment were tested and gave identical results.
These results strongly suggested that the external
oxygen pressure had an effect on Msca1 protein con-
tent in the IC. In the 21% and 50% samples, a back-
ground signal in the central region of the nodule was
detected with the pre-immune serum. The signals
obtained with the anti-Msca1 antibodies in the central
region were not at significantly higher level than this
background, preventing us from detecting any
change in Msca1 protein content in the central cells.

Differences were quantified for four nodules (de-
posited on different slides) using confocal micros-

copy. The intensity of labeling (arbitrary units) per
surface unit (micromoles2) was calculated for each
section at the levels of the IC (specific Msca1-related
signal) and the IZ allowing us to deduce the relative
increase in the red signal for each treatment. The
results are shown in Table I. For nodules grown
under normal oxygen pressure, Msca1 IC-related
level was taken as 100%. Nodules grown under 8%
O2 exhibited a 3-fold increase, whereas no significant
difference in signal from nodules grown in 21% O2
was detectable in the IC of nodules grown under 50%
O2. Hence an inverse correlation between Msca1
amounts in the IC and the external oxygen pressure
was demonstrated.

Figure 4. Immunolabeling of the IC-located Msca1 protein in alfalfa mature nodules grown under different oxygen
concentrations. Sections from paraffin-embedded nodules grown at 8% O2 (A, D, G, and J), 21% O2 (B, E, H, and K), or 50%
O2 (C, F, I, and L) were incubated with either the pre-immune serum (PI) or the anti-Msca1 antibodies (Msca1-Ab). The
immunological signal was revealed by incubation with a secondary antibody linked to the Cy3 fluorochrome. Autofluo-
rescence (AF) revealed nodule morphology (A through C). J and L are magnifications of the boxed areas in G and I,
respectively. Bars 5 50 mm.
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DISCUSSION

The results presented in this paper show that in
mature nodules the Msca1-encoded protein is located
in the IC region of nodules and its concentration is
strongly influenced by the external oxygen pressure.
We proposed two possible explanations for the ob-
served inverse relationship between growth O2 con-
centration and Msca1 in the IC. Both explanations are
based on observations from previous structural anal-
yses of nodules grown under 1% or normal O2 con-
centrations. These studies showed two major differ-
ences at the level of the IC: in nodules grown under
hypoxic conditions, the inner cortical cells had a
larger volume size than in normal nodules, and the
intercellular spaces were mostly unoccluded (Arrese-
Igor et al., 1993). Because the diffusion coefficient of
the oxygen in air is 10,000 times higher than in water,
these morphological variations of the IC cells, possi-
bly related to changes in their osmolarity, regulate
the diffusion of the oxygen into the nodule (Hunt et
al., 1990; Layzell et al., 1990; Vessey and Waterer,
1992).

A first explanation is based on the assumption that
in IC cells the factors affecting osmoregulation of cell
volume are similar to those acting in the leaf guard
cells. In these cells, malate synthesized through PEPC
activity is taken up by the vacuole, provoking water
influx into the guard cells, which leads to stomatal
opening. Malate uptake depends on specific trans-
porters whose activities are essential for the initial
increase in turgor. However, guard cell tonoplasts
also contain another kind of transporter, the so-called
slow-vacuolar channels that are able to transport a
large range of substances (including malate) in an
unspecific way. It has been proposed that in plants
exhibiting crassulacean acid metabolism, these chan-
nels could be responsible for malate release during
daytime (Iwasaki et al., 1992).

Based on this we can infer that in IC cells osmolar-
ity is also regulated through a constant supply of
malate. This reversible osmocontraction may then
lead to the alteration of oxygen permeability in the
nodule (Drevon et al., 1995; Pathirana et al., 1997).
The results presented here allow us to propose as a
first hypothesis that Msca1 in the IC cells (Fig. 5) may
limit bicarbonate availability to PEPC for malate pro-
duction. In this way Msca1 will affect cell volume and
turgor. In nodules grown under hypoxic oxygen
pressure the amount of Msca1 protein in the IC cells
was higher than in normal nodules (Fig. 4; Table I),
suggesting that PEPC activity yields a maximal
amount of malate that can be taken up by the vacu-
ole. The higher CA activity might be needed to main-
tain a continuous supply of malate. Thus, low oxygen
pressure leads to increased cell osmotic potential,
water influx, increased cell turgor, and increased ox-
ygen diffusion through the IC region (Fig. 5, A and
B). In contrast, nodules grown under a supra-
ambient oxygen pressure, having almost undetect-
able Msca1 protein levels in their IC cells (Fig. 4;
Table I), may not have sufficient bicarbonate to sus-
tain PEPC activity and malate supply, and thus less
water would be taken up osmotically into the cell.
Instead a diminution in soluble sugars would induce
water efflux from the cell decreasing its volume and
the intercellular spaces, rendering the diffusion of
oxygen into the nodule more difficult (Fig. 5C).
Therefore, Msca1 function may be linked to the con-
trol of oxygen permeability in nodules.

Our alternative explanation is that the Mscal pro-
tein may be involved in facilitating diffusion of CO2

across an aqueous diffusion barrier. Modeling stud-
ies (Sheehy et al., 1987; Hunt et al., 1988) have indi-
cated that because of the greater solubility of CO2

than O2 in water, CO2 can diffuse out of the nodule
more readily than O2 enters it. As a result, a partial

Table I. Fluorescent quantification of the IC-located Msca1 protein in nodules grown under different
oxygen pressures

[O2]
Preimmune Serum Anti-Msca1 Antibodies

Intensity/Surfacea Intensity/Surface IC-related signalc

a.u./mm2

8% ICb 300 6 30 524 6 31 281%
IZ 312 6 19 288 6 14

21% IC 274 6 13 267 6 13 100%
IZ 317 6 2 183 6 16

50% IC 212 6 19 271 6 16 n.s.d

IZ 201 6 23 273 6 6
a Values obtained for the intensity of fluorescence per unit area are expressed in arbitrary units

(a.u./mm2). b Values (mean 6 SD) were obtained per duplicate for four nodules from samples
incubated with either the preimmune serum or the anti-Msca1 antibodies. c C-related signal was
determined by subtracting IC-IZ fluorescence values and considering the 21% oxygen sample as
100%. d n.s., No significant difference from IZ background.
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vacuum can be formed within the nodule that would
draw the gas of the nodule rhizosphere into the
central zone by mass flow of air (as distinct from
diffusion). This vacuum effect is similar to the con-
cept of convective gas flow described for some

aquatic plants (Beckett et al., 1988). In nodules it may
be instrumental in increasing the flux of O2 to the IZ,
thereby supplementing the O2 diffusion, which
would occur across the water-filled cells of the IC.
The magnitude of the vacuum would be dependent
on the flux of CO2 across the cells of the IC, a flux
greatly facilitated by bicarbonate. Bicarbonate/CO2
equilibrium might be controlled by Msca1-catalyzed
reactions.

In nodules grown at a low O2 concentration the
partial vacuum generated by bicarbonate-facilitated
CO2 transport could play a major role in supplying
O2 to the infected cells, thereby accounting for the
high levels of the Msca1 protein in the IC of these
nodules. In nodules grown at high oxygen concen-
trations there are more cell layers in the IC and
gas-filled intercellular spaces across IC layers may be
rare or nonexistent (Arrese-Igor et al., 1993). In such
nodules an atmospheric pressure gradient across the
nodule would not draw O2 into the central zone by
mass flow, so there would be little advantage for the
nodule to enhance CO2 efflux by CA-catalyzed facil-
itated diffusion. This could explain the low amount
of Msca1 in the nodules at 50% O2. Thumfort (1996)
recently modeled the effect of bicarbonate/CO2 equi-
librium on convective gas flow into legume nodules
and concluded that it would enhance O2 transport
into the central zone.

Both explanations are consistent with the sugges-
tion that the Msca1 protein is an early molecular
target of physiological processes occurring in the
inner cortical cells dealing with the control of nodule
gas exchanges. Further analysis of these hypotheses
will be attempted in our laboratory by using trans-
genic M. truncatula plants affected in Msca1 function.

MATERIALS AND METHODS

Plant and Bacterial Material and Plant Growth

Medicago truncatula seeds (ecotype 108) were sterilized
by treatment with a 0.2% (w/v) sodium hypochlorate so-
lution for 3 h at 30°C, washed, and germinated on 1%
(w/v) water/agar plates for 2 d in the dark plus 2 weeks in
the light. Seedlings were then transferred to aeroponic
tanks and cultured in a minimum medium as described
previously (Crespi et al., 1994). After 2 weeks plants were
inoculated with the bacterial strain (Sinorhizobium meliloti
Sm41) as described previously (Crespi et al., 1994). Mature
M. truncatula nodules were collected 3 weeks after
infection.

Growth conditions of alfalfa (Medicago sativa) plants un-
der different oxygen partial pressures as well as the histo-
logical characterization of the resulting nodules have been
described (Wycoff et al., 1998). Lotus japonicus plants grown
in the greenhouse for 5 weeks under low combined nitro-
gen conditions were used to isolate determinate nodules

Figure 5. Role of Msca1 in the IC cells of mature nodules. Under
normal oxygen conditions (21%; B), CA activity assures malate pro-
duction. Under hypoxia (8%; A), nodules contain more CA protein in
the IC increasing malate production and, concomitantly, their water
uptake and cell volume. The resulting increase of the number and
volume of intercellular spaces facilitates oxygen diffusion inside the
nodule. Nodules grown under supra-ambient oxygen pressure (50%;
C) have less CA in the IC cells, suggesting that bicarbonate amounts
may not be sufficient to sustain PEPC activity and malate production.
A decrease in cell volume renders oxygen diffusion into the nodule
more difficult.
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from their roots after inoculation with Rhizobium loti
NZPP3230 (Strozycki et al., 2000).

Production of Recombinant Msca1
Protein and Antibodies

A complete Msca1 cDNA was cloned at the 59 end of the
multicloning site of the expression vector pQE23 (Qiagen,
France) in phase with the first ATG of the vector, and used
to transform competent M15 bacteria. This strategy al-
lowed production of a recombinant Msca1 protein tagged
with six additional His residues at its N-terminal region,
which was purified in one step with an affinity column
(according to the manufacturer’s instructions, Qiagen). It
was usual that 2 mg of purified protein per 200 mL of an
overnight-induced culture were obtained.

Antibodies were prepared as described by Vidal et al.
(1980) and redissolved in 50 mm sodium phosphate buffer
at pH 7.2, 0.9% (w/v) NaCl. Antibodies raised against a
specific synthetic peptide from the potato leaf CA were
characterized in Rumeau et al. (1996).

Protein Extraction, CA Activity, and Western Blotting

Plant materials were ground in liquid nitrogen and ho-
mogenized in microcentrifuge tubes using a plastic pestle
(homogenization buffer: 100 mm sodium phosphate, pH 7.2
and 14 mm b-mercaptoethanol; 0.2 mL of buffer per 100 mg
of ground material). Samples were centrifuged at 10,000
rpm at 4°C for 15 min and supernatants were used as total
soluble protein extracts. Protein content was determined by
the Bradford assay (Bio-Rad, Hercules, CA).

Denaturing SDS-PAGE (Laemmli, 1970) was performed
using a 4% (w/v) stacking gel and a 10% (w/v) separating
gel. Native PAGE was carried out by using a 4% (w/v)
stacking gel and a 7% (w/v) separating gel. CA activity
was detected as a local alkaline-acidic pH change after in-
cubation of the gel in a tank containing dry ice in the
presence of bromothymol blue, as described by Tashian
(1969). Separated proteins were electrotransferred to a nylon
membrane using a transfer apparatus (Bio-Rad) at 200 mA
for 4 h (SDS-PAGE) or overnight (native PAGE). The trans-
fer buffer consisted of 25 mm Tris [tris(hydroxymethyl)-
aminomethane], pH 8.3, 192 mm Gly, and 20% (v/v) ethanol.
After blocking, protein bands were visualized by incubating
the membrane with antiserum diluted 1:400 and anti-rabbit
alkaline phosphatase antibody (Sigma, St. Louis) at a final
dilution of 1:30,000. For staining, nitroblue tetrazolium salt
and 5-bromo-4-chloro-3-indolyl-phosphate tablets (Boehr-
inger Mannheim, Basel) were used.

Light Microscopy

Nodules were freshly collected, placed in a fixative so-
lution (4% [w/v] paraformaldehyde and 1% [w/v] glutar-
aldehyde in 100 mm sodium phosphate buffer, pH 7.2) for
4 h under vacuum, and dehydrated in an ethanol series.
M. truncatula nodules were embedded in paraffin or
methacrylate as described previously (Coba de la Peña et

al., 1997; Evans et al., 1997, respectively). L. japonicus nod-
ules were embedded in methacrylate. Preparation of
paraffin-embedded alfalfa nodules grown at different oxy-
gen conditions has been described previously (Wycoff et
al., 1998). Semithin sections (8-mm) were treated to elimi-
nate the paraffin or the resin and then treated in the same
way. Unspecific sites were blocked by incubation in Tris-
buffered saline (Tris, 25 mm, pH 7.5 and NaCl, 150 mm)
plus 2.5% (w/v) bovine serum albumin for 30 min at room
temperature. Sections were then incubated with the appro-
priate antibody (dilution 1:250) overnight at 4°C. After
washing, sections were incubated with a secondary anti-
rabbit antibody conjugated to the Cy3-conjugated Affi-
niPure goat anti-rabbit IgG (excitation wavelength of 570
nm and an emission wavelength of 570 nm; Jackson Immu-
noResearch Laboratories, Baltimore, MD). After washing in
Tris-buffered saline, the slides were mounted in Cityfluor
medium. Observations were made with an epifluorescence
microscope (Polyvar, Reichert-Jung, Vienna). Autofluores-
cence images were obtained with a filter set band pass 395
to 446 nm excitation filter, a DS 460 dichroic mirror, and a
long pass 471 nm stop filter. The fluorescence due to the
dye was observed with a filter set band pass (546 nm) and
a long pass (590 nm) stop filter. Photographs were obtained
using Kodak Ektachrome films (Rochester, NY).

Confocal Microscopy

Confocal images were obtained with a confocal micro-
scope (Sarastro 2000, Molecular Dynamics, Sunnyvale, CA)
with a 514-nm excitation and a 600-nm emission filter.
Serial optical sections of 1 mm were taken for each sample
and those containing most of the red signal were selected.
Fifteen serial sections of 0.5 mm each containing most of
the red signal were selected and projected into one two-
dimensional section. A given surface (3,500–6,600 mm2) in
either the IC (to measure Msca1-dependent fluorescence) or
the IZ (considered as background level) was chosen for
calculations of relative fluorescence intensities. In this way
the intensity of the red, Cy3-dependent signal by area unit
in the final projection could be measured. To compare the
amounts of fluorescence intensities in the IC in the differ-
ent treatments, the values (intensity per area) obtained in
the IC region were compared with those measured in the
adjacent infected cells. Immunolocalization treatments be-
tween the different antiserum were done on serial sections
of the same nodules with either the pre-immune or the
different anti-CA antibodies.
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