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ABSTRACT

Effective (N2-fixing) alfalfa (Medicago sativa L.) and plant-
controlled ineffective (non-N2-fixing) alfalfa recessive for the in,
gene were compared to determine the effects of the in1 gene on
nodule development, acetylene reduction activity (ARA), and nod-
ule enzymes associated with N assimilation and disease resist-
ance. Effective nodule ARA reached a maximum before activities
of glutamine synthetase (GS), glutamate synthase (GOGAT), as-
partate aminotransferase (AAT), asparagine synthetase (AS), and
phosphoenolpyruvate carboxylase (PEPC) peaked. Ineffective
nodule ARA was only 5% of effective nodule ARA. Developmental
profiles of GS, GOGAT, AAT, and PEPC activities were similar for
effective and ineffective nodules, but activities in ineffecfive
nodules were lower and declined earlier. Little AS activity was
detected in developing ineffective nodules. Changes in GS,
GOGAT, AAT, and PEPC activities in developing and senescent
effective and ineffective nodules generally paralleled amounts of
immunologically detectable enzyme polypeptides. Effective nod-
ule GS, GOGAT, AAT, AS, and PEPC activities declined after
defoliation. Activities of glutamate dehydrogenase, malate de-
hydrogenase, phenylalanine ammonia lyase, and caffeic acid-o-
methyltransferase were unrelated to nodule effectiveness. Max-
imum expression of nodule N-assimilating enzymes appeared to
require the continued presence of a product associated with
effective bacteroids that was lacking in in, effective nodules.

Legume root nodules are morphologically and biochemi-
cally unique organs. Their formation involves differentiation
of root cortical cells to give rise to a nodule meristem, synthe-
sis of new vascular elements, and development of infected
and uninfected nodule cells, both ofwhich undergo alterations
in ultrastructure and metabolism (21, 28). These processes
result in the formation of organs that provide an ecological
niche for N2-fixing Rhizobium symbionts, and that can assim-
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ilate NH4' derived from N2 fixation into amides or ureides
that are ultimately exported to other organs.
Both plant and bacterial genes are required for nodule

development and N2 fixation. Evidence for the importance of
plant genes to N2 fixation has come from identification of
plant-synthesized, nodule-specific proteins (nodulins) and
from isolation of plant mutants altered in nodulation and N2
fixation capacity (28).
From 9 to 30 nodulin polypeptides or mRNAs have been

identified in mature nodules from various legumes including
soybean, pea, and alfalfa (6-8, 26). Some nodulins are sub-
units of enzymes required for N assimilation or nodule C
metabolism, such as GS2 (EC 6.3.1.2), uricase, and sucrose
synthase (reviewed in ref. 28). While proteins and activities
of some other enzymes required for N and C assimilation,
such as GOGAT (EC 1.4.1.13), AAT (EC 2.6.1.1), and PEPC
(EC 4.1.1.31), are strikingly increased in nodules (16, 27), it
is unknown if these enzyme activities are correlated with
amounts ofenzyme protein, or ifthese enzymes are comprised
of nodule-specific polypeptides.

Studies of the development of effective and bacterially
induced ineffective nodules have shown that N assimilation
capacity and expression of most nodulins begins at or slightly
before the onset of N2 fixation (4, 7, 8, 13, 14, 19). Nodulin
expression appears to be induced in response to specific steps
in nodule morphogenesis (8). However, reduced nodulin
expression in bacterially induced ineffective nodules has led
several authors to suggest that other factors, perhaps products
of N2 fixation, may also regulate nodulin expression (6, 12).
To date, some 45 plant genotypes with altered nodulation

and N2 fixation capacities have been identified in eight legume
species (28), but little is known of the developmental, bio-
chemical, and molecular manifestations of these plant genes.
To examine the effect of genetically reduced N2 fixation on
nodule development, and to determine how N assimilation
capacity is regulated, we have compared the development of
normal, N2-fixing alfalfa cv 'Saranac' nodules to that of
ineffective nodules formed by plants which are nulliplex for

2Abbreviations: GS, glutamine synthetase; GOGAT, glutamate
synthase; AAT, aspartate aminotransferase; PEPC, phosphoenolpy-
ruvate carboxylase; AS, asparagine synthetase; PAL, phenylalanine
ammonia lyase; C-OMT, caffeic acid o-methyltransferase; GDH,
glutamate dehydrogenase; MDH, malate dehydrogenase; ARA, acet-
ylene reduction activity.
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the in, gene in the 'Saranac' background (18). In alfalfa, fixed
N is converted to asparagine by the enzymes GS, GOGAT,
AAT, and AS (21), with a significant portion of exported
carbon derived from dark CO2 fixation by PEPC (32). Mature
in,Sa nodules fix little N2, undergo early senescence, and have
reduced activities of GS, GOGAT, and PEPC (30). We have
(a) measured the activities of plant enzymes involved in
nodule N and C metabolism and (b) estimated the amounts
of GS, GOGAT, AAT, and PEPC polypeptides, relative to N2
fixation capacity, throughout nodule initiation, development,
and senescence. Because early senescence of injSa nodules
resembles an incompatible plant-pathogen reaction (33), we
have also compared activities of PAL (EC 4.3.1.5) and C-
OMT, enzymes required for synthesis of phytoalexins and
lignin precursors, throughout development. A preliminary
report on this study has been published (27).

MATERIALS AND METHODS

Plant Material

Alfalfa (Medicago sativa L.) cv 'Saranac' and in,Sa (18)
seeds were planted in sand benches amended with P, K, and
micronutrients (29) and immediately inoculated with Rhizo-
bium meliloti strain 102F5 1 (Nitragin Co., Milwaukee, WI).
The planting date was designated as dO. Glasshouse conditions
were as previously described (29). No other nutrients were
supplied to plants. Plants were harvested at 0800 h and roots
(d3,5), nodules on 5-mm root sections (d7), or nodules (dlO
and older) were hand-collected onto ice for use in enzyme
assays as previously described (29). Plants used for acetylene
reduction assays were harvested at 1400 h. After assays were
performed on d38, plants were defoliated to induce nodule
senescence.

Microscopy

Unfixed roots were stained for 15 min with 0.1% w/v
methylene blue, rinsed in water, and examined by low
power light microscopy to determine the stage of nodule
development.

Preparation of Cell-Free Extracts

Triplicate samples of roots or nodules were ground in
extraction buffer (100 mM Mes-NaOH [pH 6.8], 100 mM
sucrose, 2% v/v 2-mercaptoethanol, 15% v/v ethylene glycol,
2 mm PMSF, 0.2 mm antipain) and centrifuged 15 min at
1 5,500g to obtain the soluble protein fraction (1 1).

In Vitro Enzyme Assays

Radiochemicals were obtained from ICN Biomedicals, Inc.
(Costa Mesa, CA). GS and AS were assayed by determining
the rate of conversion of L-[U-'4C]glutamate (0.02 ,uCi
iimol-') or L-[U-14C]aspartate (0.033 ,uCi gmol-') into ['4C]
glutamine and ['4C]asparagine (11). For PAL assays, 0.4 mL
of extract was incubated with 1 mL of 100 mm Tris (pH 8.5),
containing 4.2 ,umol L-[U-'4C]phenylalanine (0.023 ACi
,umol-'). For C-OMT assays, 0.4 mL of extract was incubated
with 0.85 mL of 100 mM K phosphate (pH 7.5), containing

3.6 ,umol of Na ascorbate, 0.87 tsmol of MgCl2, 1 ,umol of
[methyl-'4C]S-adenosylmethionine (0.05 ttCi ,umol-', freshly
diluted from stock), and 2.5 ,umol of caffeic acid (freshly
made), for 3 h at 30°C. Reactions were stopped with 0.1 mL
of 6 N HCI. ['4C]Ferulic acid and ['4C]trans-cinnamic acid
were recovered by extracting twice with 2 mL of ethyl acetate
and were quantitated by liquid scintillation counting of an-
hydrous extracts. Control PAL and C-OMT assays containing
no plant extracts were performed to determine the back-
ground partitioning of ['4C] into ethyl acetate. GOGAT, GDH
(11), AAT, MDH (25), and PEPC (32) were assayed spectro-
photometrically by monitoring the disappearance of NADH
at 340 nm in direct or coupled assays. Protein content of
extracts was measured by the Lowry assay (15). Enzyme
activities (x mg protein-') are expressed as means ± 1 SE of
assays of triplicate extracts from one time course experiment.
The entire experiment was repeated on three separate occa-
sions with similar results.

SDS-PAGE and Western blotting

Soluble proteins in cell-free extracts were electrophoresed
in 10% SDS-polyacrylamide gels and electrophoretically
transferred to nitrocellulose as previously described (26). Pro-
tein loads per lane varied, as described in Figure 3. Rabbit
polyclonal antibodies to alfalfa nodule GOGAT (1), AAT (9),
and PEPC (16) and mouse polyclonal antibodies to alfalfa
nodule GS (10) were used to detect the corresponding antigens
on Western blots (26). Representative blots are shown for
each antigen.

Acetylene Reduction Assays

Eight intact plants were placed in each of three 25-mL
serum vials at 100% humidity. Acetylene (10% final concen-
tration) was added 10 min after enclosing plants. Samples (0.1
mL) were withdrawn from the tubes approximately 15, 25,
and 35 min after addition of acetylene, and ethylene concen-
tration was determined by gas chromatography (29). Results
are the mean ARA ± 1 SE of triplicate assays.

RESULTS

Nodule Development

Alfalfa seeds inoculated with R. meliloti had germinated by
d3, when roots were first collected. The first signs of infection
(infection threads and microscopic nodules) were observed
on d6. From d7 to dlO, the diameter of the largest nodules
increased from approximately 0.5 to 1.0 mm. On dlO, the
largest Saranac nodules were faint pink, and the first trifoliate
leaves of both Saranac and in,Sa plants were partially ex-
panded. By dl7, Saranac nodules were pink and foliage was
dark green, while in,Sa nodules were white or faint pink, and
foliage was pale green and appeared N-deficient. On d38, the
fresh weights of Saranac and in,Sa plants were 4.31 and 1.53
g, respectively. Proximal ends of in,Sa nodules were greenish
and senescent. Defoliation caused extensive senescence of the
proximal ends of Saranac nodules, as previously reported
(31). Regrowth of Saranac foliage began by d47.
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Acetylene Reduction Activity in Developing and
Senescent Nodules

Saranac nodule ARA (g nodule fresh weight-') increased
from almost nil on d7 to a maximum on dlO and remained
constant through d38 (Fig. 1). Similar to Saranac, in,Sa
nodule ARA increased from d7 to dlO, but the maximum
ARA of in,Sa nodules was only 5% of Saranac nodule ARA.
Four d after defoliation (d42), ARA ofboth Saranac and in,Sa
nodules had decreased approximately 80%, relative to the
rates on d38. Saranac nodule ARA had partially recovered by
d47.

Nodule Protein

Soluble protein (g fresh weight-') ofboth Saranac and injSa
nodules increased sharply from d7 to d10 and gradually from
d0 to d38 (Fig. 1). Young in,Sa nodules (dl0,17) contained
only 60% as much protein as Saranac nodules. By d38,
Saranac and in,Sa nodules contained similar amounts of
protein. After defoliation, nodule soluble protein declined
more in in,Sa nodules (60%) than in Saranac nodules (20%),
relative to d38.

Developmental Changes in In Vitro Activities of GS,
GOGAT, AAT, AS, and PEPC

In vitro specific activities of GS, GOGAT, AAT, AS, and
PEPC were relatively low in roots (d3,5) and d7 nodules
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Figure 1. Acetylene reduction activity and soluble protein concentra-
tion of effective 'Saranac' and ineffective in1Sa roots and nodules at
intervals after planting and inoculation with R. meliloti. After assays
on d38, plants were defoliated (arrow) to induce nodule senescence.
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Figure 2. In vitro specific activities of GS, GOGAT, AAT, AS, and
PEPC in soluble protein extracts from roots (d3,5) and developing
and senescent nodules of Saranac and in1Sa genotypes. Plants were
defoliated on d38 (arrow).

900 EGLI ET AL.

I



N-ASSIMILATING ENZYMES IN DEVELOPING ALFALFA NODULES

(Fig. 2). In vitro enzyme activities in effective Saranac nodule
extracts increased dramatically from d7 (GS, GOGAT, AAT,
PEPC) or dlO (AS) to d17 or d38 (GS). A different pattern
was observed for in,Sa nodule development. Activities of GS,
GOGAT, AAT, and PEPC increased from d7 to dlO, but the
increases in GOGAT and PEPC activities were less than those
for Saranac nodules, and there was no increase in AS activity
of inSa nodules. Increases in enzyme activities in developing
in1Sa nodules ceased after dlO (GOGAT, AAT, PEPC) or dl 7
(GS), earlier than in Saranac nodules. By d38, enzyme activi-
ties in in1Sa nodule extracts were approximately 24% (GS),
9% (GOGAT), 9% (AAT), 2% (AS), and 4% (PEPC) of those
found in Saranac nodules. Nine d after defoliation, Saranac
nodule GS, AAT, and AS activities were reduced about 50%
relative to d38; PEPC was reduced by 70% (relative to d38);
and GOGAT activity was almost nil. There were variable
effects on inSa nodule GS, GOGAT, AAT, and PEPC ac-
tivities (mg protein'), although activities x g fresh weight'
all declined after defoliation.

Immunodetection of GS, GOGAT, AAT, and PEPC in
Roots and Nodules

Relative amounts of GS, GOGAT, AAT, and PEPC poly-
peptides in soluble protein extracts from roots and nodules of
different ages were estimated from Western blots (Fig. 3). A
37-kD polypeptide corresponding to the alfalfa GS subunit
(10) was present in extracts (10 Mg protein) from both roots
and nodules of Saranac and injSa plants. The density of this
band increased greatly from d7 to dIO, corresponding to the
time of the largest increase in GS specific activity during
nodule development (Fig. 2). Saranac nodules on d38 con-
tained the greatest amount of GS polypeptide, which de-
creased after defoliation. Significant amounts ofGS polypep-
tide were also found in 20 ,g of protein from dI0 to d38 in1Sa
nodules, but little was present after defoliation.
Much more GOGAT polypeptide was detected in 100 ug

of protein from Saranac nodules than from inSa nodules at
all ages (Fig. 3). The 200-kD GOGAT polypeptide (1) was
faintly present in roots (d3,5), but increased sharply as nodules
developed. The amount of GOGAT polypeptide in Saranac
nodules greatly increased from d7 to dl 7, similar to GOGAT
specific activity (Fig. 2). In contrast, in1Sa nodules contained
little GOGAT on d7 and dlO and almost no GOGAT after
dlO (Fig. 3). Unlike GOGAT activity, GOGAT polypeptide
did not decline significantly from dI7 to d38.
Amounts of AAT polypeptide (in 12 Mg of protein) also

varied during nodule development. A 40-kD polypeptide
corresponding to AAT-2 (9) was present in roots and nodules
of all ages (Fig. 3). The amount of AAT-2 polypeptide in-
creased from d7 to dl 7 in Saranac nodule extracts and from
d7 to dlO in in1Sa nodule extracts, similar to changes in AAT
specific activity (Fig. 2). After defoliation, the amount of
AAT-2 in both Saranac and in1Sa nodules was reduced (Fig.
3). A 36-kD band was also visible on these blots but did not
appear on blots developed with purified IgG eluted from the
AAT-2 band.

Activity of PEPC during nodule development (Fig. 2) was
related to the amount of PEPC protein (Fig. 3). The 100-kD
PEPC polypeptide (16) was present in 15 ug of protein from
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Figure 3. Immunoblots of GS, GOGAT, AAT, and PEPC polypeptides
in soluble protein extracts from Saranac and injSa roots (d3,5) and
developing and senescent nodules. Plants were defoliated on d38
(arrow). SDS gels were loaded with 10 jsg (GS; Saranac), 20 J~g (GS;
inSa), 100jug (GOGAT), 12,ug (AAT), 15;Mg (PEPO; all lanes except
inSa d42, 47), or 30 Mg (PEPC; inSa d42, 47) of protein per lane.

both roots (d3,5) and nodules, and it increased significantly
from d7 to d17 in Saranac nodules and from d7 to dlO in
injSa nodules. PEPC protein in developing Saranac nodules
decreased only after defoliation, but PEPC protein in injSa
nodules decreased after dl17. Little PEPC polypeptide could
be detected in 30 M~gof protein from injSa nodules after
defoliation.

In Vitro GDH and MDH Activities in Roots and Developing
Nodules

Activity ofGDH was unrelated to ARA (Fig. 4). Through-
out development, GDH activities in Saranac and injSa were
similar. High GDH activity was found in young roots (d5)
and at the onset of N2 fixation (dl). Nodule GDH activity
increased after defoliation, particularly for the in,Sa genotype.
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Figure 4. In vitro specific activities of GDH and MDH in roots (d3,5)
and developing and senescent nodules of Saranac and in,Sa geno-
types. Plants were defoliated on d38 (arrow).

MDH activity was high in Saranac and injSa roots and
young nodules and in mature (d38) Saranac nodules (Fig. 4).
Mature in,Sa nodules had only 29% as much MDH activity
as Saranac nodules. After defoliation, MDH activity in Sar-
anac nodules decreased by 73% (d47) but increased 1.5-fold
in in,Sa nodules.

In Vitro PAL and C-OMT Activities in Developing and
Senescent Nodules

Activities of C-OMT and PAL varied throughout nodule
development but followed similar patterns in Saranac and
injSa genotypes (Fig. 5). PAL specific activity was highest in
d5 roots and in dl7 nodules. The higher PAL activity (mg
protein-') of dl7 injSa nodules (compared to Saranac nod-
ules) was not consistently observed. Both genotypes contained
similar PAL activity x g fresh weightr'.

In vitro C-OMT activity (mg protein-') in Saranac and
in,Sa nodules was similar throughout development, although
activity x g fresh weight-' was higher in Saranac than in in1Sa
nodules (Fig. 5). Young (d5) roots contained the highest C-
OMT activity; dl 7 nodules contained moderate levels of C-
OMT activity. Nodule C-OMT activity increased approxi-
mately 2.5-fold 4 d after defoliation and continued to increase
in in1Sa, but not Saranac, nodules.

DISCUSSION

While numerous reports have documented the effect of
bacterially induced ineffectiveness on nodule enzyme activi-
ties and plant gene expression during nodule development (3,
6-8, 14, 26), ours is the first report of the effect of the plant
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Figure 5. In vitro specific activities of PAL and C-OMT in soluble
protein extracts of roots (d3,5) and developing and senescent nodules
of Saranac and in,Sa genotypes. Plants were defoliated on d38
(arrow).

genome on similar parameters. In vitro activities of enzymes
directly involved in nodule N assimilation in in, gene-con-
trolled ineffective nodules differed from those of effective
Saranac nodules in two ways: (a) there was a smaller initial
increase in some enzyme activities from d7 to dlO (around
the time when N2 fixation reached a maximum), and (b) the
duration of increased activity was reduced. The final result
was that in vitro activities of GS, GOGAT, AAT, AS, and
PEPC and amounts of immunologically detectable polypep-
tides of GS, GOGAT, AAT, and PEPC were reduced in
mature in,Sa nodules, compared to effective Saranac nodules
(Figs. 2 and 3). This divergence in nodule biochemistry and
gene expression during development of ineffective injSa and
effective Saranac nodules is similar to the effects on enzyme
activities, proteins, and mRNAs found in bacterially induced
ineffective nodules (5-7, 26) or in nodules grown in an Ar:02
atmosphere (2).

Parallel increases in amounts of enzyme polypeptides and
in vitro activities ofGOGAT, AAT, and PEPC during devel-
opment of effective and in1Sa root nodules indicate that their
activities may be regulated by transcription or translation,
similar to GS (5, 6), uricase (3), and xanthine dehydrogenase
(17). Transcription of nodulins and nodule-stimulated genes
increases during effective nodule development and is generally
reduced in bacterially induced ineffective nodules (6-8). In-
creased activities ofGOGAT, AAT, and PEPC may likewise
be due to expression of nodule-specific subunits. One-dimen-
sional SDS-PAGE immunoblot analyses of alfalfa nodule
soluble proteins show that GOGAT, AAT, and PEPC are
comprised of polypeptides that are more highly expressed in
nodules than in roots (Fig. 3). Nodule-specific subunits differ-
ing in charge (e.g. GS; ref. 5) cannot be separated by SDS-
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PAGE, so further investigation of the nodule specificity of
alfalfa GOGAT, AAT, and PEPC polypeptides will require
two-dimensional gel electrophoresis.

Differences among the profiles of in vitro activities of GS,
GOGAT, AAT, AS, and PEPC during nodule development
and senescence of effective Saranac and ineffective in,Sa
nodules suggest that these enzymes may be regulated differ-
ently. Large increases in GS and AAT activities and polypep-
tides occurred between d7 and dlO in both Saranac and in,Sa
nodules, even though ARA of in1Sa nodules was severely
reduced. Only small increases in GOGAT and PEPC activities
and polypeptides occurred in in,Sa nodules. These initial
increases in nodule GS, AAT, GOGAT, and PEPC activities
and polypeptides occurred despite the effects of the in1Sa
gene, suggesting that release of bacteria or bacteroids into
nodule cells, irrespective of effectiveness, may be one signal
for increased nodule enzyme activity.
During effective nodule development, N-assimilating en-

zymes appear to be (a) initially expressed during organogenesis
and (b) further expressed at increased levels during the time
N2 fixation rates are high. Only (a) appears to occur in
ineffective in,Sa nodule development. The lack oftime points
from d7 to dlO prevents us from assigning a role for fixed N
as a signal for induction of N-assimilating enzymes. Dunn et
al. (6) have shown that a low amount of nodule-specific GS
is expressed even in the absence of N2 fixation. Relative to
effective nodules, GS expression in older bacterially induced
(6) or plant-controlled ineffective alfalfa nodules (this paper)
is reduced, which suggests that availability of fixed N may
modulate GS expression.
The developmental profile of AS activity was significantly

different from ARA and that ofother N-assimilating enzymes.
The maximum rate of increase in in vitro AS activity of
effective Saranac nodules occurred later (d0-dl 7) than for
other N-assimilating enzymes (d7-d 1O). Also, AS activity was
low to undetectable throughout development of in1Sa nod-
ules. Studies of lupin and soybean nodule development have
shown that in vitro activity of AS increases after that of GS
(19, 22). These observations suggest that increased alfalfa
nodule AS activity requires not only organogenesis but also a
factor associated with effective bacteroids, which are reduced
or absent in in,Sa nodules (30). It is unlikely that GS is
directly responsible for increased AS activity, since little AS
activity was found in in,Sa nodules which had near-normal
GS activity. However, in vivo AS activity of alfalfa nodules is
reduced when nodules are treated for 2 h with inhibitors of
GS or GOGAT (23), suggesting that increased AS activity
somehow depends on the initial reactions ofN assimilation.
Differences between Saranac and in,Sa nodule AS activities
are unlikely to be due to small molecules present in crude
extracts, since desalting increased in vitro AS activity of
Saranac and in,Sa nodule extracts to the same extent (MA
Egli, unpublished data). Instead, AS activity in effective nod-
ules may be controlled by changes in gene expression. Inhib-
itor studies have shown that increased in vitro AS activity of
excised corn root tips requires protein and RNA synthesis
and that these effects are apparent within 3 h of the time
when AS activity begins to increase (24).
Changes in activities of N- and C-assimilating enzymes

during effective alfalfa nodule development were similar to
those observed in other legumes (4, 13, 14, 17, 19, 20), in that
activities were closely related to N2 fixation. Exceptions were
GDH and MDH. Differences in profiles ofGDH activity and
ARA during development and after defoliation (this paper;
ref. I 1) indicate that GDH is not involved in NH4' assimila-
tion in alfalfa nodules. The relatively high in vitro GDH
activity in young roots and senescent nodules is more con-
sistent with a role in N recycling. Although MDH is likely to
supply C skeletons for N assimilation, its in vitro activity was
at least threefold greater than that of PEPC or N-assimilating
enzymes and thus might not be expected to be closely coupled
to N assimilation.

Defoliation of alfalfa plants induces senescence of the late
symbiotic zone at the proximal end of the nodule (31).
Previously, we showed that defoliation of effective alfalfa
plants decreased specific activities of PEPC and GOGAT,
ARA, and soluble protein in nodules, while GS activity was
unchanged. These parameters were nearly constant in unhar-
vested controls (11, 16, 31). In the current study, effective
nodule ARA decreased sharply and GS, GOGAT, AAT, AS,
and PEPC specific activities and polypeptides decreased mod-
erately after defoliation (Figs. 2 and 3). The decline in GS
activity was unexpected, based on previous results (1 1). Due
to the lack of nondefoliated controls in this experiment, we
cannot determine if the decrease in enzyme activities (or
polypeptides) which occurred after defoliation resulted from
defoliation or normal ontogeny. For example, effective nodule
GOGAT activity and also enzyme activities in in,Sa nodules
declined prior to defoliation on d38. The relatively large
amounts of Saranac nodule GS, AAT, and PEPC activities
(50-70% of the amount on d38) remaining after defoliation,
and the low to moderate levels of these enzymes in d38 in,Sa
nodules, suggest that a fraction of these enzymes is located in
cells distal to the late symbiotic zone, in regions which are
unaffected by defoliation-induced nodule senescence (31) or
in, gene-induced senescence (30).
The early senescence phenotype of ineffective in,Sa nodules

has been likened to an incompatible interaction in plant
disease (30), in which bacteria are recognized as pathogens
rather than as symbionts. Phytoalexin synthesis and lignifi-
cation are commonly observed in incompatible interactions,
and some bacterially induced ineffective soybean nodules do
contain elevated levels of the soybean phytoalexin, glyceollin
I (33). However, no significant differences in the in vitro
activities of enzymes required for synthesis of phytoalexins
(PAL) or lignin precursors (PAL, C-OMT) were observed in
developing Saranac and in,Sa nodules. Effective and ineffec-
tive nodule PAL and C-OMT activities peaked around dl7
(Fig. 5), prior to a large increase in nodule mass (data not
shown). We suggest that nodule C-OMT may be involved in
formation of lignin precursors for vascular elements during
nodule growth. Activity ofC-OMT increased after defoliation,
especially in in,Sa nodules which showed little recovery after
defoliation; thus C-OMT may also play a role in senescent
nodules. Determination of the roles of PAL and C-OMT in
developing and senescent nodules will require knowledge of
the tissues in which these enzymes are active.
Pronounced differences between development ofineffective
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in,Sa nodules and effective alfalfa nodules were found in the
activity or expression of enzymes directly involved with N
assimilation, similar to other types of nodules which fix little
or no N2 (2, 5, 6, 14). The earliest effects of the in, gene on
N-assimilating enzymes were apparent by the time N2 fixation
in effective nodules reached a maximum, and these effects
were more severe in older in,Sa nodules. High activities of
nodule GS, GOGAT, AAT, AS, and PEPC appeared to
depend on a bacteroid-derived product that was lacking in
ineffective in,Sa nodules. As with GS (5, 6), high GOGAT,
AAT, and PEPC activities resulted from increased amounts
of enzyme protein.
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