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Evolutionary relationships among members of the nuclear multigene family en-
coding isozymes of glutamine synthetase (GS) in flowering plants were studied by
using parsimony and distance methods. Analyses using subsets of the data indicated
that the consistency index is not a sufficient measure of phylogenetic data quality
and that assumptions about the information content of third-codon positions and
transitions may be misleading. Tissue-specific expression patterns of GS isozymes
were not uniformly useful as predictors of orthology. Chloroplast and cytosolic
genes were shown to form two groups of orthologous sequences. Within the cytosolic
group, however, genes expressed in the nodule did not form a single orthologous
group, suggesting that a regulatory shift has occurred in the pea-alfalfa lineage.
Organismal relationships inferred from the limited sampling are generally in concert
with current phylogenetic hypotheses.

Introduction
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Because of their abundance and/ or biological importance, many of the best ch&-
acterized protein-encoding genes of the plant nucleus belong to small- or medlum-
sized multigene families. Phylogenetic analyses have been conducted on some of th@e
gene families, including those encoding the small subunit of ribulose blsphosphax\te
carboxylase /oxygenase (rbcS; Meagher et al. 1989), chlorophyll a/b binding prot@n

S

(cab; Demmin et al. 1989), and seed storage proteins (Gibbs et al. 1989). =

Those wishing to reconstruct organismal phylogenies by using duplicated ger%s
are faced with the problem of determining whether particular genes from the specigs
being studied are orthologous and thus permit legitimate phylogenetic comparisén
(Fitch 1970). Expression differences among multigene family members could pottf}_}-
tially represent clues for predicting orthology, but expression patterns can also be
misleading. For example, mistaken assessments of orthology caused by shifts in tiss@e-
specific lysozyme expression among bird taxa led to phylogenetic conclusions contga-
dicted both by conventional taxonomy and by other molecular markers ( ArnheimZt
al. 1973; Hindenberg et al. 1974; Wilson et al. 1977). Examples of regulatory chan@s
within a multigene family are also known from vertebrate globins (e.g., see Tagleg;et
al. 1988).

Glutamine synthetase (GS; E.C.6.3.1.2), which catalyzes the assimilation of aﬁl-
monia into glutamine, is encoded by a small multigene family (three to perhaps;as
many as five genes) in flowering plants, with a single nuclear gene encoding a chloroplast
isozyme and with several genes encoding cytosolic enzymes (Gebhardt et al. 19@,
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Tingey et al. 1987, 1988; Bennett et al. 1989; Sakamoto et al. 1989). Leguminous
plants possess GS isozymes that are predominantly expressed in their root nodules,
the site of symbiotic nitrogen fixation. In the present study, phylogenetic analyses of
GS genes suggest that, while patterns of tissue-specific expression may in some cases
be useful criteria for inferring orthology, this is not always the case, even within a
single gene family.

Material and Methods
Sequences and Alignments

ojumoq

Sixteen GS nucleotide sequences were analyzed, representing coding regions é)r
chloroplastic, cytosolic nonnodular, and cytosolic nodular isozymes of both dicoty-
ledonous and monocotyledonous flowering plants (fig. 1). A rat GS cDNA sequenge
(van de Zande et al. 1988) served as out-group. Plant sequences are all ~1 kb_%n
length and possess 70%-90% nucleotide identity throughout coding regions; 3’ and%’
extensions in sequences encoding chloroplast isozymes ( Tingey et al. 1987; Lightfq?’g)t
et al. 1988; Snustad et al. 1988; Sakamoto et al. 1989; Freeman et al. 1990) wete
excluded from all analyses conducted. For the present study, published alignmerits
were used when available; no additional gaps were required when all plant sequen(%s
were aligned. Alignment of the rat sequence with plant sequences required the additign
of (a) five gaps of one codon each in the rat sequence and (b) two gaps, one of o
codon and another of four codons, to all plant sequences. These gaps were insertgd
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FI1G. 1.—Plant GS gene sequences. References are as follows: 1, Tingey et al. 1988; 2, Tingey et%l.
1987; 3, Tischer et al. 1986; 4, Dunn et al. 1988; 5, Gebhardt et al. 1986; 6, Bennett et al. 1989; 7, Lightfoot
et al. 1988; 8, Grant et al. 1989; 9, Tingey and Coruzzi 1987; 10, Sakamoto et al. 1989; 11, Freeman et al.
1990; and 12, Snustad et al. 1988. All sequences except that of reference 4 are cDNA clones; clones contain
complete coding regions, except for those of references 4 (258 bp) and 8 (945 bp). Phylogenetic relationships
among taxa follow the data of Polhill (1981) and Cronquist (1988).
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Cladistic Analyses

Characters for cladistic analyses were coded as unordered and were given equal
weights in all runs. Gaps were not counted as characters; nucleotide positions within
gapped regions were coded as missing data.

Phylogenetic analyses of the full data set and of subsets thereof were performed
using various options available in the Hennig86 (version 1.5; Farris 1988) and/or
PAUP (version 3.0; Swofford 1989) software packages. Exhaustive searches for shortest
trees were performed when possible; heuristic options were used, however, on the fulg
data set. Where multiple equally parsimonious trees were obtained, stnct-consensug-
algorithms were utilized to find those clades that appeared in all trees.

The bootstrap option of PAUP 3.0 was employed to estimate levels of supporfl
for various clades (Felsenstein 1985). Strength of support for cladistic relatlonshlpg
was also investigated by a consideration of slightly longer (suboptimal ) trees, followedz
by strict-consensus analysis. m

Various subsets of the data were analyzed, in an effort to study the effects, org
the most parsimonious topologies, of (1) outgroup choice, (2) transversions versu%
transitions, and (3) codon position. The lengths of particular alternative topolog1e§
were investigated either by manual branch-swapping or by using the PAUP 3.0 “con2
straints” option, which finds the most parsimonious tree topologies under the constramf,
of keeping selected taxa monophyletic. The PAUP 3.0 implementation of Lake’s (1987 g
invariants method (‘‘evolutionary parsimony’’) was utilized.

Distance Methods

/ojoIe/aqW

Pairwise nucleotide substitutions were calculated by using the method of Li er
al. (1985) to estimate both nonsynonymous or synonymous substitution values andB
substitutions at each codon position. Trees were constructed from distance matnce§§
by using either the neighbor-joining method (NJ; Saitou and Nei 1987) or the ung
weighted pair-group method (UPGMA). Both methods were implemented by usmg4
the RESTSITE computer package (Miller 1989), which contains NJ and UPGMA>

programs written by O. Gotoh. <c

»
Results g
Cladistic Analyses o
All Characters 3

Initial analysis of the entire data set by heuristic options produced a single shortesg,
tree of 2,190 steps, with a consistency index (CI; Kluge and Farris 1969) of 0.49 whetg
uninformative (autapomorphic) characters were excluded. In this tree (fig. 2), wit}i;'
the rat sequence as an out-group, all chloroplast GS sequences formed a clade separate;
from all cytosolic sequences; in both clades, sequences from legume genera formef
subclades. Within the legume cytosolic clade, multiple sequences from individual
genera did not form a clade; nor did genes whose sole predominant expression site i§>‘
the nodule. The pea and lupine nodule genes were part of a clade that included thé
constitutively expressed bean-cytl, while the pea nodule sequence had its closest cla.—«
distic relationship with the bean-cyt2 sequence, which is not expressed at all in thg
nodule (Bennett et al. 1989).

Strict-consensus analysis of suboptimal trees suggested several of the same areas
of strong and weaker support as did the bootstrap replicate analysis shown in figure
2. At +2 steps (three trees), the cytosolic clade collapsed to a trichotomy in which
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FIG. 2.—Single most parsimonious tree (2,190 steps, CI 0.49) for all taxa, when all codon posmom?
and substitution types are used. Gene abbreviations are as in fig. 1. Numbers of steps are given above the
branches, and bootstrap replicate percentages are given below the branches.
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each of the three plant families formed a clade, and the major legume cytosolic subcladé
collapsed to a trichotomy consisting of bean-cytl, (pea-cyt, alfalfa-cyt), and (bearE
nod, lupine-nod). At +4 steps (five trees), the grass chloroplast sequences formed a
trichotomy, while at +6 steps (12 trees), the (bean-nod, lupine-nod) clade was los&
At +8 steps (21 trees) several of the cytosolic clades formed a polytomy together with
the chloroplast clade, but the two major legume cytosolic groups were supported %
separate clades, maintaining the split among nodule sequences. The shortest tree iﬁ
which the nodule sequences of pea, lupine, and common bean formed a unique clad@
was 2,231 steps long, 41 steps longer than the shortest tree. Inclusion of the partlal
alfalfa nodule GS cDNA sequence (Dunn et al. 1988) produced a single most parsi
monious tree with the same general topology as in figure 2, but with alfalfa-nod %
sister to the pea-nod sequence.

Analysis of only the chloroplast sequences with pea-cp as out-group produced @ ;g
single shortest tree of 537 steps (CI 0.83). This tree had the same topology as that
obtained with the full data set (fig. 2). The (barley-cp, rice-cp) clade appeared in 90
of 100 bootstrap replicates, with a (maize-cp, barley-cp) relationship being supported
by the other 10 replicates. A tree with this alternative topology was nine steps longer
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than the preferred tree (546 steps), while the third grass permutation required 552
steps. Similar analyses using only cytosolic sequences were not considered significant,
because of synonymous-site saturation in many pairwise comparisons (see below).

Character Subsets

Removal of third-codon positions produced three shortest trees at 704 steps (CI
0.55), which differed only in the arrangement of legume cytosolic sequences an@
retained the major features of the figure 2 tree. Monophyletic groups of chloroplast
and cytosolic GS sequences occurred in 100% of bootstrap rephcates A legume cytosoll8
subclade appeared in the bootstrap majority-rule tree but was weakly supported (34% )g;
a (pea-nod, bean-cyt2) clade appeared in 97% of replicates. Removal of third-codoi
positions resulted in a change in the topology within the grass cytosolic clade, favoring
a (barley-cp, maize-cp) grouping; however, this topology had only weak bootstraﬁF
support (57% of replicates). >

Analysis of third-codon positions alone produced a single tree with no increasé
in homoplasy, relative to the analysis using all positions (1,432 steps; CI 0.49), bL&
with a strikingly different topology having the chloroplast clade nested within the plancs
cytosolic sequences, with the (pea-nod, bean-cyt2) clade as its sister group. Analyse§
using only third-codon positions were also conducted for the chloroplast sequenceg
alone and for the legume cytosolic clade excluding pea-nod and bean-cyt2, since pailg
wise comparisons within these groups indicated that third-codon positions were nof-
saturated. In both cases the topologies shown in figure 2 were preferred. The (rice-c@
barley-cp) clade occurred in 72% of chloroplast bootstrap replicates. Some 97% of th&
cytosolic replicates included a (pea-cyt, alfalfa-cyt) clade, while (bean-nod, lupmea
nod) occurred in 84%.

When only transversional changes were considered for the full data set (1nclud1ng
all taxa and codon positions), three trees at 1,058 steps (CI 0.38 ) were identified whlc@‘
differed from one another only in the placement of tobacco-cyt relative to the tw(
rice cytosolic sequences. The strict-consensus tree was in most respects identical to-
that obtained with the full data set including transitions (fig. 2), except for the un®
resolved positions of the tobacco and rice cytosolic sequences. Separate analyses i§
which chloroplast or cytosolic sequences were considered separately gave similar result$;
various out-groups were utilized for subsets of cytosolic sequences, with little eﬂ'eci
on topologies. Results supported by the appearance of clades in =90% of bootstraﬁ
replicates of these data subsets were (1) grass vs. legume chloroplast sequences, (23
(barley-cp, rice-cp), (3) (pea-nod, bean-cyt2) vs. remaining legume cytosolic sequenceg
and (4) (pea-cyt, alfalfa-cyt).

1199

Evolutionary Parsimony

/| Uo lasn &

The PAUP implementation of Lake’s (1987) invariants method was used to-
study the three grass chloroplast sequences, by using either legume chloroplast ség
quences as the fourth taxon and analyzing either (1) all codon positions, (2) fifst- and;
second-codon positions only, or (3) third-codon positions only. In five of the six test%
the (maize-cp, barley-cp) topology was preferred by this method, but in no case did
nonnegative values for preferred trees have significant binomial test probabilities. When
pea-cp was used with the three grass sequences and when all codon positions were
considered, the (rice-cp, barley-cp) topology was favored, but the binomial test gave
P =0.82.
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Distance Analyses

Pairwise comparisons showed that in no case were nonsynonymous substitutions
saturated (table I). K, values varied over a 10-fold range, from <0.04 among grass
chloroplast sequences to >0.40 between rat and most chloroplast genes. Both NJ and
UPGMA analyses of nonsynonymous divergences supported a dichotomy between
chloroplast and cytosolic plant sequences (e.g., see fig. 3). Both NJ and UPGMA
produced a grass chloroplast group and joined rice-cp and barley-cp within it. Rela,,
tionships among cytosolic sequences were poorly resolved, with polytomies or shor@
branch lengths relative to standard errors; topologies were also sensitive to 1nc1u51ons
or exclusion of either the rat sequence or chloroplast sequences. In no analysis wer(%
nodule sequences grouped together; pea-nod and bean-cyt2 were always paired. =

Silent substitutions were found to be saturated in many pairwise comparisons3
(table 1), and therefore the entire data set was not used to construct trees. UPGMA;:’
and NJ trees constructed from Ky values for the chloroplast sequences agreed both”
with each other and with the cladistic analyses in separating grass sequences from‘gf)
those of legumes and in supporting a (rice-cp, barley-cp) grouping. NJ topologies ofs
the legume sequences varied as more diverged taxa (rice-cyt2, tobacco-cyt) were proé
gressively deleted; all, however, strongly supported a (pea-nod, bean-cyt2) pamngc
UPGMA analyses all retained a very similar topology, with a major legume clusterb
separated from a (pea-nod, bean-cyt2) pair.

Discussion
Construction of Gene Trees: Comparisons of Methods and Subsets of Data

Results from parsimony, UPGMA, and NJ were generally congruent, except i
arcas where all methods showed only weak support for particular topologies, an
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Table 1 o
Divergences among GS Genes é
[

GENE o

LD

©

GENE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 165
-

=]

(0]

48 229 264 220 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >40(E

1.

2. 1 204 210 236 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >4002,
3., 7 8 63 8 231 220 254 253 244 >400 287 >400 >400 >400 >40(c
4 .. 9 10 4 72 298 258 398 >400 >400 >400 >400 >400 191 >400 >4002
s.. 8 9 4 6 245 193 >400 247 >400 261 313 400 >400 >400 >40(3
6.. 14 15 14 16 14 38 82 75 73 141 128 154 >400 232 >400;
7.. 15 16 16 17 15 5 62 62 67 98 92 131 >400 196 >4000
8§ .. 16 17 17 18 16 8 7 59 76 124 137 158 >400 242 >4003
9.. 17 18 17 18 15 8 6 7 69 121 130 136 >400 227 >400-
10.. 16 16 17 17 15 6 4 6 7 123 141 123 194 158 >400;>J
11 14 16 15 16 15 7 6 8 8 7 74 142 >400 226 >40(5
12 14 16 16 16 15 8 7 8 8 8 4 154 >400 >400 >400;
13.. 16 17 16 18 16 8 5 8 7 8 7 7 >400 136 3650
14 .. 15 17 16 18 15 10 9 10 10 10 9 10 9 81 >4003
15.. 17 18 17 17 16 8 8 7 8 8 8 8 7 10 252°
16 44 46 40 42 40 38 40 41 39 40 40 40 41 40 42

NOTE.—Each gene is denoted by a number, as follows: 1, pea-cp; 2, bean-cp; 3, rice-cp; 4, barley-cp; 5, maize-cp; 6,
pea-cyt; 7, alfalfa-cyt; 8, bean-nod; 9, lupine-nod; 10, bean-cytl; 11, bean-cyt2; 12, pea-nod; 13, tobacco-cyt; 14, rice-cyt!;
15, rice-cyt2; and 16, rat. Divergences were calculated by using formulas of Li et al. (1985). Replacement-sites (K, X 100)
are given below the null diagonal; silent-site divergences (K, X 100) are above the diagonal.
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suggest the following conclusions: (1) chloroplast and cytosolic GS sequences are’
paralogous; (2) among chloroplast sequences, grasses and legumes form separate GS
lineages, with the genes of barley and rice as closest relatives; and (3) legume cytosohe>
GS sequences are supported as a monophyletic group, albeit weakly, with a majoﬁ
dichotomy between (pea-nod, bean-cyt2) and the remaining complete sequences ( the
partial alfalfa-nod sequence is most closely related to pea-nod ). Most analyses supporteg
the recognition of (bean-nod, lupine-nod) and (pea-cyt, alfalfa-cyt) as pairs of orthos,
logues. o

Because of problems with saturation of transitional substitutions and at synonm
ymous sites over long evolutionary periods, all positions in a coding sequence are no];
expected to be equally useful as phylogenetic characters. Characters derived froni
saturated positions may be expected to add homoplasy and perhaps to obscure trug
relationships. Removing third-codon positions from the GS analysis did result in somg
decrease in homoplasy (table 2); however, the tree favored when only third-codor®
positions were used was not more homoplasious than the topologically quite diﬁ'eren§
tree favored by the full data set. Similar results were obtained when chloroplast 0§
cytosolic sequences were considered separately (table 2). Thus, although saturated;
third-codon positions do not appear to provide reliable characters for GS sequencey
over long evolutionary periods, this is not reflected in an increase of homoplasy. Fog
these characters the amount of homoplasy alone does not appear to be an adequatg;
measure of phylogenetic utility; this is a specific instance of what may be a generq@
phenomenon (Archie 1989; Sanderson and Donoghue 1989).

Transversions, as rarer substitution events, are expected to be more reliable over
long evolutionary periods ( Lake 1987). However, homoplasy increases were observed
in GS comparisons for which transitions were excluded (table 2). The shortest trees
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Table 2
CI Values of Most Parsimonious Trees of Subsets of GS Data
Chloroplast Cytosolic
All Taxa Taxa Only Taxa Only*

All characters ................ 0.49 0.83 0.58
No third-codon positions ... ... 0.56 0.78 0.56
Only third-codon positions . . . .. 0.49 0.85 0.60
Transversionsonly ........... 0.38 0.80 0.45

NOTE—CI is calculated by dividing the number of steps by the total number of character states in the
data set; in a data set with no homoplasy, each nucleotide substitution would occur only once on the tree
and CI would be 1.0.

* All plant cytosolic sequences, with rat as out-group.

obtained in the various analyses using only transversions did not produce any unex-
pected results; however, as considerable resolution was lost in these analyses, it is
difficult to see any advantage in excluding transitions, particularly as this class of
mutations appears neither especially homoplasious nor phylogenetically misleading.

Predicting Orthology from GS Tissue Specificity

The orthologous genes encoding chloroplast GS isozymes are much more similar
to cytosolic genes from both plants and animals than they are to GS genes of pro-
karyotes, and thus they presumably originated by gene duplication in the plant nucleus
rather than by transfer from the chloroplast (Tingey et al. 1988). The chloroplast-
specific expression (e.g., see Edwards et al. 1990) of this class of GS genes seems an
accurate predictor of orthology, as are structural features of their mRNAs, such as the
presence of sequences encoding transit peptides.

While higher-plant genomes appear to contain only a single gene for the chlo-
roplast GS isozyme, multiple genes encode the various cytosolic enzymes ( Lightfoot
et al. 1988; Snustad et al. 1988; Sakamoto et al. 1989; Edwards et al. 1990; Freeman
et al. 1990). The occurrence of multiple genes for cytosolic GS in both rice and various
legumes suggests that duplication of this class of gene predated the divergence of
monocots and dicots. However, there is little evidence for orthologous relationships
across plant familial boundaries, suggesting either that there have been several waves
of duplication or that concerted evolution is operating to obscure orthologous rela-
tionships. At present it is not possible to distinguish between these two possibilities.

Groups of orthologous legume cytosolic genes are not predicted by their patterns
of expression. Genes whose predominant expression is in the leguminous nodule belong
to two strongly supported clades, each of which includes genes not expressed in nodules.
The similar regulation (Bennett et al. 1989; Edwards et al. 1990) of these paralogous
genes, coupled with divergent regulation of orthologues, could be explained by recom-
bination between upstream regulatory sequences and coding regions.

Estimation of Species Trees from GS Gene Trees

Considered separately, topologies within chloroplast or cytosolic GS gene groups
are broadly congruent with currently accepted views of flowering-plant phylogeny
(e.g., see Cronquist 1988), as depicted in figure 1. The consistent occurrence of distinct
legume and grass groups within the chloroplast sequences is expected, given the clear
monophyly of these two families and their known phylogenetic affinities. Similarly,
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recognition of clades within the cytosolic gene subfamily consisting of ( 1) sequences
from all legume genera and (2) dicot genes (legumes + tobacco) is not surprising
taxonomically. Nevertheless, these observations, as obvious as they may appear, are
worth mentioning, if only because even such rudimentary consistency is not always
found when plant nuclear sequences are studied. In a recent study of the nuclear
multigene family encoding the small subunit of ribulose 1,5-bisphosphate carboxylase-
oxygenase (7bcS), Meagher et al. (1989) presented distance trees with several instances
of unexpected groupings, including a large separation between sequences from thes
legumes pea and soybean. Similar results have been obtained in a cladistic reanalysisg
of those data (J. J. Doyle, unpublished data). Plant protein sequence studies have‘é’_
long been notorious for providing unexpected phylogenetic results and have been thefL
focus of recent analyses that suggest that the phylogenetic information content of som@
of the data sets is quite low (Bremer 1988; Archie 1989). The GS data appear to beE
both more robust and more consistent with phylogenetic expectations. @

Sequences encoding chloroplast GS isozymes are available from three grasses,o
each representing a different subfamily whose phylogenetic relationships have beencu
debated (Watson et al. 1985; Kellogg and Campbell 1987). Both cladistic and distance%
analyses of the GS chloroplast genes suggest that barley and rice shared a more recentg
common ancestor than either did with maize, but, as in other molecular studies of3
grasses (Hamby and Zimmer 1988; Wolfe et al. 1989; Doebley et al. 1990), taxonomv:3
conclusions are not strongly supported.

The clearest group of cytosolic orthologues comprises bean-cyt2, pea-nod, andS.
the partial alfalfa-nod gene, which groups with the pea-nod sequence. This topologygz
is in agreement with (1) current taxonomic concepts (fig. 1; Polhill 1981), (2) withﬁ
recent evidence from chloroplast DNA rearrangements (Lavin et al. 1990), and (3)o>
with the observation that the pea and alfalfa nonnodular GS sequences are also closelyo
related (fig. 2). Reliance on tissue-specific expression patterns as predictors of orthologyfl
can produce both incorrect phylogenetic topologies and incorrect branch lengths, ass
has been noted elsewhere for avian lysozymes (Arnheim et al. 1973; Hindenberg et<
al. 1974; Wilson et al. 1977). The assumption that all nodule GS sequences are or-m
thologous would lead to the conclusion that lupine and common bean are more closely‘g
related than either is to pea, when the current view of legume phylogeny suggests thats
the pea and common-bean lineages share a more recent common ancestor (fig. 1;§
Polhill 1981).

A second nodule multigene family, leghemoglobin, is regulated differently inc"
soybean (a close relative of common bean) and alfalfa (Barker et al. 1988). Such_
differences in nodule gene expression parallel the numerous physiological and mor-
phological differences associated with nodulation in these lineages (Sprent 1981).%
Thus, although the shift in GS expression is a problem for predicting orthology, it3
may represent a phylogenetic character for a major legume lineage, one of potentlally\n
many synapomorphies associated with symbiotic nitrogen fixation.
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