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Summary. We have determined the DNA se-
quence of a Rhizobium meliloti gene that encodes
glutamine synthetase IT (GSII). The deduced amino
acid sequence was compared to that of Bradyrhi-
zobium japonicum GSII and those of various plant
and mammalian glutamine synthetases (GS) in or-
der to evaluate a proposal that the gene for this
enzyme was recently transferred from plants to their
symbiotic bacteria. There is 83.6% identity between
the R, meliloti and B. japonicum proteins. The bac-
terial GSII proteins average 42.5% identity with the
plant GS proteins and 41.8% identity with their
mammalian counterparts. The plant proteins av-
erage 53.7% identity with the mammalian proteins,
Thus, the GS proteins are highly conserved and the
divergence of these proteins is proportional to the
phylogenetic divergence of the organisms from which
the sequences were determined. No transfer of genes
across large taxonomic gaps is needed to explain the
presence of GSII in these bacteria.
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Introduction

Glutamine is an important precursor in many bio-
synthetic pathways. It is made by glutamine syn-
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thetase (GS), which combines glutamate and am-
monium in an ATP-dependent reaction. In addition,
GS is the first enzyme in the glutamine synthetase—
glutamate synthase pathway used by both prokary-
otes and eukaryotes to assimilate ammonium. Be-
cause the synthesis and activity of prokaryotic GS
are affected by complex regulatory controls (for re-
view see Gussin et al. 1986), GS is likely to be a
key enzyme in the control of carbon and nitrogen
metabolism.

Two types of GS enzymes have been studied in
some detail. One is a dodecamer of identical sub-
units that has been found only in prokaryotes (Stadt-
man and Ginsburg 1974; Darrow 1980; Colombo
and Villafranca 1986). The second is an octamer of
identical subunits and has been found in animals
(Hayward et al. 1986; Gibbs et ai. 1987), higher
plants (Gebhardt et al. 1986; Tischer et al. 1986;
Tingey and Coruzzi 1987; Tingey et al. 1987), and
a small group of bacteria, including most species of
Rhizobium (Darrow and Knotts 1977) and Agro-
bacterium (Fuchs and Keister 1980). This group of
bacteria also contains the dodecameric form of GS.
To date, all bacteria known to contain the gene for
the octameric GS, g/nll, also are involved in sym-
biotic relationships with higher plants. An obvious
question is whether the existence of the eukaryotic
type of GS enzyme in these bacteria is related to
their association with eukaryotic hosts.

Carlson and Chelm (1986) recently determined
the DNA sequence of the g/nll gene from Brady-
rhizobium japonicum, and showed a substantial
similarity between the bacterial sequence and a
number of plant GS sequences. Because of the lim-
ited distribution of the enzyme in prokaryotes, they



Suggested that g/nl! occurs in plant-associated bac-
teria as the result of a transfer of the gene from the
plant to the bacteria. As B. japonicum is a member
of a group of bacteria that invade the root tissue of
leguminous plants and multiply in specialized plant
root cells, it seems plausible that the endosymbiotic
relationship is intimate enough to allow the ex-
change of genetic material. Confirmation of this
Speculation would be significant, because it would
be direct evidence that genetic exchanges can occur
from eukaryotes to prokaryotes.

This paper presents the glnII sequence from RAi-
zobium meliloti, another bacterium symbiotic with
legumes (Rhizobium and Bradyrhizobium, formerly
considered to be congeneric, recently were separated
taxonomically). We also present a more compre-
hensive comparison of bacterial, plant, and animal
GS sequences. Our conclusions do not support the
idea that g/nlI is of plant origin.

Materials and Methods

Bacterial Strains and Plasmids. Rhizobium meliloti 104A14 has
been described by Somerville and Kahn (1983). Escherichia coli
strain JM 105 (Yanisch-Perron et al. 1985) was used for recom-
binant work. Plasmid pJS73 (Somerville et al. 1989) contained
the entire g/nll gene and was used as the source of ginfl DNA.

Subcloning and Sequencing. After mapping the appropriate
restriction sites in the g/nl7 locus, we cloned various restriction
fragments into the M13 vectors. The DNA sequence of these
fragments then was determined using modified bacteriophage T7
DNA polymerase (Sequenase) and the dideoxynucleotide chain
termination kit supplied by U.S. Biochemicals. Both strands of
the g/nIT coding region were sequenced.

The glnll subsequences were compiled on a Kaypro 1V per-
sonal computer using the Pustell sequence analysis software (Pus-
tell and Kafatos 1982). Subsequent sequence comparisons, align-
ments, and data base searches were done with the University of
Wisconsin sequence analysis software (Devereux ct al. 1984) run
ona VAX 11/785 and maintained by the Washington State Uni-
versity VADMS Center.

Results and Discussion

Comparison of the R. meliloti ginll Sequence
with Those of Other Organisms

The ginlI gene was cloned from R. meliloti 104A14
8/nA mutant, GLN210, by isolating a glutamine
auxotroph using nitrous acid mutagenesis and sub-
sequently rescuing the mutant with an R. meliloti
cosmid gene bank (Somerville et al. 1989). Cosmid
pJS73 was shown to contain the g/nIl structural
gene. The DNA sequence of this gene was deter-
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mined as described in Materials and Methods (Fig.
1). Also shown in Fig. 1 are the derived protein
sequence and the nucleotides of the B. japonicum
ginll sequence that differ from the R. meliloti ginll
gene.

In order to test the speculation of Carlson and
Chelm (1986) that the bacterial g/n/I gene arose by
transfer of DNA from the host plant to the bacteria,
we did a more inclusive comparison using the de-
duced amino acid sequences of GS from symbiotic
bacteria and all the available GS sequences from
various plants and animals. Table 1 shows the re-
sults of pairwise comparisons of the sequences in
which the percentage of identical amino acids (upper
sector) or functionally similar amino acids (lower
sector) was determined. The percent identity be-
tween the bacterial GSII sequences and the eukary-
otic sequences averages 42.5%, and the percent sim-
ilarity averages 60.6%. These values represent
significant homology between the bacterial gluta-
mine synthetase II (GSII) and the eukaryotic GS
sequences (Doolittle 1986). Interestingly, the values
derived from comparing the bacterial GSII se-
quences to the plant sequences are virtually the same
as those derived from comparing the bacterial to
the mammalian sequences. Because the homology
between the plant and animal GS sequences aver-
ages 53.7% identity, the similarity between the bac-
terial-plant and the bacterial-mammalian GS com-
parisons suggests that the bacterial sequence diverged
from the eukaryotic sequence prior to the separation
of plants from animals.

Similar Homology of the Bacterial GSII Proteins
to Both Plant and Animal GS Sequences
Is Not Due to Uneven Rates of Evolution

It is conceivable that a faster rate of change of the
ginll gene in the bacteria, after lateral transfer, might
explain some of these data. If the bacterial ginll
gene arose as a descendant of the plant gene, then
we would expect that in those amino acids where
the bacterium matches only the plant or only the
mammalian sequence, it should most often match
that of the plant. The GS sequences were aligned as
described in Materials and Methods using consensus
sequences derived from bacteria, plants, and mam-
mals (Fig. 2). Among all the taxonomic groups, sim-
ilarities of the GS proteins were observed through-
out the sequences, with definite clustering of
conserved amino acids, probably at functionally sig-
nificant regions. The comparison also shows 20 po-
sitions where the bacterial sequence matches the
plant sequence but not the mammalian one, and 21
where the bacterial sequence matches the mam-



424

MetThrlysTyrLysLeuGluTyrlleTrpLeuAspAlaThrArgProTyrGInThrleuArgGlyLysThrGini leLysGluPheAspAlaPheProThrleuG luGinLeuProleu
Rm-gInll ATGACCAAGTATAAGCTCGAGTACATCTGGCTTGATGCTACACGCCCGTACCAAACTCTCCGCGGAAAAACGCAGATCAAGGAATTCGACGCGTTTCCGACGCTCGAGCAGCTTCCGCTC 120
Bj-gInll C C GATATACG ACT CG ACT G C T CGT C CG

TrpG1yPheAspGlySerSerThrieuGInAlaG1uGlyArgThrSerAspCysValLeulysProValThrValTyrProAspProValArgThrAsnGlyAlaLeuVa IMetCysGlu
Rm-gInIl TGGGGCTTTGACGGCAGCTCTACGLTGCAGGCCGAGGGGCGCACGTCCGATTGTGTGCTGAAGCCGGTTACCGTCTATCCCGATCCGGTCCGCACGAATGGCGCATTGGTCATGTGCGAG 240
Bj~gInll c T TC CCA A CA G T c A CG T 6 CGCCG cc T&C C G A

ValMetMetProAspAlaGluThrProHisAlaSerAsnThrArgAlaThrVa 1LeuAspAspGluGlyAlaTrpPheGlyPheGluGInG1uTyrPhePheTyrLysAsnG1yArgPro
Rm-gIni! GTGATGATGCCGGACGCAGAGACACCGCATGCGTCGAATACCCGGGCAACGGTCCTCGATGACGAAGGCGCCTGGTTCGGCTTCGAGCAGGAATATTTCTTCTACAAGAACGGCCGCCCA 360
Bj-ginll C C T GCA C C CCCAG CCCAT c cC c ¢ T 6

LeuG1yPheProGluGInG1yTyrProAlaProGinGlyProTyrTyrThrGlyValGlyTyrlLysAsnValGlyAspValAlaArgGInl leVa1GluGluHisLeuAspl leCysLeu
Rm-gInll CTGGGCTTCCCGGAGCAGGGCTATCCGGCGCCGCAGGGCCCATACTATACCGGCGTCGGCTACAAGAATGTCGGCGACGTCGCGCGCCAGATCGTTGAAGAGCATCTCGACATCTGCCTT 480
Bj-ginll ¢ ACCTCC T G [ T1C C ) G C A c c c

AlaAlaGlyl leAsnHisGluGlyl TeAsnAlaGluValAlalysG1yGInTrpGluPheG Inl lePheGlyLysGlySerLysLysAlaAlaAspGluValCysValAlaArgTyrLeu
Rm-gInll GCTGCGGGCATCAACCACGAAGGCATCAACGCCGAAGTGGCCAAGGGGCAATGGGAGTTCCAGATCTTTGGCAAGGGTTCCAAAAAAGCTGCCGACGAGGTCTGCGTGGCGCGCTATCTC 600
Bj-ginll G C T G C 6 C 6 A c c G 6 C T AA G GA c [V ]

LeuVaTArgleuThrGluLysTyrGlyl leAspVa1G1uPheHisCysLysProLeuBlyAspThrAspTrpAsnGlySerGlyMetHisAlaAsnPheSerThrAlaTyrlLeuArgGlu
Rm-gInll CTCGTGCGCCTGACGGAAAAATACGGCATCGACGTCGAATTCCACTGCAAGCCGCTCGGCGACACGGACTGGAACGGCTCGGGCATGCACGCGAACTTCTCGACGGCCTATCTGCGTGAA 720
Bj-gInll A GC C 6 G A G T c c C AG CA CACG

ValGlyGlyGInAspTyrPheGluAlaLeuMetAlaAlaPheG lul ysAsnLeuHisAspHis] 1eAsnVa1TyrG1yProAspAsnHisLeuArgleuThrGlylysHisGluThrAla
Rm-gInll GTCGGCGGCCAGGACTATTTCGAAGCGCTGATGGCAGCCTTCGAGAAGAACCTGCACGACCACATCAACGTCTATGGCCCTGATAACCATTTGCGCCTGACTGGCAAGCACGAGACGGEG 840
Bi-gInll A G C G T c ATG GC c G C GCM T C C

ProTrpAspLysPheSerTyrGlyvalAlaAspArgGlyAlaSer] leArgValProHisSerPheValAsnAsnAlaTyrProGlyTyrLeuGluAspArgArgAlaAsnSerGInGly
Rm-gInl1 CCGTGGGATAAGTTCAGCTACGGCGTGGCAGATCGCGGCGCCTCTATCCGCGTGCCCCATAGTTTCGTCAACAATGCGTATCCGGGCTATCTCGAAGATCGCCGCGCGAACTCCCAGGGE 960
Bj-gInil AC cc T 6 G CTCC C GC CAA G CT C G

AspProTyrGInMetLeuleuSerSerEnd
Rm-gInil GACCCCTACCAGATGCTTCTATCATCCTGA 990
Bi-gInll A G GCAG

Fig. 1. Sequence of the ginlI gene for Rhizobium meliloti 104A14. The top line represents the three-letter amino acid code for the
protein and the middle line is the entire gin/T gene nucleic acid sequence starting with the ATG start codon. The bottom line shows
only the nucleotide bases of the Bradyrhizobium japonicum sequence that differ from the R. meliloti sequence.

Table 1. Amino acid comparison of the eukaryotic and prokaryotic glutamine synthetases

Pairwise comparison

Py P.s.

Amino acid sequences H.s. Cl M.s. P.v. GSrl GSr2 Np. R.m. Bj. E.c
Homo sapiens GS* - 93.6 54.1 54.5 53.4 53.7 52.5 41.5 42.2 16.7
Cricetulus longicaudatus GS® 97.0 - 54.1 54.5 53.9 54.3 52.5 40.6 429 15.6
Medicago sativa GS¢ 70.1 69.7 - 92.4 88.8 88.4 91.6 42.4 43.8 13.7
Phaseolus vulgaris GSrl¢ 70.0 69.8 96.9 - 87.7 87.3 87.6 40.0 42.2 18.7
Phaseolus vulgaris GSr2¢ 70.4 69.2 94.4 94.1 — 99.7 88.2 424 43.8 11.7
Pisum sativum GS¥ 70.4 69.6 94.1 94.1 99.7 - 88.2 42.4 43.8 11.8
Nicotiana plumbaginifolia GS* 68.4 68.9 95.8 94.1 94.1 94.1 — 42.1 429 19.6
Rhizobium meliloti GSII 61.9 61.9 60.4 60.4 58.8 58.9 59.8 - 83.6 17.6
Bradyrhizobium japonicum GSITi 60.6 60.6 61.5 61.8 60.9 60.6 60.9 90.9 - 19.0
Escherichia coli GSi 44.5 42.1 42.2 41.5 37.8 42.8 47.3 414 40.3 -

The top right sector shows the % identity. The bottom left sector shows the % similarity based on categorizing the amino acids into

functionally similar groups

2 Gibbs et al. (1987). ® Hayward et al. (1986). © Tischer et al. (1986). 4 Gebhardt et al. (1986). f Tingey et al. (1987). ¢ Tingey and
Coruzzi (1987). » This paper. | Carlson and Chelm (1986). i Colombo and Villafranca (1986)
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Fig. 2. Alignment of the glutamine synthetase amino acid consensus sequences from mammals, plants, and bacteria. The three
separate consensus sequences were derived from comparisons of the sequences within each group using the GAP program from the
Wisconsin software package described in Materials and Methods. For the plant consensus an amino acid code was assigned when
three out of five sequences matched. The overall consensus shows those residues that are identical in all three of the above consensuses.
A “-” represents a position where the comparison of the residues did not meet the criteria to produce a consensus amino acid. A *.”
represents a gap placed in the consensus to optimize the sequence alignment. A “P” above the sequences indicates the position of a
match between only the bacterial and the plant consensuses. An “M” above the sequences indicates the position of a match between
only the bacterial and the mammalian consensuses. A “?” above the sequences indicates a position where the bacterial sequence
matches only one of the eukaryotic sequences, but was not used in the analysis because it may be either a result of the gapping program
or due to the lack of a consensus in one of the eukaryotic sequences.

malian sequence but not the plant. Again this result
is inconsistent with the lateral DNA transfer hy-

pothesis.

Evidence against a faster rate of gene evolution
in a prokaryotic background has been presented by

Ochman and Wilson (1987). Their data suggest that
although silent substitutions in bacterial sequences

occur at rates similar to those seen in eukaryotes,

the rate of substitutions at replacement sites is sig-
nificantly slower in prokaryotes than in eukaryotes.
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Sequence Divergence of the Eukaryotic GS and
the Prokaryotic GSII Is Congruent
with Organismal Relationships

Using the data shown in Table 1, we constructed a
dendrogram to describe the relationship among the
various GS proteins (Fig. 3A). This dendrogram is
congruent with the phylogenetic tree of the organ-
isms (Fig. 3B). It is therefore apparent from this
work that the homology between the GS genes of
eukaryotes and prokaryotes is not due to a recent
lateral transfer of DNA, but more likely is due to
selective pressure favoring the conservation of a se-
quence originally present in these bacteria and a
primitive eukaryote.

The ginll Genes are More Similar between
R. meliloti and B. japonicum than Are
the nifH Genes

In light of the high level of GS sequence conser-
vation between eukaryotes and prokaryotes, we
looked at the degree of similarity between the two
bacterial sequences. The two genes share 90.2% nu-
cleic acid similarity, and the deduced amino acid
sequences share 83.6% identity and 90.9% similarity
(Table 1). These values were compared to those for
the other known amino acid sequences from R. me-
liloti and two Bradyrhizobium species [either B. ja-
ponicum or B. sp. (Parasponia)l: nifH, nodD, nodA,
and nodB (Fig. 4). The g/nlI sequences are the most
similar, even more similar than the nifH genes (Ruv-
kun and Ausubel 1980).

This similarity between the two prokaryotic g/nl!
sequences could be the result of either lateral trans-
fer between bacterial species or evolutionary con-
servation. Hennecke et al. (1985) showed for three
nitrogenase genes (nifH, nifD, and nifK) that the
divergence between bacterial species was propor-
tional to the divergence of 16S RNA. Their result
did not support the idea of a recent lateral transfer
of the nitrogenase genes. Because the dendrograms
for g/nll match the taxonomic relationships of the
organisms from which the GS genes were cloned
(Fig. 3), and the across-species similarity for g/inf’
is similar to that of nifH, the same argument may
hold for GSII.

For the dodecameric GS, the active site of the
protein is formed at the interface of the subunits
(Almassy et al. 1986). Ifa similar subunit interaction
exists with the octameric form, there may be little
tolerance for alterations in the subunit interactions
and hence in the primary sequence. The strong sim-
ilarity between animal and plant GS sequences is
consistent with this interpretation.

The idea that GSII is a highly conserved protein
suggests a specific requirement for its enzymatic ac-
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Fig. 3. A Dendrogram of amino acid similarities, comparing
the eukaryotic GS sequences and the prokaryotic GSII sequences.
B Dendrogram of the phylogenetic relationships among the species
for which the GS sequences were used in Fig. 3A. Evolutionary
time points were taken from McKenna (19735), for the divergence
of humans from hamsters; Crepet and Taylor (1985) and Lim
and Burton (1983), for the appearance of legumes (the evolu-
tionary distance between the plant sequences is not shown); Hase-
gawa et al. (19895), for the divergence of plants and animals;
Kimura and Ohta (1973), for the divergence of eukaryotes and
prokaryotes; and Ochman and Wilson (1987), for the divergence
of Bradyrhizobium japonicum and Rhizobium meliloti.

tivity that cannot be carried out as efficiently by
other enzymes. However, R. meliloti and B. japo-
nicum strains that lack GSII are able to form effec-
tive nodules (Somerville et al. 1989; Carlson et al.
1987, respectively), and Agrobacterium strains that
lack GSII apparently are fully virulent (Rossbach et
al. 1988). We have not been able to find any growth
deficiency caused by a g/n/I mutation in R. meliloti
104A 14 using various carbon and nitrogen sources.
Because wild type bacteria contain a second func-
tional GS enzyme, it is not clear what role GSII
plays in their life history that would account for its
evolutionary stability. '

Possible Explanations for the Limited Distribution
of the ginll Gene in the Prokaryotes

Having argued that the data do not support the no-
tion that g/nlI exists in plant-associated bacteria
because of a recent lateral transfer, we must confront
the question of why only these bacteria have this
gene. The first possibility is that other bacteria not
included in the original surveys actually have the
gene. Recently, for example, the gram-positive ni-
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Fig.4. Extentof sequence similarity between homologous genes
from Rhizobium meliloti and one of two Bradyrhizobium species.
N.A. represents nucleic acid similarity and A.A. represents amino
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¢gorizing functionally similar amino acids (“similarity™). The
Comparisons are B GS genes; S nifH genes; @ nodD genes;
nodA genes; and B8 nodB genes. The sequences were obtained
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cum nifH, Fuhrmann and Hennecke (1984); B. sp. (Parasponia)
nodA, nodB, and nodD, Scott (1986); R. meliloti nifH, Torok and
Kondorosi (1981); and R. meliloti nodA, nodB, and nodD, Egel-
hoff et al. (1985).

trogen-fixing symbiont Frankia has been shown to
contain a second glutamine synthetase (Edmands et
al. 1987) and DNA that hybridizes to B. japonicum
&nlI DNA (Benson et al. 1988). It is possible that
the g/nII gene was once widely distributed, but that
it has been replaced during prokaryotic evolution
by gind, perhaps because of the variety of control
mechanisms that exist to regulate the enzyme pro-
duced by g/nd. Under this explanation, we would
€xpect to find g/nll genes in other bacteria. The
Strong conservation between the g/nIl genes de-
scribed here suggests that a survey of various bac-
teria looking for hybridization to ginlI DNA would
be worthwhile in order to define the distribution of
this gene better.

A second possibility is that the g/nll gene, of
Drokaryotic origin, was transferred to eukaryotes
from an endosymbiotic purple bacterium, a group
to which Rhizobium and Bradyrhizobium belong, It
has been argued that mitochondria are derived from
this group of bacteria (Yang et al. 1985). If ginlI
Wwas present in the protomitochondrion, then trans-
fer of the information for g/nl7 synthesis to the nu-
cleus might have occurred during the development
of eukaryotes. In the dendrogram of Fig. 3B, this
Protomitochondrion would be associated with a
Protoeukaryote that existed before the separation of
D_lants and animals. Therefore, the point of evolu-
tionary divergence of the prokaryotic g/nlI and the
eukaryotic GS sequences would be near the point
of divergence of the Rhizobiaceae and the mito-
chondrial ancestor.
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