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Abstract. To understand the evolutionary mechanisms
and relationships of nitrate reductases (NRs), the nucleo-
tide sequences encoding 19 nitrate reductase (NR) genes
from 16 species of fungi, algae, and higher plants were
analyzed. The NR genes examined show substantial se-
quence similarity, particularly within functional do-
mains, and large variations in GC content at the third
codon position and intron number. The intron positions
were different between the fungi and plants, but con-
served within these groups. The overall and nonsynony-
mous substitution rates among fungi, algae, and higher
plants were estimated to be 4.33 × 10−10and 3.29 × 10−10

substitutions per site per year. The three functional do-
mains of NR genes evolved at about one-third of the rate
of the N-terminal and the two hinge regions connecting
the functional domains. Relative rate tests suggested that
the nonsynonymous substitution rates were constant
among different lineages, while the overall nucleotide
substitution rates varied between some lineages. The
phylogenetic trees based on NR genes correspond well
with the phylogeny of the organisms determined from
systematics and other molecular studies. Based on the
nonsynonymous substitution rate, the divergence time of
monocots and dicots was estimated to be about 340 Myr
when the fungi–plant or algae–higher plant divergence
times were used as reference points and 191 Myr when
the rice–barley divergence time was used as a reference
point. These two estimates are consistent with other es-
timates of divergence times based on these reference

points. The lack of consistency between these two values
appears to be due to the uncertainty of the reference
times.
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Introduction

Eukaryotic nitrate reductases (NRs) catalyze the reduc-
tion of nitrate to nitrite and are classified into three
groups based on the electron donors: NADH-specific
(EC 1.6.6.1), NAD(P)H-bispecific (EC 1.6.6.2), and
NADPH-specific (EC 1.6.6.3) (Guerrero et al. 1981).
The NADH-specific NR is present in most higher plant
and some algae species, while the NADPH-specific NR
is found in fungi (Horner 1983; Cooley and Tomsett
1985; Renosto et al. 1982). The NAD(P)H-bispecific NR
has been found in soybean (Streit et al. 1985), some grass
species including rice (Shen et al. 1976), maize (Redin-
baugh and Campbell 1981), and barley (Dailey et al.
1982), and some algal species (Losada 1976; Guerrero et
al. 1981).

The NADH NR gene copy number varies among dif-
ferent species.Hordeum vulgare(barley) has a single
NADH NR gene, whileOryza sativa(rice), Triticum
aestivum(wheat), and many other grasses have at least
two NADH NR genes per haploid genome (Hamat et al.
1989; Kleinhofs et al. 1988; Zhou 1993). Two NADH
NR genes occur inArabidopsis(Cheng et al. 1988).
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All eukaryotic NRs have three highly conserved func-
tional domains binding FAD, heme, and molybdenum
cofactor (MoCo) (Kleinhofs et al. 1989). The three func-
tional domains are separated by two short hinge regions
(Kubo et al. 1988). They are encoded in a linear order
with the MoCo region at the N-terminal, the heme region
in the middle, and the FAD region at the C-terminal (Fig.
1). The amino acid sequence of the three functional do-
mains is more highly conserved among species than the
N-terminal and the hinge regions. The MoCo domains of
higher plant NRs share about 40% amino acid homology
with chicken liver sulfite oxidase (Campbell and King-
horn 1990; Hoff et al. 1992; Warner and Kleinhofs
1992). The heme domains have 32–48% amino acid ho-
mology with the superfamily of cytochrome b5 proteins
such as cytochrome b2, b5, flavocytochrome b2, and sul-
fite oxidase. The FAD domains share 47% identity with
the FAD domain of cytochrome b5.

NR genetics, biochemistry, and molecular biology
have been investigated intensively (see Kleinhofs and
Warner 1990 for a detailed review), but little is known
about NR gene evolution. To understand the evolution-
ary mechanisms and relationships of NR genes, 19 NR
DNA sequences from fungi, algae, and higher plants
were analyzed. The results showed that there are large
variations in GC content at the third codon position and
intron number. The intron positions were different be-
tween the fungi and plants but conserved within these
groups. The evolutionary rates were different for differ-
ent regions of NR genes and the NR gene has apparently
evolved at a constant rate at nonsynonymous sites.

Materials and Methods

DNA Sequences and Sequence Alignment.Nineteen NR sequences
from fungi, algae, and higher plants were analyzed (Table 1). DNA
sequences were taken from GenBank. The sequences ofArabidopsis
thaliana Nia1andChlamydomonas reinhardtiiNR genes were kindly
provided by Drs. N. Crawford (University of California at San Diego)
and P. Lefebvre (University of Minnesota at Minneapolis), respec-
tively.

The multiple NR amino acid sequences were aligned using the
GCG (Genetics Computer Group, Devereaux et al. 1984) program
PILEUP based on the alternative peptide symbol comparison table
StructGappep.cmp. This alignment was then edited to obtain the opti-
mal multiple amino acid sequence alignment (available upon request)
using the multiple alignment editor program MALIGNED (Stephen
Clark, Division of Cellular and Molecular Biology, Ontario Cancer
Institute, Toronto, Canada). The multiple nucleotide sequences were
first aligned using PILEUP, and then gaps were deleted or inserted
according to the optimal amino acid sequence alignment using the
GCG multiple alignment editor program LINEUP.

Relative Rate Test, Phylogenetic Analysis, and Base Composition.
The number of nucleotide substitutions was calculated with Nei and
Gojobori’s (1986) unweighted pathway method using the computer
program kindly provided by Dr. A. Hughes (Pennsylvania State Uni-
versity at University Park). The relative rate tests (Sarich and Wilson
1967) were performed as described by Li and Tanimura (1987). Since
the synonymous substitution values for most of the pairwise compari-
sons were too great to be reliably estimated, only the nonsynonymous
and overall nucleotide substitutions were considered. The classification
of species and the choice of outgroup for each test relied on the estab-
lished taxonomic evidence (Cronquist 1981). In order to simplify the
computational task, not all of the possible pairwise relative rate tests
were performed. Since the variation in the estimated number of nucleo-
tide substitutions among the different pairs of species in the comparison
of two lineages was considerably less than the sampling variances (Nei

Fig. 1. Amino acid sequence homology of 17 NR genes. The plot
was generated using the program PLOTSIMILARITY in the GCG
package based on the optimal amino acid sequence alignment with
window size of 21 amino acids. The window of comparison is moved
along all sequences one position at a time. The average identity over

the entire window is plotted at the middle position of the window. Two
valleys observed in the MoCo region are due to the large insertions in
the MoCo domain of fungal NR genes. The number for domain divi-
sions corresponds to the consensus sequence generated from the opti-
mal multiple amino acid sequence alignment.
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and Gojobori 1986) for the individual pairwise estimates, the pairwise
estimates of the number of nucleotide substitutions in the comparison
of two lineages were averaged, the standard error of this mean was
recalculated, and this average and standard error were used in the
relative rate test. Relative rate tests were performed on sets of species
representing comparisons between (1) kingdoms or classes; (2) sub-
classes within a kingdom or class; (3) families within a subclass; and
(4) genes within a genome.

The phylogenetic trees were constructed by the UPGMA (un-
weighted pair-group method using arithmetic means) and bootstrap
parsimony method using the programs in the PHYLIP phylogeny in-
ference package (Felsenstein 1989).

The base composition was estimated using the program DINUC,
which was written by Susan Johns at the VADMS center (Visualization
Analysis and Design in Molecular Sciences), Washington State Uni-
versity.

Results

Sequence Homology

The length of NR genes varied from 864 to 982 amino
acids among fungi, algae, and higher plants (Table 1).
TheNeurospora crassaNR gene is the largest, while the
Volvox carteriNR gene is the smallest. The length dif-
ferences among these NR genes are mainly due to dele-
tions or insertions in the N-terminal and hinge regions.

Also, two large insertions (14–22 amino acids) were ob-
served in the MoCo domains of fungal NR genes. No gap
was observed in the heme domain of any NR gene, which
may reflect the high functional constraint on this region.

Based on the alternative peptide symbol comparison
table StructGappep.cmp in the GCG package, the overall
amino acid sequence identity among these NR genes is
greater than 39%. The amino acid sequences of the three
functional domains are highly conserved, while those of
the N-terminal and the two hinge regions are more di-
verged (Fig. 1). A region containing 11 amino acids,
identical for all known NR genes, is located in the MoCo
domain. Perhaps this region is involved in binding the
molybdenum cofactor or nitrate.

Base Composition

Base composition at the third codon position varies
greatly among different NR genes, while at the first and
second codon positions it is less variable. The average
GC content was 68.4% (±17.8%) at the third codon po-
sition, 41.5% (±2.8%) at the second codon position, and
56.4% (±5.1%) at the first codon position. Monocot and
algal NR genes had very high GC contents (87.8% ±
9.4%) at the third codon position, while fungal and dicot

Table 1. NR gene sequences used in this study

Speciesa Abbreviation Electron donor Subclass Amino acids

Fungi
Aspergillus nidulans And NADPH Euascomycetidae 873
Aspergillus niger Ang NADPH Euascomycetidae 867
Neurospora crassa Ncr NADPH Euascomycetidae 982
Algae
Chlamydomonas reinhardtii Cre NAD(P)H Chlorophyceae 882
Chlorella vulgaris Cvu NADH Chlorophyceae 318b

Volvox carteri Vca NADH Chlorophyceae 864
Dicots
Arabidopsis thaliana, Nia1 At1 NADH Dilleniidae 917
Arabidopsis thaliana, Nia2 At2 NADH Dilleniidae 917
Betula pendula Bpe NAD(P)H Hamamelidae 898
Cucurbita maxima Cma NADH Dilleniidae 918
Lycopersicon esculentum Les NADH Asteridae 911
Nicotiana tabacum, Nia1 Nt1 NADH Asteridae 904
Nicotiana tabacum, Nia2 Nt2 NADH Asteridae 904
Phaseolus vulgaris Pvu NADH Rosidae 881
Spinacia oleracea Sol NADH Caryophyllidae 926
Monocots
Hordeum vulgare, Nar1 Hv1 NADH Liliidae 915
Hordeum vulgare, Nar7 Hv2 NAD(P)H Liliidae 891
Oryza sativa Osa NADH Liliidae 916
Zea mays Zma NADH Liliidae 502c

a Accession numbers or references for sequences are as follows: And, Johnstone et al. (1990); Ang, M77022; Ncr, X61303; Cre, Dr. P. Lefebvre
(personal communication); Cvu, X56771; Vca, X64136; At1, Dr. N. Crawford (personal communication); At2, J03240; Bpe, X54079; Cma,
M33154; Les, X14060; Nt1, X14058; Nt2, X14059; Pvu, X53603; Sol, M32600; Hv1, X57854; Hv2, X60173; Osa, X15819, X15820; Zma,
M27821
b Partial sequence for heme binding domain
c Partial sequence of C-terminal
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NR genes had lower GC contents at this position (57.0%
± 9.3%). Considerable differences in GC content at the
third codon position were also observed within dicot and
algal NR genes.

NR Gene Intron Numbers and Locations

Extensive variation in intron number was observed
among eucaryotic NR genes (Fig. 2).Chlamydomonas
reinhardtii andVolvox carteriNR genes have 15 and 9
introns, respectively, which are located in the MoCo,
heme, and FAD regions, while the barley NADH and
Neurospora crassaNADPH NR genes have only one
intron. Rice and most of the dicot NR genes have three
introns in the MoCo region, whileAspergillusNR genes
have six introns residing in the MoCo and heme regions.

The intron locations are conserved among NR genes
within fungal, algal, and higher plant lineages (Fig. 2).
The intron location inNeurosporaNR gene is conserved
from that inAspergillusNR genes. Eight of the ten intron
positions inVolvoxare identical to those inChlamydo-
monas reinhardtii.The three introns in NR genes from
Oryza sativa(rice),Phaseolus vulgaris(bean),Lycoper-

sicon esculentum(tomato), andNicotiana tabacum(to-
bacco) are located precisely at the same positions. The
barley NADH and NAD(P)H NR gene intron positions
are also identical to those in the rice NADH NR gene.

The intron locations in higher plant NR genes appear
to be conserved from algal NR genes. Two of the three
NR gene introns in higher plants have identical positions
to the introns inChlamydomonasandVolvox.The intron
positions between higher plant, algal, and fungal NR
genes, however, are completely different (Fig. 2).

Introns found in the known eucaryotic NR genes do
not divide the coding sequence into exons which repre-
sent the functional domains of the enzyme (Fig. 2). Al-
though the exact boundaries for different functional do-
mains are not known, most of the introns appear to be
within and not between the functional domains.

Nucleotide Substitution Rates

In order to estimate NR gene evolutionary rates among
different lineages, divergence times of 1,000 Myr for
fungi and plants (Wolfe et al. 1989; Martin et al. 1989)
and 750 Myr for green algae and higher plants (Amati et

Fig. 2. Intron number and locations of NR genes. Theabbreviations
for individual genes are in Table 1. The codon positions and domain
divisions are with reference to theChlamydomonas reinhardtiiNR
amino acid sequence. The intron positions are described by both phase

and codon. A codon followed by +1 or +2 is the next codon split by an
intron after the first or second base, respectively. A codon followed by
+0 has an intron between it and the next codon. The presence of an
intron is shown by *.
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al. 1988; Meagher et al. 1989) were assumed. Based on
these divergence times, the nucleotide substitution rates
were calculated for the entire NR gene and for each of
the individual regions of the sequence. The estimates of
the nonsynonymous and overall nucleotide substitution
rates were very similar for the two reference divergence
times (Tables 2, 3). The comparisons of both nonsyn-
onymous and overall substitution rates indicated that dif-
ferent regions of the NR genes evolved at different rates.
The three functional domains evolved at about one-third
of the rate of the other three regions (Tables 2, 3). The
FAD domain evolved somewhat faster than the MoCo
and heme domains (Tables 2, 3). The hinge 2 region
evolved faster than the N-terminal, which in turn evolved
more rapidly than the hinge 1 region (Tables 2, 3).

Relative Rate Test

The molecular clock hypothesis (Zuckerkandl and Paul-
ing 1965) predicts that homologous genes in different
species should evolve at similar rates. To test this hy-
pothesis for NR genes, the relative rate test was applied.
No significant deviation from the expectation that ‘‘spe-
cies’’ 1 and 2 show equal divergence from the reference
‘‘species’’ was observed for nonsynonymous substitu-
tions (Table 4). These data suggest that NR genes
evolved at a constant rate at the nonsynonymous sites
and can be used as a molecular clock.

Some species have two or more NR genes. To deter-
mine if these genes evolved at similar rates, the relative
rate test was performed between different NR genes in
barley,Arabidopsis,andNicotiana tabacum(tobacco).
No significant differences in nonsynonymous substitu-
tion rates were observed between NR genes within these
species (Table 4).

Although the relative rate tests for the entire NR se-
quences are consistent with rate constancy at the non-
synonymous sites, this observation does not guarantee

that each region of the NR gene evolved at a constant
rate. Heterogeneity in the evolutionary rate in different
regions may compensate for one another and lead to
relative homogeneity in the rate for the entire gene. To
examine this possibility, the relative rate tests were per-
formed at nonsynonymous sites for each of the six re-
gions: MoCo, heme, FAD, N-terminal, hinge 1, and
hinge 2. No significant differences (at the 5% level) were
detected, suggesting that each of these regions also
evolved at a constant rate at nonsynonymous sites (data
not shown).

Significant deviations from the expectation of mo-
lecular clock behavior foroverall nucleotide substitu-
tions rates were observed for 10 of the 26 tests (Table 4).
The overall nucleotide substitution rate in monocots was
significantly lower than that in dicots. The overall
nucleotide substitution rates were not constant between
different dicot subclasses.

Molecular Phylogeny

The UPGMA phylogenetic tree based on the nonsynony-
mous substitutions calculated from the entire NR gene
sequences and the bootstrap parsimony tree based on the
entire NR genes revealed four distinct groups separating
fungi from plants, algae from higher plants, and mono-
cots from dicots (Figs. 3, 4). Within the monocot and
dicot groups, rice appeared to be more closely related to
maize than to barley, andSpinacia oleracea(spinach)
was closer to tobacco than toPhaseolus vulgaris(bean).

Dating of Monocot–Dicot Split

The apparent constancy of the NR gene nonsynonymous
substitution rate encouraged us to use it to estimate spe-
cies divergence times. Since the N-terminal and the two
hinge regions (about 15% of the entire sequence) have

Table 2. Estimated nonsynonymous nucleotide substitution rates for the entire and different regions of NR genes (×10−10/site/year)a

Regions

Ib IIc Average

n1 Rate ± SE n2 Rate ± SE Rate ± SE

Entire gene 42 3.24 ± 0.14 24 3.39 ± 0.15 3.29 ± 0.14
MoCo-Heme-FAD 42 2.86 ± 0.13 24 2.93 ± 0.14 2.89 ± 0.13
MoCo 42 2.59 ± 0.17 24 2.54 ± 0.17 2.57 ± 0.17
Heme 48 2.47 ± 0.36 39 2.92 ± 0.44 2.67 ± 0.40
FAD 45 3.47 ± 0.26 26 3.45 ± 0.26 3.46 ± 0.26
N-terminal 42 7.20 ± 1.42 24 8.16 ± 1.45 7.55 ± 1.43
Hinge 1 45 5.34 ± 1.34 26 7.39 ± 1.72 6.09 ± 1.48
Hinge 2 35 10.3 ± 2.22 26 8.50 ± 2.19 9.56 ± 2.20

a The nucleotide substitution rate was calculated byK/2T, in whichK is the number of nucleotide substitutions per site andT is the divergence time
b I is the calculated substitution rate and its standard error based on the mean number of the nonsynonymous substitutions and the average variance
over then1 pairwise comparisons between fungi and plants using fungi–plant divergence time, 1,000 Myr, as a reference point
c II is the calculated substitution rate and its standard error based on the mean number of the nonsynonymous substitutions and the average variance
over then2 pairwise comparisons between algae and higher plants using algae–higher plant divergence time, 750 Myr, as a reference point
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evolved rapidly, they were excluded in estimating the
divergence time for the monocot–dicot split. The diver-
gence time for the monocot–dicot split was estimated
based on three reference time points: the divergence time
between fungi and plants (1,000 Myr), between algae

and higher plants (750 Myr), and between rice and barley
(70 Myr, Stebbins 1981; Wolfe et al. 1989). The diver-
gence time for the monocot–dicot split was estimated to
be about 340 Myr when the fungi–plant and algae–higher
plant divergence times were used as reference points. A

Table 3. Estimated overall nucleotide substitution rates for the entire and different regions of NR genes (×10−10/site/year)a

Regions

I II Average

n1 Rate ± SE n2 Rate ± SE Rate ± SE

Entire gene 42 4.20 ± 0.16 24 4.57 ± 0.17 4.33 ± 0.16
MoCo-Heme-FAD 42 3.83 ± 0.15 24 3.78 ± 0.15 3.81 ± 0.15
MoCo 42 3.60 ± 0.19 24 3.74 ± 0.20 3.65 ± 0.19
Heme 48 3.32 ± 0.41 39 3.92 ± 0.49 3.59 ± 0.45
FAD 45 4.36 ± 0.29 26 4.68 ± 0.31 4.48 ± 0.30
N-terminal 42 7.89 ± 1.39 24 9.15 ± 1.56 8.35 ± 1.45
Hinge 1 45 6.74 ± 2.16 26 9.30 ± 2.32 7.68 ± 2.18
Hinge 2 30 11.4 ± 2.90 26 9.16 ± 2.50 10.4 ± 2.71

aSee Table 2 footnotes

Table 4. Relative rate test of the molecular clock hypothesis for the entire NR gene sequenceda

‘‘Species’’ 1 ‘‘Species’’ 2
‘‘Species 3’’
reference

Nonsynonymous
substitution

Overall
substitution

K13 − K23 ± SE K13 − K23 ± SE

Algae Higher plant Fungi 0.033 ± 0.029 −0.005 ± 0.033
Algae Monocots Fungi 0.024 ± 0.029 0.027 ± 0.033
Algae Dicots Fungi 0.039 ± 0.029 −0.015 ± 0.032
Monocots Dicots Fungi 0.015 ± 0.022 −0.042 ± 0.033
Monocots Dicots Algae −0.032 ± 0.019 −0.168 ± 0.022***
Within fungi
And Ang Ncr −0.005 ± 0.014 0.000 ± 0.034
Within algae
Cre Vca Ncr 0.012 ± 0.017 0.026 ± 0.034
Within monocots
Hv1 Osa Les 0.008 ± 0.009 0.010 ± 0.018
Hv1 Hv2 Les −0.013 ± 0.013 −0.023 ± 0.019
Osa Hv2 Les −0.021 ± 0.013 −0.030 ± 0.017
Within dicots
Dilleniidae Caryophyllidae Monocots 0.001 ± 0.013 −0.033 ± 0.018
Dilleniidae Asteridae Monocots 0.020 ± 0.012 −0.042 ± 0.018*
Dilleniidae Hamamelidae Monocots 0.022 ± 0.012 0.045 ± 0.017**
Dilleniidae Rosidae Monocots 0.016 ± 0.012 0.050 ± 0.017**
Asteridae Caryophyllidae Monocots 0.019 ± 0.012 −0.009 ± 0.018
Hamamelidae Caryophyllidae Monocots 0.021 ± 0.012 0.078 ± 0.017***
Rosidae Caryophyllidae Monocots 0.015 ± 0.012 0.083 ± 0.017***
Asteridae Rosidae Monocots 0.004 ± 0.012 0.092 ± 0.017***
Asteridae Hamamelidae Monocots 0.002 ± 0.012 0.087 ± 0.018***
Rosidae Hamamelidae Monocots 0.006 ± 0.012 −0.005 ± 0.016
Within Dilleniidae
At1 At2 Les −0.014 ± 0.013 0.016 ± 0.015
At1 Cma Hv2 −0.009 ± 0.013 0.070 ± 0.018***
At2 Cma Hv2 0.017 ± 0.013 −0.070 ± 0.017***
Within Asteridae
Nt1 Nt2 Les −0.002 ± 0.004 −0.002 ± 0.005
Nt1 Les Pvu 0.009 ± 0.011 −0.007 ± 0.016
Nt2 Les Pvu 0.008 ± 0.011 −0.006 ± 0.016

aK13 orK23 is the number of nucleotide substitutions per site between ‘‘species’’ 1 or ‘‘species’’ 2 and the reference ‘‘species’’ 3. SE is the standard
error of (K13 − K23). The null hypothesis isK13 − K23 4 0. *Significant at 5% level. **Significant at 1% level. ***Significant at 0.1% level
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value of 191 Myr was obtained when the rice–barley
divergence time was used as a reference point (Table 5).

In addition, the divergence time for the barley NADH
and NAD(P)H NR genes was estimated as 160 ± 12 Myr
using the barley–rice divergence time as a reference
point (data not shown). This result suggests that the bar-
ley ancestral NR gene duplicated about the time or

shortly after the divergence of the monocots from the
dicots.

Discussion

Intron loss and gain have been proposed as explanations
for their origin. The intron loss hypothesis suggests that
the progenitor genes shared by procaryotes and eucary-
otes were interrupted by introns, which were then lost in
procaryotes during evolution (Gilbert 1978; Darnell and
Doolittle 1986; Gilbert et al. 1986). The intron gain hy-
pothesis, on the other hand, suggests that introns have
more recent origins and were inserted into the eukaryotic
genes after the divergence of the prokaryote and eukary-
ote lineages (Cavalier-Smith 1985).

The conservation of two intron positions between
higher plant and algal NR genes indicates that they prob-
ably had the same origin. The NR genes in the ancestor
of algae and higher plants may have had all of the introns
and subsequently most introns may have been lost during
higher-plant evolution. The precise loss of an intron
could occur through an exact deletion or through recom-
bination with a DNA copy of a spliced gene transcript
(Gilbert et al. 1986). The loss of introns has also been
proposed in some other plant genes, such as alcohol de-
hydrogenase (ADH) (Gilbert et al. 1986). TheArabidop-
sisADH gene has only six of the nine introns found in
the maize ADH gene (Chang and Meyerowitz 1986).

Both intron loss and gain could account for the ob-
servation that fungi and plants do not have NR gene
introns at identical positions. Introns might have been
inserted into the NR genes after the divergence of fungi
and plants, so the intron positions would not be con-
served. The NR genes in the ancestor of fungi and plants,
however, may have had all the introns present in current
NR genes plus additional ones. Many introns might have
been lost independently after the divergence of fungi and
plants. Intron 1 inAspergillusandChlamydomonasand
intron 6 inAspergillusand intron 10 inChlamydomonas
are located only 4 bp apart (Fig. 2). These two intron
locations may be identical and the positions may have
‘‘slipped’’ during evolution (Gilbert et al. 1986; Liaud et
al. 1990, 1992; Martinez et al. 1989). Current NR gene
intron data do not differentiate between the intron loss
and gain hypotheses.

Gilbert (1978) suggested that novel protein structure
and functions could evolve into new combinations by
exchange or shuffling of exons. The exon shuffling hy-
pothesis further argues that introns might be vestigial and
serve as sites for recombination among exons. According
to the exon shuffling theory, exon borders should delimit
structural or functional regions within proteins, and some
exons should be common to more than one gene family
(Blake 1978). The homology of the three functional do-

Fig. 3. Phylogenetic tree constructed with UPGMA based on the
nonsynonymous substitutions of the entire NR gene sequences.

Fig. 4. Phylogenetic tree constructed with the bootstrap parsimony
method based on the entire NR gene sequences. Thenumbersabove the
horizontal lines are bootstrap confidence estimates on the branches in
100 replicates.
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mains of NR genes with other eukaryotic genes (Craw-
ford et al. 1988; Campbell and Kinghorn 1990; Hoff et
al. 1992) suggests the possibility that exon shuffling was
involved in the evolution of NR genes. This hypothesis,
however, is not supported by the observations with NR
genes where the recognized functional domains are not
separated by the known introns. Thus, in order to recon-
cile the exon shuffling hypothesis with the intron posi-
tion information, one has to postulate the existence of
many more introns in the progenitor NR gene. Alterna-
tively, the currently recognized NR functional domains
may be quite different in size from those ‘‘shuffled’’
during the early evolution of NR. The different intron
positions between the fungal and plant NR genes suggest
that extensive rearrangements of the NR gene structure
have taken place since its early evolution.

The average overall nucleotide substitution rate of the
entire NR gene (4.33 × 10−10) is slightly lower than the
rates estimated forAdh1(alcohol dehydrogenase 1) (5.18
× 10−10) (Gaut and Clegg 1991) and forRbcL (ribulose-
1,5-bisphosphate carboxylase large subunit) (5.0–6.5 ×
10−10) (Doebley et al. 1990). The nonsynonymous sub-
stitution rate (3.29 × 10−10) is slightly higher than the rate
for Adh1(2.5 × 10−10) (Gaut and Clegg 1991) and much
higher than that for GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) (1.41 × 10−10) (Martin et al.
1989). The apparent difference in the nucleotide substi-
tution rates between NR andAdh1orRbcL genes may be
due to the difference in the choice of the reference time
for calculating the evolutionary rate. The divergence
times for fungi–plants and for algae–higher plants were
used to estimate the NR gene nucleotide substitution
rates, while the rice–barley divergence time was used for
calculating theAdh1andRbcL gene nucleotide substitu-
tion rates (Gaut and Clegg 1991; Doebley et al. 1990).

The relative rate tests suggest that NR genes evolved
at a constant rate at the nonsynonymous sites among
fungi, algae, and higher plants, whereas the overall
nucleotide substitution rate was not constant. Although
the constancy of the synonymous substitution rates in
NR genes could not be tested, the inconstancy of the

overall nucleotide substitution rates and the constancy of
the nonsynonymous substitution rates imply that the syn-
onymous substitution rates would not be constant.

One possible explanation for the near constancy of the
nonsynonymous substitution rates and the lineage-
dependent synonymous substitution rates is stringent
functional constraint at the protein level. Although no
direct test of such a hypothesis is feasible, Sueoka’s
(1962, 1988, 1992) directional mutation pressure theory
suggests that the regression of GC content at the first and
second codon positions with GC content at the third
codon position can be used as an index of the severity of
selective constraint. For NR, the regression coefficients
were found to be 0.0804 between the second and third
codon positions and 0.2559 between the first and third
codon positions. According to Sueoka’s theory, this in-
dicates that the constraint at the second codon position is
very high, and somewhat less at the first codon position.
This theory would account for the observed pattern of
NR rate variation as an effect of powerful selective con-
straints at nonsynonymous sites. The very good clock-
like behavior that results is similar to the situation in GS
(glutamine synthetase) genes (Pesole et al. 1991).

Relative rate tests revealed that the NR genes within
barley andArabidopsishave evolved at constant rates
even though their expression patterns are different
(Warner et al. 1987; Wilkinson and Crawford, personal
communication). These data suggest that the functional
difference of these NR genes in plant growth may not
have affected their evolutionary rates.

Both UPGMA and bootstrap parsimony trees based
on NR genes suggest that the bambusoids (rice) are more
closely related to the panicoids (corn) than to the pooids
(barley). These results are consistent with theRbcL-
based andAdh1-based analyses (Doebley et al. 1990;
Gaut and Clegg 1991). However, they do not agree with
the phylogeny based on ribosomal RNA (rRNA) se-
quence data, which suggests that the bambusoids are
closer to the pooids than to the panicoids (Hamby and
Zimmer 1987). The UPGMA and bootstrap parsimony
trees based on NR genes also suggest that Caryophylli-

Table 5. Estimations of monocit–dicot divergence time based on the nonsynonymous substitutions of the MoCo-heme-FAD functional domains
of NR genesa

Reference divergence

Reference
divergence time
(Myr) KAC KBC KAB

Monocot–dicot
divergence time
(Myr)

Fungi–plants 1,000 0.576 0.562 0.192 ± 0.012 346 ± 21
Algae–higher plants 750 0.428 0.443 0.192 ± 0.012 339 ± 21
Rice–barley 70 0.203 0.195 0.073 ± 0.007 191 ± 12

aWhen using the divergence times of fungi–plants (including algae)
and algae–higher plants as reference points,KAC, KBC, andKAB are the
nonsynonymous substitutions of the MoCo-heme-FAD functional do-
mains among monocots (A), dicots (B), and fungi or algae (C). When
using the divergence time for a rice–barley split as a reference point,
KAC, KBC, andKAB are the nonsynonymous substitutions of the MoCo-

heme-FAD functional domains among rice (A), barley (B), and dicots
(C). The divergence time for monocot–dicot split was estimated using
the method of Li and Graur (1991, pp. 117–118). The standard errors
for the monocot–dicot divergence times were obtained by dividing the
standard errors ofKABwith twice the nonsynonymous substitution rate
for MoCo-heme-FAD regions (2.89 × 10−10) (Table 2)
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dae is closer to Asteridae than to Rosidae. This agrees
with Ritland and Clegg’s (1987) topology for these three
subclasses from two chloroplast gene sequences using
UPGMA and with Wolfe et al.’s (1987) topology from
15 chloroplast gene sequences using the neighbor-
joining method. One exception to classical taxonomy is
the position ofCucurbita maxima(squash), which is usu-
ally classified withArabidopsisin the subclass Dilleni-
idae (Cronquist 1981). Based on NR genes, it is not
clustered withArabidopsis.

The estimation of the monocot–dicot divergence time
based on NR gene sequences is dependent on the chosen
reference times (Table 5). Using fungi–plant and algae–
higher plant divergence times to calibrate the molecular
clock, the monocot–dicot split was estimated at about
340 Myr. This result is consistent with the estimations
based on the GAPDH genes using the fungi–plant split
reference time (Martin et al. 1989), and on the GAPDH
andRbcL genes using the brophyte–spermatophyte split
reference time (450 Myr) (Martin et al. 1993). Using the
divergence time of rice and barley to calibrate the clock,
the monocot–dicot split was estimated at approximately
200 Myr. This estimate is consistent with that based on
chloroplast DNA sequences using the rice–barley split
reference time (Wolfe et al. 1989). These results point to
the reference times as the major source of error in esti-
mating the monocot–dicot divergence time. The esti-
mated divergence times for the fungi–plant split and for
algae–higher plant split may involve greater uncertainty
(Clegg 1990), but the calculation based on the estimated
rice–barley split time may be more sensitive to errors.
Other possible sources of error are that fungi and algae
may be too distantly related to higher plants to serve as
proper outgroups, the sequenced rice and barley NADH
NR genes may not be orthologous, and the sequenced
cereal NR genes may not be representative of monocots.
Additional NR gene sequence data may help resolve this
controversy.

Several molecules have been used to study the evo-
lution of plant species, e.g., rRNA (Hamby and Zimmer
1992), GAPDH (Martin et al. 1989, 1993), GS (Pesole et
al. 1991), cytochromec (Scogin 1981; Boulter 1972),
RbcS (ribulose-1,5-bisphosphate carboxylase small sub-
unit) (Martin et al. 1983; Meagher et al. 1989), andRbcL
and other chloroplast genes (Wolfe et al. 1989; Clegg
and Zurawski 1992). Not all molecules have equal value
in analyzing evolutionary events and phylogenetic rela-
tionships. Woese (1987) argued that a useful chronom-
eter has to meet certain specifications: (1) clock-like be-
havior, (2) phylogenetic range, and (3) size and accuracy.
The molecule has to evolve at a constant rate among
different lineages. The rates of change of the molecule
have to be commensurate with the spectrum of evolu-
tionary distances being measured. The molecule has to
be large enough and consist of a fairly large number of
loosely coupled ‘‘domains’’ (functional units) which are

somewhat independent of one another in an evolutionary
sense. Based on these specifications, NR genes may be
useful for studying plant molecular evolution. NR genes
have evolved at a constant rate at the nonsynonymous
sites and consist of three distinct highly conserved func-
tional domains and three other more rapidly diverged
regions. These different regions have evolved at variable
rates, so they may be useful in resolving the evolutionary
relationships among both distantly and closely related
organisms. The three highly conserved functional do-
mains consist of about 85% of the gene, so it is easier to
obtain optimal sequence alignment for NR genes than for
rRNA genes in which the best alignment is often difficult
to achieve (Rothschild et al. 1986; Pesole et al. 1991).
NR genes are also large, about 900 amino acids, so they
provide more informative sites (bp) for phylogenetic
studies than other genes. Finally, NR genes have exten-
sive variation in intron numbers and the positions of
many introns are conserved. The NR intron data and the
conservation of the NR gene functional domains with
other eukaryotic genes (Crawford et al. 1988; Campbell
and Kinghorn 1990; Hoff et al. 1992) may be very useful
for examination of the intron loss or gain and exon shuf-
fling hypotheses.
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