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GIn synthetase (GS) is the key enzyme of primary ammonia assimilation in nitrogen-fixing root nodules of legumes and
actinorhizal (Frankia-nodulated) plants. In root nodules of Datisca glomerata (Datiscaceae), transcripts hybridizing to
a conserved coding region of the abundant nodule isoform, DgGS1-1, are abundant in uninfected nodule cortical tissue,
but expression was not detectable in the infected zone or in the nodule meristem. Similarly, the GS holoprotein is
immunolocalized exclusively to the uninfected nodule tissue. Phylogenetic analysis of the full-length cDNA of DgGS1-1
indicates affinities with cytosolic GS genes from legumes, the actinorhizal species Alnus glutinosa, and nonnodulating species,
Vitis vinifera and Hevea brasilensis. The D. glomerata nodule GS expression pattern is a new variant among reported root nodule
symbioses and may reflect an unusual nitrogen transfer pathway from the Frankia nodule microsymbiont to the plant infected
tissue, coupled to a distinctive nitrogen cycle in the uninfected cortical tissue. Arg, Gln, and Glu are the major amino acids
present in D. glomerata nodules, but Arg was not detected at high levels in leaves or roots. Arg as a major nodule nitrogen
storage form is not found in other root nodule types except in the phylogenetically related Coriaria. Catabolism of Arg through

the urea cycle could generate free ammonium in the uninfected tissue where GS is expressed.

Root nodules are plant organs that are specialized
for assimilation of the nitrogen derived from nitrogen
fixation by symbiotic bacteria. Cytosolic Gln synthe-
tase (GS1; EC 6.3.1.2) is the key enzyme in primary
ammonia assimilation in root nodules of legumes and
actinorhizal (Frankia-nodulated) plants (Forde et al.,
1989; Guan et al., 1996; Baker and Parsons, 1997). Plant
GS is typically expressed at high levels in the infected
tissue of root nodules, where in most cases the sub-
strate for the enzyme, ammonium, is released directly
from the nitrogen-fixing microsymbiont (O’Gara and
Shanmugam, 1976). In the actinorhizal plant Alnus
glutinosa, GS gene expression is coincident with nif
gene expression in Frankia-infected nodule cells (Guan
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et al., 1996), and GS protein is localized in mature
infected tissue (Hirel et al., 1982). In many legumes,
nodule GS regulation includes additional tissue-
specific and developmental components (Padilla
et al., 1987; Carvalho et al., 2000; Morey et al., 2002).

Datisca glomerata is an actinorhizal species in the
Datiscaceae, a plant family which together with the
Coriariaceae forms one of four phylogenetically sepa-
rate actinorhizal subclades, within the larger angio-
sperm nitrogen-fixing clade that encompasses
legumes and actinorhizal plant taxa (Swensen, 1996;
Soltis et al., 2000). Nodulating species in the Datisca-
ceae and Coriariaceae share a highly distinctive nod-
ule tissue and cellular organization (Hafeez et al., 1984;
Silvester et al., 1999; Jacobsen and Berry, 2002) and
a distinctive nodule physiology (Tjepkema et al., 1988).
As part of an effort to learn more about the evolution
of diversity among actinorhizal root nodule symbio-
ses, we have examined expression patterns of several
genes in D. glomerata nodules (Okubara et al., 1999,
2000; Pawlowski et al., 2003). Here we report a novel
pattern of GS gene expression and protein localization
in D. glomerata root nodules and explore possible
metabolic explanations for the spatial patterns
observed.
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RESULTS
GS Genes Expressed in Datisca Root Nodules

Two cDNAs with sequence homology to plant
cytosolic GS were cloned from D. glomerata root
nodules. The first, designated DgGS1-1, was isolated
from a Datisca nodule ¢cDNA library and is 1,445
nucleotides in length, encoding a deduced polypep-
tide of 356 amino acids, with a predicted molecular
mass of 39 kD. This polypeptide and molecular mass
correspond to the range of predicted structures for
cytosolic GS subunits in other plant taxa (Forde and
Cullimore, 1989). Thirty-two positive cDNA clones in
over 160,000 screened hybridized strongly to the
DgGS1-COD probe. Of these positive clones, four were
sequenced and all were derived from DgGSI1-1. A
second isoform, DgGS1-2, was obtained by PCR of
c¢DNA made from an enriched pool of Frankia-infected
nodule tissue mRNA, using degenerate primers.
DgGS1-2 was 882 bp in length and showed 79%
nucleotide sequence identity and 92% amino acid
sequence identity to the corresponding portion of
DgGS1-1. No homologs were found that hybridized
to DgGS1-2, except one weakly hybridizing clone that
was found to be DgGS1-1, thus indicating the low
abundance of DgGS1-2 in the nodule cDNA library.

DgGS1-1 Is Expressed in Nodules and Roots

To examine the relative abundance of DgGS1-1 tran-
scripts in various organs of D. glomerata, gel blots of
total RNA were hybridized to probes representing the
conserved coding region of the full-length DgGS1-1
cDNA (DgGS1-COD) and the partial cDNA of
DgGS1-2. RNA from all organs hybridized to the
probe (Fig. 1A). Expression levels were higher in the
root and nodules compared to leaves, flowers, and
developing fruits. DgGS1-2 hybridization was compa-
rable to that of the DgGS1-COD probe in nodules and
roots relative to other organs (Fig. 1B), probably in-
dicating cross-hybridization with the conserved cod-
ing region. Hybridization of organ RNA blots with the
DgGS1-1 3'-untranslated region (UTR) probe gave
results similar to that of DgGS1-2 (data not shown;
DgGS1-COD was not compared).

Phylogeny of Datisca Nodule GS

A 1,071-bp portion of the D. glomerata nodule GS
DNA sequence from clone DgGS1-1 was included
in a phylogenetic analysis of published plant GS se-
quences, including DNA sequences encoding both
cytosolic and plastidic isoforms (Fig. 2). The analysis
included the same stretch of the amino acids in the
coding region of the GS cDNA sequences and did not
include any 3" or 5° UTR. The plastidic sequences
were designated as the outgroup based on our own
previous analyses and that of others (Doyle, 1991;
Kumada et al., 1993; Biesiadka and Legocki, 1997).
This analysis resulted in a single most parsimonious
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Figure 1. A, DgGS expression levels in different organs of D. glomer-
ata. Total RNA from organs of D. glomerata (L = leaf, F = flower, dF =
developing fruit, R = root, N = nodules; 6 weeks after Frankia
inoculation) was hybridized with a gene-specific probe of DgGS1-1
(left) or with DgGS1-2 (right). Hybridization of the organ blots with an
rRNA probe is shown in the lower sections. B, Image intensity values of
GS1-1 and GS1-2 hybridizations relative to rRNA hybridization.

tree (Fig. 2) of 4,652 steps and a consistency index
(Kluge and Farris, 1969) of 0.2604 (excluding autapo-
morphies). In this tree, DgGS1-1 clearly groups among
the cytosolic GS sequences, not the plastidic GS. D.
glomerata GS1-1 is sister to GS from Hevea brasilensis
and both are sister to nodule-expressed GS from A.
glutinosa. The placement of DgGSI-1 within this as-
semblage is moderately well supported with a decay
value of three. This phylogenetic analysis also includes
legume nodule GS sequences that group according to
a, B, and vy subclasses identified previously (Gebhardt
et al., 1986; Tingey et al., 1987; Morey et al., 2002).
Based on this analysis, the legume 8 and vy subclasses
appear to be most closely related to each other, and
DgGS1-1 is most closely associated with the a subclass
of legume GS sequences. The second Datisca sequence
(DgGS1-2) appears as sister to the a legume clade, but
its position has less support than the placement of
DgGS1-1 (decay value of 2).

In an attempt to identify ortholog groups for GS
sequences (and thus possibly assign Datisca sequences
to an ortholog group), several Arabidopsis sequences
were included in this analysis. All of the Arabidopsis
GS sequences appeared as part of a large Brassicaceae
clade that included Raphanus sativus and Brassica
napus. It appears that Arabidopsis paralogs are con-
fined to the Brassicaceae clade, having duplicated
during the divergence of these species. Therefore, at
present, Datisca GS appears to have greatest affinity to
the a subclass of legume GS; however, the phylogeny
does not yet provide a complete picture of angiosperm
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GS phylogeny. The sampling of GS1 sequences avail-
able for this analysis is relatively sparse, representing
only a few of the angiosperm species known to be
related to Datisca. Once additional GS sequences
become available, the current picture of GS phylogeny
will likely be modified.

GS Transcripts Are Expressed Primarily in Uninfected
Nodule Tissue

The area of Frankia-infected tissue in nodules of D.
glomerata can be divided into the zone of infection
(zone II in Fig. 3A), where Frankia hyphae proliferate
to fill the plant cells; the zone of nitrogen fixation (zone
Il in Fig. 3, A and F), where Frankia vesicles have dif-
ferentiated and nitrogen fixation takes place; and the
zone of senescence (zone IV in Fig. 3F), where Frankia
material is degraded by the plant, according to termi-
nology established by Ribeiro et al. (1995). Frankia-
infected tissue was distinguishable in polarizing
optics from surrounding uninfected cortical tissue by
the absence of birefringence associated with secondary
cell walls or starch grains (Fig. 3B). The walls of
Frankia-infected host cells in D. glomerata are pectin-
rich (Jacobsen and Berry, 2002), and amyloplasts do
not differentiate in zones II or IIL

nifH, encoding a subunit of the nitrogenase enzyme
system (Rubio and Ludden, 2002), served as a marker
to delineate the nitrogen-fixing zone III in the Frankia-
infected nodule tissue sector (Fig. 3, A and B). nifH was
expressed at highest levels in a zone of infected cells at
the earliest stage of nitrogen fixation and at lower
levels in the rest of the fixation zone. No nifH expres-
sion was observed in the infection zone, where Frankia
hyphae proliferate in the cortical cells but where
vesicles have not differentiated. nifH expression was
not observed in the zone of senescence, where Frankia
material is degraded by the plant.

The GS partial coding region (DgGS1-COD) anti-
sense probe hybridized strongly to the Datisca nodule
tissue. However the pattern of hybridization was
unusual for nodule GS; high levels of transcript were
detected in all the cells of the uninfected cortical tissue
flanking the infection zone (Fig. 3C). The pattern of in
situ hybridization with the 3’ UTR of the DgGS1-1 full-
length cDNA (DgGS1-UTR) was essentially the same
as that observed for DgGSI-COD (Fig. 3D). Within the
infected tissue, however, no hybridization could be
detected with either the DgGS1-COD or the DgGS1-
UTR probe, except in some nodules where a low level
of hybridization could be seen associated with cells
where nifH was first expressed (Fig. 3E). GS expression
above background could not be detected in the nodule
vascular tissues (Fig. 3, C and D). No tissue hybrid-
ization was detected using the DgGSI1-COD sense
probe (data not shown).

In older nodules, a zone of apparent senescence of
infected cells could be observed at the base of the
infected zone (Fig. 3F). DgGS1-COD and DgGS1-UTR
hybridized strongly to the senescent infected cells (Fig.
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3, G and H). Starch grains in the Frankia-infected
tissue served as a marker for metabolic changes
associated with senescence, since starch grains are
not found in active, Frankia-infected nodule tissue.

Datisca Root Nodules Contain a Major Cytosolic
GSPolypeptide and Lesser Amouns
of a Plastidic Isoform

Immunoblots of nodule extract-SDS (SDS-polyacryl-
amide) electropherograms (Fig. 4) displayed two single
bands representing GS subunits. The mass of the major
polypeptide band (43 kD) was slightly larger than the
predicted monomer from the translated amino acid
sequence of DgGS1-1 (39 kD). This major nodule poly-
peptideband corresponded to the single band observed
in the root extracts (Fig. 4) and falls within the reported
molecular-mass range of cytosolic GS subunits (Forde
and Cullimore, 1989). A GS polypeptide band of higher
mass (46—47 kD) was also detected at low levels in the
nodule extracts, which corresponded in the gel to the
major GS band in the Datisca leaf extracts, and which
falls within the molecular mass range of plastidic GS
isoforms. Somewhat slow migration rates in the protein
blot relative to predicted polypeptide size may be
related to compounds from the nodule extract, differ-
ences in percentage of SDS or gel thickness, or buffers
used for the extracts and the standards; we do not
believe that they represent a significant difference
between the masses of D. glomerata GS subunits and
enzyme from other plant sources. The 43-kD band
could include more than one GS1 isoform with similar
molecular mass; no doublet band was observed, how-
ever, that would indicate the presence of a nodule-
specific isoform of different molecular mass, such as the
v isoform of GS1 observed in nodules of some de-
terminate legumes (Bennett and Cullimore, 1989).
The D. glomerata leaf extracts contained primarily the
higher-molecular-mass GS isoform but also contained
a lesser amount of the subunit corresponding to the
cytosolic isoform. The polyclonal antibodies cross-
reacted with both GS isoforms.

GS Protein Has the Same Nodule Localization Pattern
as the Transcript

With the same antibodies as those used in the
protein blot, GS protein in D. glomerata nodules was
localized distinctly to the uninfected cortical tissue,
and therefore showed the same spatial pattern as that
observed for DgGSI-1 transcripts (Fig. 3I). In unin-
fected cortical parenchyma cells, the green fluorescing
fluorescein isothiocyanate (FITC)-signal of the second-
ary antibody was restricted to the cytoplasm and
appeared also slightly accumulated around amylo-
plasts (Fig. 3]). GS hybridization signal was not
detected in the Frankia-infected tissue, in the nodule
periderm, or in the central vascular cylinder (Fig. 3I).
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No FITC-fluorescent signal was detected in control
sections lacking primary antibody (Fig. 3K).

GS Enzyme Specific Activity Is Not Elevated in
Nodules as Compared to Roots

Extracts of leaves, nodule-free roots, and nodules all
had substantial amounts of GS activity. As shown in
Table I, the specific enzyme activities (units per gram
protein) were similar in all three organs.

Arg Is a Major Nodule Amino Acid

Amino acids were analyzed in extracts from nodule,
root, leaf, and stem exudates (xylem sap), as well as
from Frankia cells fractionated from the D. glomerata
nodule tissue (Table II). In the root nodule extract, the
three major amino acids were Gln, Arg, and Glu. In
root tissue, leaf, and xylem sap, Gln, Glu, and Asp
were the major amino acids; Arg was present only at
low levels compared with GIn or Glu. GIn was the
major transport amino acid in the xylem sap, as
reported previously (Wheeler and Bond, 1970).

In extracts prepared from a nodule fraction enriched
for Frankia, the major amino acids were Asp and Ser,
with lesser proportions of Ala, Gly, and Glu (Table II).
Ser and Gly were markedly higher in Frankia than in
the nodule as a whole, especially as a fraction of the
respective amino acid pools. Ornithine was also pres-
ent at high levels compared with nodule tissue. Glu

Novel GIn Synthetase Expression in Datisca glomerata Root Nodules

and Gln, by contrast, were markedly less abundant in
the Frankia extracts than in the whole nodule extracts.

DISCUSSION

Primary assimilation of fixed nitrogen in the root
nodules of D. glomerata has a novel spatial organiza-
tion. Plant GS protein was not detected in the Frankia-
infected sector of D. glomerata root nodules by an
antibody that recognizes both GS1 and GS2 in a range
of plant taxa (Bennett and Cullimore, 1989). Tran-
scripts hybridizing either to the conserved coding
region (DgGS1-COD) or to the 3' UTR of DgGS1-1,
a cDNA with high sequence homology to plant cyto-
solic GS genes that is expressed abundantly in D.
glomerata root nodules, also were not detectable in the
infected sector, with the exception of low-level gene
expression in a band of early nitrogen-fixing cells and
in senescent infected cells. Instead, high levels of both
GS mRNA and protein were found in the surrounding
uninfected tissue.

This partitioning of plant GS in the uninfected
cortical tissue, at a distance from the locus of nitrogen
fixation, contrasts markedly with the high levels of GS
expression observed at sites of assimilation of recently
fixed N, located in the central infected zone in legume
nodules (Miao et al., 1991; Temple et al., 1995;
Carvalho et al., 2000) or in infected nodule cortical
cells of the actinorhizal plant, A. glutinosa (Guan et al.,

Figure 2. Single most parsimonious tree obtained by phylogenetic analysis of cytosolic GS sequences (consistency index
[excluding autapomorphies] = .2604; retention index = .5717; rescaled consistency index = .1591). Plastidic GS sequences
were designated as the outgroup. Numbers above the branches are branch lengths (ACCTRAN optimization); numbers below the
branches preceded by “d” are decay values. Brackets with Greek letters refer to legume GS subclasses alpha, beta, and gamma.
For graphical simplification, triangles are used to represent species pairs. Sources of Gln synthetase DNA sequences for
phylogenetic analysis: organism, type (cp, plastidic localization; cyt, cytosolic localization), organ from which the cDNA was
isolated for cytosolic GS sequences, GenBank accession number, reference. A. glutinosa, cyt (nodule), Y08681, Guan et al.,
1996; Arabidopsis cp, $69727, Peterman and Goodman, 1991; Arabidopsis 1 cyt (genomic sequence derived mRNA) NM
105291; Arabidopsis 2 cyt (genomic sequence derived mRNA) BT000753; Arabidopsis 3 cyt (genomic sequence derived mRNA)
BT006245; Arabidopsis 4 cyt (genomic sequence derived mRNA) AY128749; Brassica napus-1, cyt (root), X76736, Schock et al.,
1994; B. napus-2, cyt (root), Y12459, Ochs et al., 1999; B. napus-3, cyt (root), X82997, Ochs et al., 1999; B. napus cp-1, cp,
Y12458, Ochs etal., 1999; B. napus cp-2, cp, X72751, Ochs et al., 1999; Glycine max, cyt (nodule), S46513, Miao etal., 1991;
G. max-1, cyt (nodule), X81460, Marsolier et al., 1995; G. max-2, cyt (nodule), X81700, Marsolier et al., 1995; Hevea
brasilensis, cyt (latex cells), AF003197, Pujade-Renaud et al., 1997, Hordeum vulgare, cp, X16000, Freeman et al., 1990;
Lactuca sativa, cyt (seed), X60092, Sakamoto et al., 1990; Lotus japonicus, cyt (root), X94299, Ruiz et al., 1999; Lupinus luteus,
cyt (nodule), X71399, Boron and Legocki, 1993; Medicago truncatula-1, cyt (nodule), Y10267, Carvalho et al., 1997; M.
truncatula-2, cyt (nodule), Y10268, Carvalho et al., 1997; M. sativa, cyt (nodule), U15591, Temple et al., 1995; Nicotiana
plumbaginifolia, cp, M19055, Tingey and Coruzzi, 1987; Nicotiana sylvestris, cp, X66940, Becker et al., 1992; Nicotiana
tabacum-1, cyt (seedling), X95932, Dubois et al., 1996; N. tabacum-2, cyt (seedling), X95933, Dubois et al., 1996; Oryza sativa,
cyt (shoot), X14245, Sakamoto et al., 1989; O. sativa, cyt (derived from genomic sequence), AB037595, Kojima et al., 2000; O.
sativa, cp, X14246, Sakamoto et al., 1989; Pinus sylvestris, cyt (seedling), X74429, Elmlinger et al., 1994; Pisum sativum-1, cyt
(nodule), X05515, Tingey etal., 1987; P. sativum-2, cyt (nodule), X04763, Tingey etal., 1987; P. sativum 3 cyt (nodule) M20663,
Tingey et al., 1988; P. sativum cp, M20664, Tingey et al., 1988; Phaseolus vulgaris-1, cyt (root), X04001, Gebhardt et al., 1986;
P. vulgaris-2, cyt (root), X04002, Gebhardt et al., 1986; P. vulgaris, cp, X12738, Lightfoot et al., 1988; P. vulgaris gamma, cyt
(nodule) X14605, Bennett et al., 1989; Populus alba X Populus tremula cyt AF236074, Wu, D. and Kirby, E.G. direct
submission, 2000; Raphanus sativus-1, cyt (senescing cotyledon), D25325, Watanabe et al., 1994; R. sativus-2, cyt (senescing
cotyledon), D25326, Watanabe et al., 1994; Vigna aconitifolia, cyt (nodule), M94765, Lin et al., 1995; Vitis vinifera-1, cyt
(shoot), X94321, Loylakakis and Roubelakis, 1996; V. vinifera-2, cyt (shoot), X94320, Loylakakis and Roubelakis, 1996; Zea
mays-1, cyt (leaves), D14578(GS1C), Sakakibara et al., 1992; Z. mays-2, cyt (leaves), D14579(GS1D), Sakakibara et al., 1992; Z.
mays-3, cyt (leaves), D14577(GS1B), Sakakibara et al., 1992; Z. mays-4, cyt (leaves), D14576(GS1A), Sakakibara et al., 1992.
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Figure 3. In situ localization of DgGS1-COD, DgGS1-UTR, and nifH mRNA; and immunolocalization of GS protein in
longitudinal tissue sections of D. glomerata root nodules. A to |, In situ localization of mRNA. A, F, and H are brightfield images
in which silver grains denoting hybridization are visible as black dots. B, C, D, E, and G are darkfield images in which silver grains
appear as white or pinkish-white dots. Note that the cell walls of periderm and uninfected cortex (B) are birefringent in the
polarized-light optics, as well as starch grains in the uninfected cortex. Scale bar in A represents 500 um (valid for A to E). Scale
bar in F represents 200 um (valid for F and G). Scale bar in H represents 100 um. A to D show a series of adjacent sections
hybridized with different antisense RNA probes. A and B, Hybridization with Frankia nifH. The nodule lobe meristem in A is
marked by a white star. Short black arrows point to the layers of uninfected cells containing large starch grains that surround the
zone of infected cells. The white arrow points to an infected cell in the zone where nitrogen fixation was first detected, as
denoted by Frankia nifH expression. The infection zone (I1) and the nitrogen fixation zone (ll1) of the infected area are labeled in
A. C, Hybridization with part of the coding region of D. glomerata Gln synthetase (DgGS1-COD). No signal above background
was found in the nodule meristem, in the infected cells or in the vascular system of the nodule. High DgGS1-1 expression was
detected in the uninfected cells surrounding the patches of infected cells. Periderm birefringence due to epipolarization indicates
unlabeled background for nodule tissues including uninfected cortex. Unlabeled background levels can also be seen by
examining birefringent tissues in B, or the lignified (birefringent) xylem elements in C and D, which are dead cells lacking gene
expression. D, Hybridization with the 3’ UTR of D. glomerata GIn synthetase (DgGS7-UTR). No significant difference was
observed between the expression patterns of the two probes. E, Hybridization with DgGS7-UTR. Expression is detected mainly in
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Figure 4. Immunoblot of SDS-PAGE of extracts of D. glomerata leaves,
nodules, and roots, showing the subunits of GS detected by a polyclonal
antibody raised against the Phaseolus vulgaris enzyme. The nodules
marked “1”” were 6 weeks old; the nodules marked “2”" were 12 weeks
old. The molecular masses (kD) at the left represent the positions of
serum albumin, ovalbumin, and carbonic anhydrase run on the same
electropherogram, blotted onto the same membrane, then cut off and
stained separately. The amounts of protein loaded on each lane were:
leaves, 44.2 ug; nodules 1, 33.2 ug; nodules 2, 33.0 ug; and roots,
9.75 ug. Each lane represented the extract from the following weight
of tissue: leaves, 4.8 mg; nodules 1, 4.2 mg; nodules 2, 4.2 mg; and
roots, 9.5 mg.

1996). Moreover, DgGS1-1 expression was not detect-
able in the vascular tissue of D. glomerata nodules, nor
was GS protein apparent, even though GIn is one of
the major xylem transport amino acids. These findings
indicate that the uninfected cortical tissue may play a
central role in nitrogen processing for export in the
Datisca nodule type. In amide-exporting legume nod-
ules by contrast, a cytosolic GS isoform is expressed
at high levels in the vascular bundles (Carvalho et al.,
2000), where presumably GS-mediated reassimilation
of fixed N for export takes place. In A. glutinosa, GS is
abundantly expressed in the multilayered pericycle of
the central vascular cylinder (Guan et al., 1996). GS is
also expressed in the vascular tissue of plant organs
other than nodules (Dubois et al., 1996).

In protein gels of D. glomerata nodule extracts, the
finding of a single major band at 43 kD corresponding

Novel GIn Synthetase Expression in Datisca glomerata Root Nodules

to the root GS band corroborates the likelihood that
DgGS1-1 encodes a root cytosolic GS isoform (Forde
and Cullimore, 1989). A GS polypeptide with gel-
migration behavior similar to the predominant leaf GS
subunit is also present in the D. glomerata root nodules
at low levels, probably corresponding to the plastidic
GS isoform. A plastidic GS polypeptide at low abun-
dance also occurs in some legume nodules (Bennett
and Cullimore, 1989) and roots (Woodall et al., 1996).

Based on the GS phylogenetic analysis, DgGS1-1
clearly belongs among the cytosolic sequences, where
it is most closely allied with GS from nonnodulating H.
brasilensis (rubber) and the actinorhizal species A.
glutinosa but is part of a larger clade that includes the
a subclass of legume GS sequences. DgGS1-2, appar-
ently a low-abundance nodule GS isoform, is possibly
even more closely allied with the legume « subclass.
Differences between our analysis and previous GS
phylogenetic analyses (Biesiadka and Legocki, 1997;
Mathis et al., 2000; Morey et al., 2002) are primarily
due to the inclusion of several nonlegume sequences
in our data set.

There is not a close correlation between the phylo-
genetic grouping of the cytosolic GS sequences from
the two actinorhizal species, D. glomerata and A.
glutinosa, and their tissue localization patterns in the
nodule; in Datisca, DgGS1-COD expression was con-
fined to the uninfected nodule cortical cells, whereas
in A. glutinosa nodules, GS was expressed highly in the
infected cells and in the vascular tissue (Guan et al.,
1996) but not in the uninfected cortical cells. The lack
of correlation between nodule tissue localization and
molecular phylogeny supports the contention of Doyle
(1991) that the tissue specificity of GS gene expression
is not a uniformly useful predictor of orthology. It
suggests also that the novel tissue localization pattern
in D. glomerata nodules reflects a difference in regula-
tion, rather than in the structure of the gene or protein.

What is the basis for the novel expression pattern of
cytosolic GS in D. glomerata root nodules, and how is
GS tissue localization related to the organization of
nodule nitrogen assimilation? The protein localization
pattern in the nodule shows that no plant GS is
unaccounted for in the infected tissue of the nodule,
since the antibodies used for GS localization cross-
react with the root (cytosolic) and leaf (plastidic)

Figure 3. (continued.)

the uninfected cortical tissue as in D. In some nodules, very low levels of DgGS1-1 expression were detectable in infected cells at
the onset of nitrogen fixation, as shown in E. Fand G, Hybridization with DgGS7-COD. Detail of the older part of a nodule where
some senescence of infected cells was observed. The nitrogen fixation zone (l1l) and the zone of senescence (V) of infected cells
are labeled. Expression of DgGS is found in the senescent infected cells (arrows). At the upper rightin Fand G, large starch grains
are visible in uninfected cortical cells adjacent to the infected zone; smaller starch grains are present in the senescent infected
cells. H, Detail of F Nitrogen-fixing infected (i), senescent infected (s), and uninfected (u) cells can be distinguished. I to L, GS
protein immunolocalized in D. glomerata root nodules. I, In nodule tissue, the strong green FITC-fluorescence signal indicating
the presence of GS was exclusively observed in uninfected cells (uic). GS was absent in immature (zone Il) and mature (zone I1I)
infected cells (ic), in the periderm (p) and in central vascular cylinder (vc). Scale bar in | represents 100 um, valid for I and K. J,
Detail of infected (ic; zone Ill) and peripheral uninfected (uic) nodule parenchyma cells. The green FITC-fluorescence signal is
restricted to uninfected cells. Scale bar in ] represents 50 um. K, Control. The green FITC-fluorescence signal is absent when the
primary antibody is replaced by phosphate-buffered saline (PBS).
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Table I. GS activity" in extracts of D. glomerata

Plant Organ Specific Activity

wmol min~" mg™" protein

Leaf 0.86 = 0.52

Nodule (6 week) 0.93 = 0.41
Nodule (12 week) 1.11 = 0.03
Root 1.05 = 0.33

“Transferase activity measures the synthesis of y-glutamyl hydrox-
amate from 1-Gln and hydroxylamine in the presence of ADP, Mn,",
and Na arsenate. Values are means * st of two extractions, each
assayed in duplicate.

isoforms in D. glomerata, as in a wide range of other
plant taxa (Bennett and Cullimore, 1989). The GS
protein localization is strongly reinforced by the nod-
ule mRNA in situ hybridization, using a probe derived
from a highly conserved part of the GS1 coding region
(DgGS1-COD). Moreover, the same in situ hybridiza-
tion pattern as with DgGS1-COD or DgGS1-UTR was
obtained in D. glomerata nodules when a heterologous
GS1 probe derived from A. glutinosa nodules was used
(Pawlowski et al., 2003). Although the expression of
additional GS1 gene homologs in D. glomerata nodules
cannot be completely excluded, our findings taken
together indicate that if present, expression levels of
additional homologs are unlikely to be abundant, and
the gene products are not localized to the infected
tissue.

The absence of detectable GS in D. glomerata infected
tissue may be due to metabolic regulation of gene
expression by the particular nitrogen compounds re-
leased by Frankia into the host cytoplasm. The band of

cells in the infected tissue expressing GS coincides
with the earliest expression of nifH. In nodules of A.
glutinosa, where the spatial and temporal expression of
plant GS coincides with nifH expression, Guan et al.
(1996) suggested that GS expression in this actino-
rhizal host is largely ammonium regulated. Ammonia
efflux from rhizobial bacteroids has long been re-
garded as the major nitrogen transfer mechanism in
legume symbioses (O’Gara and Shanmugam, 1976).
Ammonium is one factor regulating cytosolic GS
expression in legume nodules (Hirel et al., 1987;
Stanford et al., 1993; Morey et al., 2002), as well as in
nonsymbiotic plant tissue (Sukanya et al., 1994). D.
glomerata GS is also expressed in the senescing portion
of the infected tissue (Fig. 3G), where protein degra-
dation and ammonium release would be expected to
occur, further suggesting that in the presence of
ammonium, GS would be expressed in the infected
tissue of Datisca nodules. The lack of GS in mature
nitrogen-fixing cells of D. glomerata nodules therefore
suggests that ammonia efflux is not the primary means
of delivering nitrogen from Frankia into the host
tissue.

If ammonia is not the major N compound trans-
ferred by Frankia into mature infected host tissue, then
N must be transferred primarily by amino acid efflux.
In soybeans (Glycine max), a substantial fraction of fixed
nitrogen can be assimilated in the Bradyrhizobium
bacteroids via AlaDH and exported as Ala (Waters
et al.,, 1998), and Ala is also secreted from pea bacte-
roids in addition to ammonia (Allaway et al., 2000).
AlaDH and GDH activities have been detected in
N,-grown Frankia cultures in response to ammonium
pulse (Berry et al.,, 1990; Schultz and Benson, 1990).

Table II. Concentrations of amino acids (nmol [mg protein]™') in tissue extracts

Data for nodules are means * st from two independent extracts; data for Frankia are means = st of four
determinations from three independent extracts; data for root, sap, and leaf are from single preparations.
Numbers in parentheses represent percent of the total amino acid pool. “Sap” is fluid expressed from stem
sections by centrifugation. Extracted protein (mg/mL): nodule 0.66 * 0.09; Frankia 0.045 = 0.017; root

0.25; sap 0.88; leaf 0.78. nd, none detected.

Nodule Frankia Root Sap Leaf
Ala 40 £ 4 (3) 61 £ 21 (8) 11 (4) 12 (12) 101 (4)
Arg 320 £ 101 (26) 47 = 12 (6) 14 (5) nd 32.(1)
Asn trace nd 12 (4) nd 11 (0)
Asp 59 94 99 = 28 (14) 29 (10) 21 (21) 272 (10)
Cys 5x2() nd 9 (3) 0.6 (1) 21 (1)
Gaba 82 £ 16 (7) nd 31(11) 6.3 (7) 266 (10)
Glu 209 = 31 (17) 76 £2(10) 46 (17) 28 (29) 543 (19)
Glin 401 = 128 (33) 45 = 8 (6) 81 (30) 15 (16) 1,160 (41)
Gly 9x2() 76 = 24 (10) 10 (4) 3.8 (4) 41 (1)
His 19 £4(2) 17 £1(Q2) nd nd 14 (1)
Lys 9x2() 31 =44 nd nd 16 (1)
Orn 1x1(0) 48 = 7 (7) 5.4 (2) 1.3 (1) nd
Ser 20 £2(2) 152 £29 (21) 16 (6) 4.6 (5) 153 (5)
Thr 21 =1 (2) 51 = 14 (7) 11 (4) 394 63 (2)
Val 8x1(1) 25+ 1(3) nd nd 41 (1)
Other® =8 (=1) nd nd nd =27 (=1)

“lle, Leu, Met, Phe, Pro, Trp, Tyr.
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Figure 5. Model for nitrogen assimilation and export from root nodules of D. glomerata. The model assumes that primary
ammonium assimilation occurs in the Frankia cells and that there is no free ammonium in the cytoplasm of the infected nodule
cells. Arg is synthesized either in N-fixing cells for export or in uninfected cells for storage. In either case, Arg is catabolized by
arginase and urease to release ammonium in uninfected cells, providing substrate for GS/GOGAT. GIn and Glu are then

exported.

Lodwig et al. (2003) have provided evidence that both
amino acid influx and efflux from bacteroids are
fundamental to legume nodule N processing, even
when ammonia is the main N excretion product. The
relative contribution of ammonia versus amino acid
efflux can be regulated by external conditions, as shown
in soybean bacteroids, where Ala secretion is relatively
higher at low oxygen partial pressure (Waters et al.,
1998). In the Datisca/Coriaria nodule type, Frankia
vesicles in mature cells are tightly packed inside
a single symbiosome-like compartment, surrounded
by a blanket of host mitochondpria (Silvester et al., 1999),
an arrangement that could be conducive to low oxygen
partial pressures at the sites of nitrogen fixation,
resulting in preferential amino acid efflux. Moreover,
the Frankia genomic species infective on Datisca be-
longs to a 16S phylogenetic group that is distinct from
Alnus-infective strains (Benson and Clawson, 2000).
Little is known about the physiology of this group of
frankiae, because as yet they cannot be cultured.

Root nodule nitrogen metabolism is a result of the
interplay among primary assimilation, nitrogen stor-
age, and nitrogen export from the nodule. To construct
a unified model of nitrogen assimilation in D. glomer-
ata nodules requires an understanding of how these
functions are integrated among all the cellular and
tissue compartments. In ureide-exporting legume
nodules for example, there is a complex partitioning
of metabolic functions between infected and unin-
fected nodule cortical tissues and among different
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organelles (Schubert, 1986). Information about amino
acid pools in D. glomerata nodules can provide some
clues about functional interactions. Total amino acid
pools in D. glomerata nodules are not unlike those of
the roots, with the major exception of Arg, which is an
order of magnitude more abundant in nodules than in
roots on a protein basis. Arg is not a major amino acid
constituent of root nodules of legumes or of other
actinorhizal genera (Wheeler and Bond, 1970). Citrul-
line, the precursor for Arg, is a major nodule amino
acid in Alnus, and Arg has been reported to occur at
low levels (=5% of total amino acids) in the nodules of
several actinorhizal genera, including Alnus, Myrica,
Ceanothus, Hippophae, and Elaeagnus (Leaf et al.,
1958; Wheeler and Bond, 1970), indicating that por-
tions of the Arg cycle are present in these actinorhizal
symbioses. In Casuarina, Arg and citrulline occur
abundantly in root xylem sap (Sellstedt and Atkins,
1991), but neither amino acid was detected in nodules
of Casuarina cunninghamiana (Wheeler and Bond,
1970).

The one exception to this general pattern is to be
found in nodules of Coriaria myrtifolia (Wheeler and
Bond, 1970) where Arg represented 32% of total amino
acids, GIn 24%, and Glu 23%, a nodule amino acid
profile quite similar to that of D. glomerata reported
here. Coriaria is phylogenetically very closely related
to Datisca, both genera belonging to the Cucurbitales,
and comparatively distant from the other major acti-
norhizal groups (Swensen, 1996). Moreover, Datisca
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and Coriaria share a similar, distinctive nodule phys-
iology and tissue arrangement (Silvester et al., 1999).
The presence of abundant Arg in nodules compared
with root and leaf tissues suggests that a specialized
system of nitrogen storage and mobilization centered
around Arg may function in Datisca and Coriaria
nodules. Since Arg is apparently not transported out of
the nodule at high levels, its catabolism may provide
substrates in a nitrogen transport network between the
uninfected and infected cortical tissue or in nitrogen
recycling within the uninfected tissue. One product of
Arg catabolism is free ammonium, via the urea cycle
(Goldraij and Polacco, 2000). Since our GS localization
studies indicate that free ammonium is unlikely to be
present at high levels in the infected tissue, Arg
degradation could take place in the uninfected cortical
tissue. Such a pattern would explain the localization of
host GS primarily in uninfected nodule cortical cells
and the availability of GIn for export into the vascular
system. Moreover, the cortical cells in the uninfected
tissue are highly vacuolate compared to Frankia-
infected cells and form a continuum between the
infected zone and the vascular tissue, a likely location
for a nitrogen processing network. A hypothetical
assimilatory network involving amino acid export
from Frankia and a urea cycle leading to Gln export
is diagrammed in Figure 5.

The amino acid profile of symbiotic Frankia in D.
glomerata nodules differs from that of the host tissue.
Ser and Gly were particularly elevated in the Frankia
extracts compared to total nodule amino acid pools, as
was Orn. GIn and Glu pools on the other hand were
unusually low in the symbiotic Frankia when com-
pared either with the endogenous amino acid profile
of free-living Frankia cultures that had been induced
for nitrogen fixation (Berry et al., 1990) or with total
nodule pools of D. glomerata (Table II). Ala similarly
did not occur at notably high levels within the total
Frankia amino acid pool. Thus if ammonia is assimi-
lated in the symbiotic Frankia as Gln, Glu, or Ala, the
activity of endogenous transferases and/or the amino
acid export mechanism matches the rate of synthesis,
even at low concentrations of these amino acids. In the
only study to date of amino acid export from Frankia,
Ser and lesser amounts of GIn were exported from an
Alnus-infective Frankia strain induced in vitro for
nitrogen fixation and exposed to a pulse of exogenous
BN-ammonium (Berry et al., 1990).

CONCLUSION

The distinctive spatial localization pattern of GS
protein and transcripts in D. glomerata root nodules
suggests that the organization of metabolic and regu-
latory networks governing nitrogen assimilation rep-
resents a new variant type, compared with legumes or
with A. glutinosa. Because of the complexity of nitro-
gen and carbon metabolism in the Datisca-Frankia
nodule symbiotic system, we expect that isotopic
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labeling combined with NMR spectroscopy will be
needed to clarify the successive steps in this unique
organization of nitrogen assimilation. Such informa-
tion will provide a basis for further exploration of the
gene regulatory interactions of Frankia and the host in
D. glomerata nodule nitrogen assimilation.

MATERIALS AND METHODS
Plant Material

Seeds of Datisca glomerata were collected in Gates Canyon, Vacaville, CA.
D. glomerata plants were grown from seed in the greenhouse and inoculated
with a slurry containing 0.5 g/plant of crushed nodules from Ceanothus griseus
stock plants grown in aeroponics culture. Root nodules for mRNA isolation
were harvested into liquid nitrogen at 4, 5, 7, and 11 weeks postinoculation
(PI). Nodules for in situ hybridization were harvested at 6 to 10 weeks PI. For
immunolocalization, nodules were harvested at 6 weeks PI. For protein
analysis, leaves, nodules (6 weeks and 12 weeks PI), and roots (from un-
inoculated plants) were harvested. Harvested materials were in all cases used
immediately or immediately frozen in liquid nitrogen and stored at —80°C.
Nodule DNA, organ RNA, and mRNA isolation have been described in
Okubara et al. (1999). For amino acid analysis, nodules were harvested from
mature, nodulated plants as described for protein analysis.

Cloning of GS Sequences

For PCR amplification of GS sequences, primers were designed from two
stretches of 100% amino acid conservation within the common GS coding
regions of eight plant species (a-GSI and B-GS1 from Phaseolus vulgaris, GS1
from Lactuca sativa, cytosolic GS from Vigna aconitifolia, cytosolic GS from
Lupinus angustifolius, a-GS from Pisum sativum, cytosolic GS from Alnus
glutinosa, GS1 from Glycine max roots, and GS1 from Nicotiana plumbaginifolia).
An 880-bp partial cDNA of DgGS1-1 was amplified using the primers:
5'-CCIAARTGGAAYTAYGAYGG-3’ (GS51) and 5'-AAIACIACRTAIGGR-
TCCATRTT-3" (GS32) and cloned in pGEM-T (Promega, Madison, WI). A
730-bp PstI fragment representing nucleotide positions 227 to approximately
960 of the full-length cDNA was subcloned in pBluescript KS+ (Stratagene,
La Jolla, CA), yielding pDgGS1-COD. Amplification of the 3’ untranslated
portion of DgGS1-1 was carried out using pooled nodule cDNA library
DNA with T7 primer and a GS-specific primer (GS7): 5'-CATAAGTG
GTCTGCTC-3'. The TAA at positions 3 through 5 in the GS7 primer encode
the translational stop of DgGS1-1.

To obtain the second GS species (DgGS1-2), hand slices of Frankia-infected
tissue from nodules 11 weeks PI were excised under a dissecting microscope
and frozen in liquid nitrogen for RNA isolation. Poly(A) mRNA was isolated
from the excised tissue using oligo(dT),; Dynabeads as recommended by the
manufacturer (Dynal Biotech, Lake Success, NY). First-strand cDNA synthesis
was carried out using Superscript Il MMLYV reverse transcriptase (Gibco BRL,
Gaithersburg, MD), followed by PCR with primers GS51 and G532. The PCR
product was cloned in pCRII (Invitrogen, Carlsbad, CA), mobilized into
Escherichia coli strain INVaF’, and plasmid insert DNA was sequenced.

cDNA Library Screening

A Datisca nodule cDNA library was constructed from equal amounts of
mRNA from nodules harvested at 4-, 7-, and 11-weeks PI, as described in
Okubara et al. (1999), with an average insert size of 1.6 kb. Approximately
166,000 recombinant phage clones from the nodule ¢cDNA library were
hybridized (Sambrook and Russell, 2000) to radiolabeled DgGS1-COD. Four
clones with inserts of 1.5 to 1.7 kb of the 32 positives that strongly hybridized
to DgGS1-COD were sequenced. All were identified as DgGSI-1. A full-length
cDNA clone of DgGS1-1 was selected from these on the basis of insert size and
nucleotide sequence (GenBank accession no. AY422224). In a separate screen,
about 120,000 recombinant phage clones were hybridized to an 880-bp probe
consisting of the DgGS1-2 partial coding region (GenBank accession no.
AY422225). Twenty-three candidate phage clones were further purified
(secondary screen). Four clones that had inserts of approximately 1.5 to
1.7 kb were selected for phagemid excision and nucleotide sequencing.
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In Situ Hybridization

For in situ hybridization, *°S-labeled antisense and sense RNA probes were
prepared from the internal cDNA fragment of DgGS1-1, designated DgGS1-
COD, in pBluescript KS+. For production of antisense RNA, pDgGS1-COD
was linearized with Xbal and transcribed with T3 RNA polymerase (Life-
Technologies, Gaithersburg, MD) in the presence of 3S-UTP (Amersham
Pharmacia Biotech, Uppsala). For the production of sense RNA, pDgGS1-COD
was linearized with EcoRI and transcribed with T7 RNA polymerase (Life-
tech). For production of the gene-specific probe DgGSI-UTR, the 307-bp
fragment representing the entire UTR of the cDNA was amplified by PCR and
cloned in pGEM-T (Promega), yielding pDgGSI-UTR. For production of
antisense RNA, pDgGS1-UTR was linearized with Sall and transcribed with
T7 RNA polymerase in the presence of *°S-UTP. The preparation of a Frankia
nifH antisense probe has been described (Ribeiro et al., 1995). Because a full-
length cDNA of DgGS1-2 was not obtained in the library screen, such that
DgGS1-2 was expected to cross-hybridize with D¢gGS1-COD, in situ hybrid-
ization with this sequence as probe was not carried out.

Root nodules were harvested at 6 to 9 weeks PI (3-6 weeks post nodule
initiation) and fixed intact in 4% paraformaldehyde, 0.25% glutaraldehyde in
sodium phosphate buffer, pH 6.9 for 2 h under vacuum and embedded in
paraffin as described by van de Wiel et al. (1990). Seven- to ten-micrometer
thick sections were cut and placed on polylysine coated slides. Slides
containing adjacent sections were used for the three different probes. In situ
hybridization was performed as described by van de Wiel et al. (1990) with
modifications according to Ribeiro et al. (1995). After washing, the slides were
coated with microautoradiography emulsion LM-1 (Amersham) and exposed
for 4 weeks at 4°C. They were developed in Kodak D19 developer (Eastman
Kodak, Rochester, NY) and fixed in Kodak fix. Sections were counterstained
with 0.02% ruthenium red and 0.025% toluidine blue O for 5 min each and
mounted with DePeX (BDH Laboratory Supplies, Poole, UK).

RNA Gel Blots

DgGS1-COD (the DgGS1-1 internal fragment) and the DgGS1-2 partial
cDNA were labeled with *P and used as probes of total mRNA isolated from
leaf, (green) flowers, and (green) developing fruits, as well as total nRNA from
nodules harvested at 6 weeks after inoculation. Total RNA from clone pTa71
(Gerlach and Bedbrook, 1979), which contains a 9-kb EcoRI fragment of
Triticum aestivum consisting of the 185-5.85-25S rRNA genes and nontran-
scribed spacer sequences, was used as a positive control. The RNA samples
were separated on 1.2% formaldehyde gel (Sambrook and Russell, 2000) and
blotted onto Hi-Bond XL according to instructions of the manufacturer
(Amersham). Hybridization was carried out at 65°C, and washing conditions
were as described previously (Okubara et al., 1999): blots were washed in 2X
SSC, 0.5X SSC, and 0.1X SSC once each for 15 min; and in 0.1% SDS at room
temperature. Autoradiography was carried out on preflashed film at —80°C for
6 d. Phosphoimaging and normalization of the experimental probe hybridiza-
tion in relation to the rRNA hybridization was done using Fuji FLA-3000 and
software program TINA 2.0 (Raytest, Sprockhével, Germany).

Phylogenetic Analysis

The D. glomerata DNA sequences from clone DgGS1-1 and DgGS1-2
were compared to other plant GS genes through phylogenetic analysis. The
DgGS1-1 sequence used for comparison was a 1,071 bp portion of the
GS cDNA in the coding region and did not include any 3’ or 5° UTRs. For
DgGS1-2, the entire partial cDNA (880 bp) was used. A total of 47 different
DNA sequences encoding both cytosolic and chloroplast GS were obtained
from GenBank (Fig. 2) and aligned to each other and to the D. glomerata
sequences. The alignment was accomplished using ClustalW (Thompson et al.,
1994) with the gap opening penalty set at 15 and the gap extension penalty set
at 6.66. The computer-generated alignment was then manually edited. The
aligned data set was analyzed using a parsimony-based heuristic search with
1,000 replications and tree bisection-reconnection branch swapping
(PAUP*4.0b4a; Swofford, 1998). Gaps were treated as missing data. Based
on our own preliminary analyses and upon previously published analyses
(Doyle, 1991; Kumada et al., 1993; Biesiadka and Legocki, 1997), the outgroup
comprised eight sequences encoding chloroplast GS from various plant
species. The strength of support for individual branches in the tree was
estimated using decay indices (Bremer, 1988; Donoghue et al., 1992). Decay
analysis was implemented by repeating the original heuristic search and
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saving all trees up to five steps longer than the shortest tree found by the initial
search. The number of additional steps required for the collapse of various
branches was determined by inspecting consensus trees constructed from
trees found at each length and all those shorter.

GS Protein Analysis

Samples of leaves, root nodules (6 weeks or 12 weeks old), and nodule-free
roots were frozen at —80°C then ground in a mortar, first with liquid nitrogen,
then extracted with a buffer that contained 10 mwm Tris-Cl, pH 7.5, 5 mm Glu,
10 mm MgCl,, 10% glycerol, 1 mm dithiothreitol (DTT), 0.1% mercaptoetha-
nol, 0.05% Triton X-100, and 0.02 mm phenylmethylsulfonylfluoride, adapted
from Bennett and Cullimore (1989). For leaves and nodules, 0.5-g samples
were ground in 4 mL of buffer; for roots, 2-g samples were ground in 6 mL of
buffer. Cell debris was removed by centrifugation. Protein concentrations
were measured by dye binding (Bradford, 1976).

Crude extracts were subjected to SDS-polyacrylamide electrophoresis
according to Laemmli (1970) and transferred to nitrocellulose membranes.
Immunodetection of GIn synthetase was performed according to Sambrook
and Russell (2000), using rabbit antiserum directed against P. vulgaris nodule
Gln synthetase (2 ug mL ™" of lyophilized enzyme, preparation kindly pro-
vided by J.V. Cullimore; see Bennett and Cullimore, 1989), goat anti-rabbit-IgG
conjugated to alkaline phosphatase (Sigma, St. Louis), 5-bromo-4-chloro-3-
indolyl phosphate (Sigma), and nitroblue tetrazolium (Eastman Kodak) to
visualize bands. The GS antibody cross-reacts with both GS1 and GS2 in a wide
range of plants (Bennett and Cullimore, 1989).

The transferase activity of GIn synthetase was measured following the
procedure of Cullimore and Sims (1980). The assay mixture contained 100 mm
Tris-acetate, pH 6.4, 100 mm 1-Gln, 60 mm hydroxylamine, 1 mm ADP, 2 mm
MnCl,, and 40 mM sodium arsenate, an amount of protein extract ranging
from 4 to 16 ug (roots) to 18 to 72 ug (leaves) in 1 mL. The mixtures were
incubated at 20°C for 30 min; then the reaction was stopped, and the relative
amount of glutamyl hydroxamate was estimated by the addition of 1.5 mL of
a solution containing 4% (0.24 M) trichloroacetic acid and 3.2% (0.2 m) FeCl, in
0.5 M HCI (Ferguson and Sims, 1969). Background values from reactions
without enzyme were subtracted from the enzyme-catalyzed values.

Immunolocalization of Nodule GS Protein

Datisca root nodules were fixed at 6 weeks PIin 4% paraformaldehyde and
0.1% glutaraldehyde in 50 mm potassium phosphate buffer, pH 6.9, overnight
at 4°C. Fixed tissue was rinsed in buffer and stored in buffer with sodium
azide at 4°C before use. Nodules were embedded in HistoPrep (Fisher,
Loughborough, UK), cooled in liquid nitrogen, and stored after embedment at
—80°C. Frozen sections were cut with a Cryocut 1800 (Leica Microsystems,
Vienna) at (—)19°C, knife angle 0° to 3°. Twenty- to thirty-micrometer thick
sections were transferred to slides at room temperature, and dried at least
5 s. Polyclonal antibodies against plant GS were obtained courtesy of J.V.
Cullimore, as described above for protein blots. Preparatory blots were done
prior to incubation to determine the optimal range of concentration of the
primary antibody. Tissue sections were incubated in blocking buffer (1% non-
fat dry milk in 1 X PBS) for 1 h prior to incubation in primary antibody for 15s.
After rinsing in PBS, the sections were incubated with secondary antibody
(goat anti-rabbit IgG conjugated with Alexa TM 488 [Molecular Probes,
Eugene, OR] 2 g/mL) at 1:100 and 1:200 for 15 s and rinsed in PBS. As controls,
the primary antibody was replaced by buffer followed by Alexa-conjugated
secondary antibody in buffer (Fig. 3K) or by a different primary antibody also
generated in rabbits, which hybridized to the infected tissue (data not shown).
In a concentration series of the anti-GS antibody (1:100, 1:50, 1:25, 1:10), the
localization pattern was consistent (i.e. hybridization to the infected tissue
was not observed) even at the 1:10 dilution. Sections were mounted in 90%
glycerol, 10% 1X PBS containing 0.2% p-phenylenediamine (DeWitt and
Sussman, 1995), viewed with an Olympus BH-2 with epifluorescence, using
a B filter EY 455 (excitation 490) with a DM 500 barrier filter, and photo-
graphed with Kodak Elite II 400 film. To eliminate background yellow
autofluorescence, yellow hues were digitally removed from Figure 3, I-K, in
a global fashion.

Amino Acid Profiles

To quantify endogenous amino acid pools, extracts were prepared from
several tissues of D. glomerata including whole nodule, leaf, stem exudates,
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and nodule-Frankia cells. Tissues were either extracted fresh or frozen in
liquid nitrogen at the time of harvest and stored at —80°C until use. Leaf, root
and whole-nodule extracts for amino acid analysis were prepared by
homogenization on ice in 50 mm Tris buffer, 200 mm Suc, 2 mm EDTA, 5 mm
DTT, pH 8. Stem exudates from well-watered plants were collected early in
the morning by microcentrifugation of small-diameter cut stems at 3,000 rpm
for 5 min followed by 4,000 rpm for 5 min, using a swinging-bucket rotor. To
obtain an extract enriched in Frankia cell amino acids, a differential filtration
method was modified from Lundquist and Huss-Danell (1992). Nodules har-
vested 6 weeks PI were homogenized on ice in 50 mm Tris buffer, pH 8 (1 g
nodule/30 mL buffer) or in 50 mm phosphate buffered saline, pH 7.4. The
addition of Suc, DTT, or EDTA to the buffer made no difference in the
amino acid profile. The resulting brei containing clusters of Frankia cells
was filtered through 167-um nylon mesh. The filtrate suspension was then
filtered through 20-um nylon mesh. The 20-um retentate was resuspended in
1 to 3 mL buffer and sonicated on ice for 30 s, using a sonifier (Branson
Ultrasonics, Danbury, CT) at 50% duty cycle, output setting 6. The sonicate
was microcentrifuged at 15,000 rpm for 20 min at 4°C and the supernatant
retained for analysis. Extracts from all the tissues were analyzed for amino
acids on a Beckman 6300 Amino Acid Analyzer using Li citrate at the
Molecular Structure Facility, University of California, Davis.

Novel Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or parts
of the material. Obtaining any permissions will be the responsibility of the
requestor.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession numbers AY422224 and AY422225.
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