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Abstract. A general correlation between neural ex-
pression and negative charge in isozymes suggests
charge represents an adaptation to the neural envi-
ronment. Interestingly, a notable exception exists in
teleost fish. Two cytosolic malate dehydrogenase
(MDH) isozymes have different spatial expression
patterns in certain fishes: one is expressed in all tis-
sues and the second is expressed primarily in the eye
and skeletal muscle. While the neural MDH isozyme
is negatively charged, the difference in charge be-
tween the two isozymes is not as pronounced as that
observed in other gene families (e.g., triosephosphate
isomerase and lactate dehydrogenase). Most tetra-
pods express a single cytosolic MDH isozyme, and it
has been demonstrated recently that the pair of iso-
zymes found in teleosts results from a gene duplica-
tion sometime after the separation of teleosts and
tetrapods, although the exact timing of this duplica-
tion has not been inferred. Phylogenetic analyses
suggest that the duplication of teleost isozymes oc-
curred during the radiation of actinopterygian fish,
consistent with the timing of duplication at other loci.
Using inferred amino acid sequences, we examine the

pattern of change following the duplication and
across the rest of the MDH gene tree. Comparison
between the MDH gene family and another gene
family that shows a larger charge differential among
members (triosephosphate isomerase) indicates that
the smaller charge difference between MDH isozymes
is best explained by greater constraint on amino acid
change directly following the duplication, not greater
constraint across the entire gene tree. This difference
in constraint might result from the wider pattern of
expression of the ‘‘neural’’ MDH isozyme.

Key words: Malate dehydrogenase — Gene dupli-
cation — Neural expression — Positive selection —
Ancestral reconstruction — Teleost fish

Introduction

Isozymes, tissue-specific enzymes, are examples of
protein specialization to unique environments and
functions within an organism. Many vertebrate gene
families include a member with an unusual elec-
trophoertic phenotype: neurally expressed isozymes
are frequently negatively charged (e.g., Fisher et al.
1980; Merritt and Quattro 2001). This correlation
between neural expression and net negative charge
suggests that this phenotype might represent an ad-
aptation to the neural environment (Fisher et al.
1980). Recently, we have shown that the high net
negative charge of the neurally expressed triose-
phosphate isomerase isozyme characteristic of the
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teleost retina (TPI-A) resulted from the biased accu-
mulation of charged amino acids during a period of
directional (positive) selection (Merritt and Quattro
2001). In contrast, the neural isozymes of some other
gene families do not exhibit as large a net negative
charge as that characterizing TPI-A (e.g., see Morizot
and Schmidt 1990). By comparing the evolution of
these contrasting examples, we can further under-
stand the evolution, and perhaps function, of nega-
tive charge concomitant with neural expression.

Here we examine the evolution of a neurally ex-
pressed, but not highly negatively charged, isozyme
of malate dehydrogenase (MDH; EC 1.1.1.37;
L-malate:NAD oxidoreductase). MDH is a dimeric
protein that functions in the citric acid cycle to cat-
alyze the interconversion of malate and oxaloacetate.
Teleost fish express two cytosolic MDH isozymes
(Wheat et al. 1973; Rainboth and Whitt 1974; Fisher
et al. 1980). One isozyme, MDH-A, is expressed in all
tissues across various fish taxa, whereas the second
isozyme, MDH-B, is expressed predominantly in the
eye and skeletal muscle (Wheat et al. 1971). Given the
pronounced expression of MDH-B in the eye, we,
and others, refer to MDH-B as the ‘‘neural’’ MDH,
although its pattern of expression is not as canalized
as that of some other neural isozymes (e.g., TPI-A
and LDH-C).

The two teleost cytosolic MDH proteins are the
products of two unlinked loci (Wheat et al. 1973) and
are distinct biochemically, differing in thermostabi-
lity, thermal optima, and reaction kinetics (Schwan-
tes and Schwantes 1982; Lin and Somero 1995; Lin
et al. 2002). The two isozymes also differ in the timing
of their expression during development: Mdh-A ap-
pears to be expressed throughout development, while
Mdh-B appears to be first expressed concomitantly
with development of the eye (Philipp et al. 1979) or
ontogeny of muscle (Champion and Whitt 1976).
Electrophoretic separation indicates that both MDH
isozymes are relatively neutrally charged, although
MDH-B does have a slightly more negative charge
than does MDH-A (e.g., Wheat et al. 1971; Philipp
et al. 1979). This difference in charge is not as pro-
nounced as between some neural and nonneural iso-
zymes in other gene families (e.g., triosephophate
isomerase [TPI] [Pontier and Hart 1981; Merritt and
Quattro 2001] and lactate dehydrogenase [LDH]
[Markert et al. 1975; Quattro et al. 1993]). An MDH
isozyme restricted in expression to mitochondria is
also present in all vertebrate taxa (Schwantes and
Schwantes 1982; Wheat et al. 1971) but is not ex-
amined here.

Unlike teleost fish, invertebrates (Meizel and
Markert 1967; Markert and Whitt 1968) and most
tetrapods (Thorne and Cooper 1963; Davidson and
Cortner 1967; Karig and Wilson 1971) express a
single cytosolic MDH, suggesting that the two teleost

cytosolic MDH isozymes result from duplication af-
ter the divergence of teleosts and tetrapods. However,
Fisher et al. (1980) report a second cytosolic MDH
isozyme in cephalochordates and place the duplica-
tion of cytosolic MDH early in chordate evolution.
Similarly, Schwantes and Schwantes (1982) report a
second cytosolic MDH in some amphibia. They
suggest that the pair of isozymes in teleost fish and
amphibians is orthologous and results from duplica-
tion prior to the divergence of these two lineages. On
the other hand, Philipp et al (1983) report only a
single cytosolic MDH in amphibians, which is con-
sistent with the duplication of MDH early in the
evolution of teleost fish. Recently, Lin et al. (2002)
described both cytosolic MDH protein sequences
from barracuda (Sphyraena idiastes) and suggested
that the gene duplication event most likely occurred
after the separation of teleosts and tetrapods. How-
ever, barracuda are a recently derived group of fish,
and without the inclusion of MDH sequences from
more basal fish taxa in phylogenetic analyses, it is not
possible to determine whether the duplication oc-
curred early in actinopterygian evolution, early in
teleost evolution, or late in teleost evolution. Pin-
pointing the duplication event is necessary to estab-
lish the orthology or paralogy of the various
vertebrate (tetrapod and teleost) isozymes and is an
essential first step in the investigation of their evolu-
tion. Further, the context of the duplication might
shed light on the cause of the small charge differential
observed between MDH isozymes. If this duplication
occurred more recently in teleost evolution than those
of the neural LDH or TPI, comparisons among these
gene families might not be appropriate—sufficient
time might not have elapsed for a more pronounced
difference in charge to have evolved between MDH
isozymes of fish relative to that observed electro-
phoretically and by inference in TPI and LDH.

Similarly, a well-supported gene tree is necessary
to investigate the role of selection in the evolution of
the MDH neural isozyme. Many gene families evolve
episodically, with bursts of positive selection brack-
eted by periods of purifying selection (e.g., Messier
and Stewart 1997; Zhang et al. 1998; Merritt and
Quattro 2001). The period of positive selection fol-
lowing gene duplication might be brief and evidence
for positive selection might be obscured by sub-
sequent substitutions after long periods of evolu-
tionary time (Hughes 1994). For this reason,
comparison of modern gene sequences might not
detect evidence for positive selection. Comparisons of
inferred ancestral sequences, internal nodes on a gene
tree that bracket a period of interest, circumvent this
problem by isolating periods of evolutionary time
(e.g., Messier and Stewart 1997; Zhang et al. 1998).

This paper investigates the evolution of the pair of
cytosolic Mdh genes in fish. Five cytosolic MDH
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cDNAs were sequenced from three modern Actin-
opterygian fish: a single cDNA from the shortnose
sturgeon (Acipenser brevirostrum), a primitive actin-
opterygian; and two cDNAs each from two teleost
fish species, zebraflsh (Danio rerio) and Japanese
medaka (Oryzias latipes). These sequences were
chosen to flank closely the most likely location of the
duplication that led to the pair of teleost cytosolic
MDH isozymes. This paper has two main objectives:
(1) to characterize more precisely the duplication
event that gave rise to the two cytosolic MDH iso-
zymes in teleost fish and (2) to compare and contrast
the evolution of the MDH and TPI neural isozymes
to investigate a possible explanation for the lack of a
large charge differential between the MDH isozymes.

Methods

MDH Cloning and Sequencing. Acipenser brevirostrum

(shortnose sturgeon) tissues were obtained from R. Chapman,

South Carolina (SC) Department of Natural Resources, Charles-

ton; Oryzias latipes (Japanese medaka) samples were purchased

from Carolina Biological Supply; and Danio rerio (zebrafish)

samples were purchased from local pet stores. Tissues were dis-

sected from single fish and processed immediately or stored at

)70�C. Total RNA was purified from tissue using a commercially

available kit (RNeasy; Qiagen). Complementary DNA (cDNA)

was synthesized from total RNA using the Superscript Preampli-

fication System (Gibco BRL).

At the time this study was undertaken, complete and partial

sequences for cytosolic malate dehydrogenase (MDH) were avail-

able from a number of vertebrate taxa, including partial sequences

from two teleost fish, zebrafish and Japanese medaka. The partial

teleost sequences were completed and then used, along with other

vertebrate MDH sequences, to design degenerate oligonucleotide

primers to amplify the second MDH locus from the two teleost

species and a single locus from sturgeon. This strategy is outlined

briefly below.

Two MDH expressed sequence tags (ESTs) from zebrafish, one

from the 50 end and one from the 30 end of the cDNA (GenBank

accession numbers AA566495 and AI477368, respectively), were

used to design specific oligonucleotide primers.

DMDHF: 50-TTG GCG CAC ATC TCA ACC TGC-30

DMDHR: 50-AGT TTG ACT CTA GCG TCT GCC-30

These primers amplified a single 1147-base pair (bp) product

from zebrafish liver cDNA by the polymerase chain reaction (PCR)

(Saiki et al. 1988). PCR was carried out for 40 cycles under the

following conditions: denaturation at 95�C for 1 min, annealing at

48�C for 1 min, and extension at 72�C for 1 min. PCR products

were cloned into pGEM T-vector (Promega) and sequenced using a

377 automated sequencer (ABI). Dye terminator sequencing was

performed with BigDye termination mix (Applied Biosystems) us-

ing the manufacture’s protocol. At least three independent clones

per PCR fragment were sequenced on both strands. The extreme 50

and 30 coding and untranslated regions of the cDNA were ampli-

fied using the RACE (rapid amplification of cDNA ends) method

(Frohman 1990). RACE amplifications used gene-specific primers

designed from the initial gene fragment. Conditions for the PCR,

cloning, and sequencing were as described above.

GenBank also contains a partial MDH sequence from the

Japanese medaka (accession number AJ012193). This sequence is

missing the 50 end of the coding region and the 50 untranslated
region. The RACE method was used to amplify the 50 end of the

cDNA using primers designed from this partial MDH sequence

and conditions as described for the zebrafish MDH cDNA above.

A set of degenerate primers was designed using an alignment of the

zebrafish and medaka MDH sequences and other vertebrate MDH

sequences from GenBank.

FishMDH47F: 50-CTS CTG GAY ATC MAY CCC ATG-30

FishMDH55F: 50-CTG CCG GTG CTG GAC GGA GTS

GTC-30

FishMDH299R: 50-TTC CAG STC TTG TTC TTG AT-30

FishMDH308R: 50-TCG TTG ATR GRG AGM CCR TCA

AC-30

Degenerate positions are represented by the following ambi-

guity codes: M = A, C; R = A, G; S = C, G; and Y = C, T.

Numbers refer to the amino acid position occupied by the 30 base of
each primer using the mouse sequence (M29462) as reference.

Combinations of these four oligonucleotide primers were used

to amplify a 755- to 803-bp segment of the MDH gene from

shortnose sturgeon, zebrafish, and medaka by PCR with conditions

as described above. In some cases nested reamplifications were

necessary to yield sufficient PCR product for cloning. In these

cases, an amplification using the primers FishMdh47F and Fish-

Mdh308R was diluted 1:100 and used as template in a reaction

using the primers FishMdh55F and FishMdh299R under identical

reaction conditions. The extreme 50 and 30 coding and untranslated

regions of these genes were amplified, cloned, and sequenced using

the RACE method, with PCR conditions as described above.

Combinations of these primers amplified segments of two dis-

tinct zebrafish MDH cDNAs but only one medaka cDNA (see

Results). Another set of forward primers was therefore designed

around amino acid substitutions unique to the second zebrafish

locus.

MDHB 141F: 50-ACH AAC TGY YTR ATT GCM G-30

MDHB 259F: 50-CAC ATG AGR GAY ATY TGG AC-30

H = A, C, T and degenerate positions and numbering are as

above. These primers were paired with a new reverse primer de-

signed from the five fish MDH cDNA sequences already charac-

terized.

MDH 320R: 50-GCN GTR TCY CTY TCY TCM AC-30

Degenerate sites and numbering are as above. A PCR amplification

combining MDHB 141F and MDH 320R was performed, but

failed to yield enough product for cloning. This product was di-

luted 1:100 and used as the template in a partially nested PCR

reaction using MDHB 259F and MDH 320R. This reaction am-

plified a 225-bp segment of a second MDH gene from medaka. The

extreme 50 and 30 coding and untranslated regions of this gene were

amplified, cloned, and sequenced using the RACE method, with

conditions as described above.

Isoelectric point (pI) values were calculated for each predicted

amino acid sequence using the on-line Isoelectric Point service of

EMBL (http://www.embl-heidelberg.de/cgi/pi-wrapper.pl).

Phylogenetic Analyses. In addition to the five fish MDH

sequences reported here, the following cytosolic MDH sequences

were obtained from GenBank and used in phylogenetic analyses:

barracuda MDH-S (AF390559), barracuda MDH-L (AF390560),

pig (U44846), human (U20352), rat (AF093773), mouse (M29462),

alfalfa (AF020272), iceplant (X96539), and snail (AF218065).

Amino acid sequences were aligned using the ClustalW mul-

tiple alignment program (Thompson et al. 1994). Minor adjust-

ments were made ‘‘by eye,’’ resulting in an overall alignment of

333 amino acid positions. A phylogeny was constructed by the

neighbor-joining (NJ) method (Saitou and Nei 1987) using the

algorithm implemented in MEGA (version 1.0 [Kumar et al.

1993]). Pairwise gamma distances were calculated according to the

formula of Nei et al. (1976), with the a parameter set to 2.05

(Uzzel and Corbin 1971), and the complete deletion option for
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gaps and missing data. Bootstrapping (Felsenstein 1985) was used

to evaluate the degree of support for particular groupings in the

NJ analysis. Maximum likelihood analyses were carried out using

the PROTML program included in the MOLPHY version 2.2

software package (Adachi and Hasegawa 1994) using the Jones,

Taylor, and Thorton (JTT; Jones et al. 1992) model of amino acid

substitution.

Test for Positive Selection. Ancestral sequences were re-

constructed using a distance-based method (Zhang et al. 1997) by

first inferring the amino acid sequences and then inferring the nu-

cleotide sequences under the restriction of the ancestral amino acid

sequences. Ancestral amino acid reconstructions used the ANC-

GENE computer program (Zhang et al. 1998) with the JTT (Jones

et al. 1992) model of amino acid substitution. The second-to-last

amino acid in each sequence could not be inferred because of gaps in

our alignment of extant MDH sequences. The reconstructed se-

quences were used to compute the number of synonymous (s) and

nonsynonymous (n) substitutions per branch using proportional

differences as implemented in the BN-BS computer program (Zhang

et al. 1998). Reconstruction of ancestral sequences and estimation

of the number of substitutions using a Poisson model of amino acid

substitution, the Jukes–Cantor (1969) model of distance estimation,

or a combination of either of these methods with the JTT model or

proportional distances yielded results essentially identical to those

reported here. The numbers of potential nonsynonymous sites (N)

and synonymous sites (S) were also calculated for the MDH se-

quences using the BN-BS program. The ratio of transitions to

transversions, required for calculation of s, n, S, and N, was cal-

culated using MEGA (version 1.0 [Kumar et al. 1993]). A major

goal of this research was to compare the patterns of DNA and

amino acid change across evolutionary history between the TPI and

the MDH gene families. To allow direct comparison between the

two gene families, only sequences for which analogues were avail-

able for both TPI andMDH (e.g., cyprinid and atherinid neural and

nonneural MDH but not the pair of MDH isozymes from barra-

cuda) are included in the ancestral reconstruction, test for positive

selection, and other tests of DNA and amino acid change presented

here. Inclusion of the barracuda sequences in the reconstruction and

test of positive selection for MDH only gave essentially identical

results to those presented here (data not shown).

Results

Cloning and Sequencing. Amplification from zebra-
fish liver cDNA using the DMDH-F and DMDH-R
primers yielded a 1147-bp product. RACE amplifi-
cation, cloning, and sequencing of the extreme 50 and
30 ends and cloning and sequencing of the entire
coding region indicated a cDNA consisting of 1348
bp, including a start codon, a TGA stop codon, 50 bp
of 50 untranslated region (UTR), and 295 bp of 30

UTR. The cDNA open reading frame codes for a
333-amino acid protein with a predicted pI of 7.2
(Fig. 1). This sequence, referred to hereafter as
DrMDH-A, is similar to other MDH sequences in
GenBank and, across the region of overlap, identical
to the zebrafish MDH ESTs in GenBank.

Amplification from medaka liver cDNA produced
a single product consisting of 1383 bp, including 69
bp of 50 untranslated sequence, a start codon, a TGA
stop codon and 311 bp of 30 untranslated sequence.
The cDNA open reading frame coded for a 333-

amino acid protein with a predicted pI of 7.7 (Fig. 1).
The partial medaka MDH sequence in GenBank
contained a few minor inconsistencies compared to
MDH sequences in GenBank: an apparent deletion
of nucleotides 397, 398, and 399 (using the mouse
MDH as reference), an apparent single base insertion
at position 431, and an apparent single base deletion
at position 449. In comparison with other MDH se-
quences, deletion of nucleotides 397–399 removes a
glutamine from the amino acid sequence, the inser-
tion at position 431, followed by the deletion at po-
sition 449, alters, and then recovers, the open reading
frame of the sequence. All of the clones we examined
contained the three nucleotides at that same position
missing from the partial medaka sequence (nucleo-
tides 397, 398, and 399) and had neither the insertion
at position 431 nor the deletion at position 449,
suggesting that the unusual features of the partial
medaka sequence in GenBank are artifacts. With
these exceptions, the medaka sequence reported here,
referred to hereafter as OlMDH-A, was identical to
the partial medaka sequence in GenBank and similar
to other MDH sequences reported in GenBank.

PCR products from zebrafish eye cDNA amplified
using the ‘‘FishMDH’’ primers yielded two products:
one that was identical to the sequence amplified from
liver samples (DrMDH-A) and one that differed from
this sequence by approximately 20%. Cloning and
sequencing of the 50 and 30 ends of the second ze-
brafish MDH coding and untranslated regions indi-
cated a cDNA consisting of 1615 bp, including an
ATG start codon, a TGA stop codon, 96 bp of 50

untranslated sequence, and 517 nucleotides of 30 un-
translated sequence. The open reading frame of this
second zebrafish cDNA codes for a protein of 333
residues with a predicted pI of 6.0 (Fig. 1). This se-
quence, hereafter referred to as DrMDH-B, is similar
to DrMDH-A and other MDH sequences in Gen-
Bank.

PCR amplification from medaka eye cDNA using
the FishMDH primers yielded only a single product,
identical to the product amplified from medaka liver,
OlMDH-A. PCR amplification from medaka eye
samples using the ‘‘MDHB’’ primers yielded a single
PCR product that differed by approximately 20%
from OlMDH-A. Subsequent cloning and sequencing
of the 50 and 30 ends and coding and2 untranslated
regions indicates a cDNA consisting of 1346 bp, in-
cluding a start codon, a TGA stop codon, 33 bp of 50

UTR, and 311 bp of 30 UTR. This second cDNA
codes for a 333-amino acid protein with a predicted
pI of 6.0 (Fig. 1). This sequence, hereafter referred to
as OlMDH-B, is similar to OlMDH-A and other
MDH sequences in GenBank.

To confirm that the cDNAs we characterized
corresponded to the tissue-specific MDH isozymes
reported by earlier authors (and thus our assignment
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of MDH-A versus MDH-B), we designed oligonu-
cleotide primers specific for each gene and used RT-
PCR amplification to assay for the presence of mes-
sage across a variety of tissues (eye, brain, ovary,
liver, gut, and muscle) in zebrafish and medaka (data
not shown). The identities of the various PCR am-
plification products were verified by direct sequenc-
ing, to eliminate the possibility of undetected cross
amplification between paralogues within specific tis-
sues. Primers specific to either the DrMDH-A or the
OlMDH-A cDNA amplified a product from every

tissue examined in both species. Primers specific for
either the DrMDH-B or the OlMDH-B gene yielded
strong amplification products (bright ethidium bro-
mide-stained bands on a 2% agarose gel) from eye
and muscle of both species. In contrast, amplifica-
tions using the MDH-B primers yielded weak am-
plification products (fainter bands on the same
ethidium bromide-stained gel) from brain, gill, and
ovary samples, suggesting lower levels of MDH-B
mRNA in these tissues and consistent with the pat-
tern of MDH-A and MDH-B protein expression

Fig. 1. Amino acid sequences for fish MDH genes reported here and for the inferred ancestral teleost (MDH-T), ancestral MDH-A

(MDH-A), and ancestral MDH-B (MDH-B) proteins. The single unique negative amino acid shared by both teleost MDH-B proteins is

shown in boldface and indicated by the asterisk. Predicted isoelectric point (pI) values are shown at the 30 end of each protein.
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reported by Champion and Whitt (1976) and Philipp
et al. (1979) in other teleost species.

PCR products amplified from shortnose sturgeon
samples using the FishMDH primers yielded a single
homogeneous product consisting of 1261 nucleotides,
including an ATG start codon, a TGA stop codon, 60
nucleotides of 50 untranslated sequence, and 202
nucleotides of 30 untranslated sequence. The open
reading frame codes for a 332-amino acid protein,
hereafter referred to as AbMDH, with a predicted pI
of 7.3 (Fig. 1).

Sequence analysis of 30 RACE products from
shortnose sturgeon revealed a second MDH cDNA
sequence. A total of 271 bp of this ‘‘second’’ cDNA
was sequenced, including 59 nucleotides of coding
region (including the stop codon) and 212 nucleotides
of 30 untranslated sequence. The coding regions of the
two sequences differed at three positions (5%); two
substitutions were synonymous. The one nonsynon-
ymous substitution involved a chemically conserva-
tive alanine-to-serine change (using the criteria of
Grantham 1974). In contrast, over this same portion
of the coding region, the two zebrafish MDH cDNAs
differ by 14% (55 changes) and the two medaka
MDH sequences by 23% (44 changes). The untrans-
lated regions of the two sturgeon sequences one differ
by 14%, with 29 differences across 212 bp, including
two insertion–deletion events, one of 2 nucleotides
and one of 10 nucleotides. Shortnose sturgeons are
thought to be recent polyploids (Blacklidge and Bi-
dwell 1993). In analysis of the evolution of the TPI
gene family in fish, multiple TPI cDNAs were also
found in this species (Merritt and Quattro 2001). It
seems likely that the multiple cDNAs found from
both gene families represent paralogues, genes re-
sulting from a polyploidization event unique to
sturgeons. Given the limited amino acid differences
between the sturgeon MDH proteins, we have based
our analysis of MDH evolution on the single com-
pletely sequenced sturgeon MDH coding region,

Phylogenetic Analyses. The tree topology from the
neighbor-joining (NJ) analysis is shown in Fig. 2A.
Analysis using parsimony or maximum likelihood
methods yielded identical topologies (parsimony data
not shown, maximum likelihood analyses are ex-
plored further below). The NJ analysis indicates that
the MDH neural and nonneural isozymes of barra-
cuda, medaka, and zebrafish are homologous: 640 of
1000 bootstrap replicates grouped barracuda MDH-S
(SiMDH-S), OlMDH-A, and DrMDH-A, 910 of 1000
bootstrap replicates grouped barracuda MDH-L
(SiMDH-L), OlMDH-B, and DrMDH-B, while none
grouped SiMDH-S and SiMDH-L, OlMDH-A and
OlMDH-B, or DrMDH-A and DrMDH-B. Further,
the NJ tree topology indicates that the duplication
that gave rise to these two genes occurred within the

actinopterygian fish lineage, after the separation of
the sturgeon (acipenseriform) and teleost lineages: 990
of 1000 bootstrap replicates grouped the five fish se-
quences together as a single clade, 620 of 1000 repli-
cates grouped the three pair of teleost MDH
sequences within this fish clade. Bootstrap analysis
does not support the hypothesis that the two teleost
MDH sequences result from a duplication prior to the
separation of the teleost and sturgeon lineages: only

Fig. 2. A Neighbor-joining tree depicting phylogenetic relation-

ships among MDH amino acid sequences. The asterisk indicates

the duplication that gave rise to the two TPI genes in higher fish.

Numbers below each node represent the proportion of 1000

bootstrap replicates supporting that node. B The portion of the tree

in A that includes the vertebrate MDH sequences used in the re-

construction of ancestral sequences. Numbers above each branch

represent the number of nonsynonymous (n) and synonymous (s)

substitutions calculated for each branch of the tree, shown as n/s.

The double-asterisk indicates the only comparison in which n/s is

significantly greater than N/S. T, A, and B indicate the nodes

corresponding to the ancestral single teleost MDH sequence, an-

cestral MDH-A sequence, and ancestral MDH-B sequence,

respectively; see text for details.
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60 of 1000 replicates grouped the sturgeon MDH se-
quence with the MDH-A and MDH-S sequences and
none of the replicates grouped the sturgeon sequence
with the MDH-B and MDH-L sequences. In sum, the
results of our distance-based phylogenetic analysis
support the hypothesis that the two teleost cytosolic
MDH isozymes result from a duplication event that
occurred during the radiation of actinopterygian fish,
not earlier in vertebrate evolution as suggested by
other authors (e.g., Fisher et al. 1980; Schwantes and
Schwantes 1982).

We used maximum likelihood analysis to examine
further alternative hypotheses that place the MDH
duplication early in the evolution of vertebrates, prior
to the separation of the teleost and tetrapod lineages.
For the hypothesis of a duplication preceding the
separation of teleosts and tetrapods to be correct,
vertebrates in which only a single cytosolic MDH
protein has been observed (pig, human, rat, mouse,
and sturgeon) must be assumed to have lost at least
one copy of the gene. Thus, we constrained the tree
topology such that the sturgeon MDH and tetrapod
MDH sequences grouped with either the teleost
MDH-A clade or the MDH-B clade and compared
the log likelihood (lnL) of the constrained topology
with that of our NJ tree. Although this hypothesis
requires the assumption that sturgeon and tetrapods
have both lost one cytosolic Mdh locus, we cannot
assume that sturgeon and tetrapods have lost the
same locus. To account for this uncertainty, we ex-
amined both topologies, i.e., alternatives that do or
do not assume orthology of the sturgeon and tetra-
pod sequences. Using a criterion of two standard
errors of the difference in the likelihood, the topology
from our NJ analysis (placing the duplication within
fish) has a significantly higher likelihood than that of
any of the alternative hypotheses (difference in like-
lihood between these hypotheses and the NJ tree to-
pology ± 2 SE ranged from DlnL = )38.7 ± 13.7 to
)46.5 ± 14.1). We can therefore reject the hypothesis
that the pair of MDH proteins found in teleost fish
results from a gene duplication early in vertebrate
evolution. The pairs of cytosolic MDH isozymes re-
ported in cephalochordates (Fisher et al. 1980) and
some amphibians (Schwantes and Schwantes 1982)
must be the products of gene duplication events in-
dependent from that giving rise to the two fish cyto-
solic Mdh genes.

The above likelihood analysis does not rule out the
possibility that the duplication occurred after the
separation of tetrapods from the acipenseriform and
teleost lineage (actinopterygians) but prior to the
separation of the acipenseriformes and teleosts. Un-
der this second alternative hypothesis, the observed
sturgeon MDH is orthologous to either teleost
MDH-A or teleost MDH-B, a requirement supported
by a small fraction (60 of 1000) of bootstrap repli-

cates in our NJ analysis. This second hypothesis is
also consistent with the pair of MDH sequences that
we found in shortnose sturgeon resulting from the
same duplication as the teleost MDH isozymes, and
not from the polyploid nature of this species. To test
this hypothesis, we constrained the tree topology such
that the sturgeon sequence grouped with either the
teleost MDH-A clade or the MDH-B clade and
compared these topologies with the topology in Fig.
2A. Again using the criterion of two standard errors
of the difference in likelihood, we can rule out the
constrained tree topologies as consistent with the
MDH data set (the difference in likelihood from the
NJ tree topology ± 2 SE ranged from DlnL = )15.6
± 7.6 to )23.8 ± 11.2). The results of this likelihood-
based analysis, like those of the distance-based
analysis, support the hypothesis of a duplication of
the MDH gene within the actinopterygians, after the
separation of acipenseriform and teleost fish. These
results also support our decision to use the single
completed sturgeon sequence as representative of the
preduplication fish MDH (see below).

Reconstructing Ancestral Sequences and Statistical
Tests for Selection. In the absence of selective pres-
sure, the ratio of observed nonsynonymous changes
(n) to synonymous changes (s) will equal the ratio of
potential nonsynonymous (N) to potential synony-
mous (S) changes (Kimura 1983). Positive, diversi-
fying selection will increase n/s relative to N/S,
whereas purifying selection will decrease n/s relative
to N/S (Zhang et al. 1997). Observed changes were
calculated for each branch of the MDH gene tree by
direct pairwise comparisons of all nodes using the
methods of Zhang et al. (1998). Ancestral sequences
(internal nodes) were calculated from extant se-
quences (terminal nodes). The posterior probability
of the inferred ancestral states ranged from 98 to 99%
(amino acids) and 83 to 97% (nucleotides). Using a
ratio of transitions to transversions (R) of 1.0 (cal-
culated from the data set), N and S were calculated to
average 730 and 263, respectively, across the MDH
tree. The n/s ratio exceeds the N/S ratio along two
branches of the tree (Fig. 2B): the branch leading to
the ancestral single teleost gene and the branch
leading to the ancestral B gene (T–B branch). Using
Fisher’s exact test, the difference between the n/s and
the N/S values was significant only along the T–B
branch (p = 0.08). Acceptance of a significance level
of a = 0.08 is permissive but is justified here by the
fact that our analysis of the TPI gene family (Merritt
and Quattro 2001) gave us an a priori reason to ex-
pect an increase in n/s relative to N/S along this
specific branch of the gene tree. Seven sites of the
inferred T, B, or A sequences (amino acids 164, 176,
203, 207, 210, 274, and 329; Fig. 1) were deemed
ambiguous because the most likely amino acid was
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less than twice as probable as the next most likely
amino acid (per Zhang et al. 1998). If these seven sites
are excluded from the analysis, n/s still exceeds N/S
along the T–B branch, although the a level is reduced
(n/s = 11/1; p = 0.13).

Nonrandom Amino Acid Substitution. Comparison of
modern and inferred amino acid sequences indicates
that following the gene duplication that gave rise to
the neural TPI protein, this protein accumulated
negative amino acids at an accelerated rate (Merritt
and Quattro 2001). Here we use a similar strategy to
investigate the pattern of amino acid substitution
following the duplication of the MDH gene in fish.
Predicted amino acid sequences were used to com-
pare the amino acid substitutions along the T–B
branch (Fig. 2) with those across the rest of the
MDH gene tree (Table 1). Amino acids were
grouped by physical and chemical properties (using
the criterion of Grantham 1974) to determine whe-
ther observed amino acid substitutions conserved or
altered charge. Three of the 11 amino acid changes
between node T and node B result in a change in
amino acid charge: one change is from a neutral
amino acid to a negatively charged amino acid, one
is from a positively charged amino acid to a neutral
amino acid, and one is from a negatively charged
amino acid to a neutrally charged amino acid (Fig.
1). There are 200 amino acid changes across the rest
of the MDH gene tree; 36 of these are to, or from,
charged amino acids (data not shown). These ratios,
8/3 and 164/36, are not significantly different
(Fisher’s exact test, p = 0.33; Table 1). Excluding
the seven ambiguous ancestral sites (see above), 9
amino acid changes occur along the T–B branch, 1
of which alters charge (from neutral to negatively
charged), and 176 changes occur across the rest of
the tree, 27 of which are to, or from, negative or
positive amino acids. The ratio of changes along the

T–B branch is still not significantly different from
the ratio observed for the rest of the tree (8/1 vs
149/27; p = 0.59). Similarly, if amino acid changes
were grouped by size or polarity, the T–B branch
did not differ significantly from the rest of the gene
tree (Table 1).

Discussion

Phylogenetic analysis of vertebrate MDH cDNA se-
quences, using both distance- and likelihood-based
methods, indicated that the pair of MDH isozymes
found in teleost fish is the result of duplication of the
cytosolic Mdh gene early in the evolution of actin-
opterygian fish. Phylogenetic analysis provided no
support for the hypothesis (e.g., Fisher et al. 1980;
Schwantes and Schwantes 1982) that the two MDH
isozymes found in teleost fish result from a gene du-
plication earlier in the evolution of vertebrates. These
results confirm and extend the conclusion of Lin et al.
(2002) that the two teleost MDH isozymes are the
products of a duplication of the cytosolic Mdh gene
after the separation of teleosts and tetrapods. The
presence of pairs of MDH isozymes in both am-
phibians and teleosts has led to the proposal that they
might represent an adaptation to ectothermy (Sch-
awntes and Schwantes 1982; Lin and Somero 1995).
Our analysis indicates that these pairs are not in fact
orthologous but, rather, are the products of inde-
pendent duplication events. Any similar adaptive
function between these isozyme pairs must therefore
be the product of convergent evolution.

Two other teleost isozymes expressed primarily in
neural tissue, TPI-A and LDH-C, also result from
duplications that occurred early in the radiation of
teleost fish (Quattro et al. 1993; Stock et al. 1997;
Merritt and Quattro 2001). Further, studies of the
evolution of the Hox (Amores et al. 1998) and Dlx
(Stock et al. 1996; Neidert et al. 2001) gene families

Table 1. Number of amino acid substitutions that alter or conserve a given amino acid property along branches of the MDH phylogeny.

Reconstructed changesa

Property T–B branch Tree pb

Charge

Conserve 8 (8)c 164 (149)

Alter 3 (1) 36 (27) 0.33 (0.59)

Polarity

Conserve 8 (7) 140 (127)

Alter 3 (2) 60 (49) 0.57 (0.60)

Size

Conserve 8 (7) 135 (121)

Alter 3 (2) 65 (55) 0.50 (0.44)

a Branches are as defined in Fig. 2; ‘‘tree’’ refers to changes along all branches summed excluding the MDH T–B branch.
b The result of a Fisher’s exact test that the observed number of changes within properties is homogeneous across branch designations.
c Results of a similar analysis excluding seven ambiguously reconstructed amino acid positions (see Results) are shown in parentheses. See

Methods for details.
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indicate duplication events during this same time
period which have been interpreted as evidence for
duplication of entire chromosomes, or perhaps the
entire genome (Stock et al. 1996; Amores et al. 1998;
Neidert et al. 2001). The similarity in timing of the
duplication of the Hox and Dlx genes and the du-
plication(s) responsible for the teleost MDH, TPI,
and LDH neural isozymes suggests that these dupli-
cations are all the result of a single large-scale du-
plication event early in the radiation of teleost fish. It
is interesting to note that just such a large-scale du-
plication was originally predicted almost 20 years ago
(Buth 1983) to explain the pair of teleost cytosolic
MDH isozymes.

The neurally expressed TPI-A and LHD-C exhibit
pronounced net negative charges (exceptions to this
exist for LDH-C but appear to be correlated with
changes in expression pattern [see Whitt 1987]).
Based on the correlation of negative charge and
neural expression across a number of gene families,
the negative charge of the neural isozymes was pro-
posed to be an adaptation to the neural environment
(Fisher et al. 1980). In support of this proposal, we
have shown that directly following the duplication of
the Tpi gene in teleost fish, the neural TPI isozyme
evolved through a period of directional selection,
specifically accumulating negatively charged amino
acids (Merritt and Quattro 2001). The predicted iso-
electric points (pI) of the neural MDH isozymes from
both zebrafish and medaka indicate that, like the
neural TPI isozyme, the neural MDH isozyme
(MDH-B) is more negatively charged than its gener-
ally expressed counterpart (MDH-A; Fig. 1). The
differential in charge is not, however, as pronounced
between MDH isozymes as it is between TPI iso-
zymes. In modern teleost fish, the generally expressed
TPI isozyme (TPI-B) has a predicted pI of approxi-
mately 7.0, whereas the neural TPI isozyme (TPI-A)
has a predicted pI of approximately 4.5. In contrast,
the generally expressed teleost MDH has a predicted
pI of approximately 7.0, while the predicted pI of the
neural isozyme is approximately 6.0 (Fig. 1). Com-
parison of amino acid sequence indicates that
DrMDH-B and OlMDH-B isozymes share only a
single negatively charged amino acid not found in the
generally expressed isozyme (amino acid 294; Fig. 1).
In contrast, the teleost neural TPI isozymes share
seven unique negatively charged amino acids (Merritt
and Quattro 2001).

The MDH and TPI isozyme pairs have similar
patterns of expression, suggesting that they might be
under similar selective regimes. Since our phyloge-
netic analysis indicates that the MDH and TPI neural
isozymes likely result from a single duplication event,
the neural MDH isozyme has had the same amount
of time as the TPI neural isozyme to respond to se-
lective pressures and accumulate a change in net

charge. The smaller charge differential in MDH,
therefore, reflects either differences in selective pres-
sure upon the MDH and TPI isozymes or differences
in the abilities of these gene families to respond to
similar selective pressures.

Any major response to changes in selective pres-
sures is most likely to occur directly following the
duplication event. Comparison of the observed
number of nonsynonymous and synonymous changes
(n and s) with the potential number of such changes
(N and S) across the T–B branch of the MDH gene
tree (Fig. 2B) indicates a relative excess of nonsyn-
onymous change. The excess of amino acid substi-
tutions suggests that directly following the
duplication of the ancestral gene, MDH-B evolved
through positive selection. Comparison of n/s with N/
S across all other branches of the MDH gene tree
shows that, in general, n/s is less than N/S (Fig. 2B),
suggesting purifying selection, as is expected for a
protein coding sequence. Notably, n/s is again less
than N/S along the terminal MDH-B branches, in-
dicating purifying selection subsequent to a period of
positive selection. This episodic pattern of positive
selection, preceded and followed by periods of puri-
fying selection, is similar to the pattern seen in the
evolution of the TPI neural isozyme (Merritt and
Quattro 2001). The observed difference between n/s
and N/S along the branch leading to the ancestral
neural isozyme is, however, smaller in MDH (n/s =
4.7 · N/S) than in TPI (n/s = 8.5 · N/S).

The pattern of amino acid substitution along the
branch leading to the ancestral neural MDH iso-
zyme is not significantly different from the pattern
of substitution across the rest of the MDH gene
tree (Table 1). This uniformity in the pattern of
amino acid substitution is unexpected given the
evidence for positive selection across this same
branch and is distinctly different from the situation
observed in TPI (Merritt and Quattro 2001). Across
the corresponding branch of the TPI gene tree, the
rate of substitution to negatively charged amino
acids was almost three times the rate of all types of
charge across the rest of the tree. This significant
bias in the accumulation of negatively charged
amino acids is evidence that the selective pressure
on the TPI gene was specifically for negatively
charged amino acids (Merritt and Quattro 2001).
Without a similar bias in the pattern of amino acid
substitution apparent in the evolution of the MDH-
B isozymes, the nature of the selective pressure re-
sponsible for the excess of nonsynonymous change
in this isozyme is unclear.

The small charge differential observed between the
MDH isozymes could reflect a constraint on charge
changes in the Mdh gene family not present, or
present to a lesser degree, in gene families which
posses larger charge differences between isozymes.
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Under such a constraint, the neural MDH isozymes
responded to the same selective pressure as TPI, but
MDH did so at a slower rate than the less constrained
TPI. Comparison of charge changes following the
duplication in each gene family shows that the pat-
tern of amino acid substitution observed in MDH
(3/8; Table 1) is not significantly different from that
observed in TPI (8/12 [from Merritt and Quattro
2001]; Fisher’s exact test, p = 0.38). The lack of a
significant difference might result from the small
number of changes along this branch of the Mdh gene
tree. However, comparison of charge changes across
each gene tree as a whole leads to the same conclu-
sion. Across the Mdh gene tree, there are 36 amino
acid substitutions that alter charge and 164 that do
not. Across the Tpi gene tree there are 21 changes
that alter charge and 133 that do not. These ratios are
not significantly different (Fisher’s exact test, p =
0.17). This similarity in the relative frequency of
amino acid substitutions that change charge across
the whole of the Mdh and Tpi gene trees suggests that
both gene families have evolved under a similar level
of constraint against charge change. The larger
charge differential in the Tpi gene family is, then,
unlikely to be the result of greater constraint on
charge changes across the Mdh gene family.

The limited charge differential could instead result
from an overall slower rate of amino acid substitution
in the Mdh gene family (rate of all amino acid
changes, not just changes involving amino acid
charge) than in gene families with a larger differential
in charge between general and neural isozymes. Un-
der this hypothesis, the neural MDH and TPI iso-
zymes are both responding to the same selective
pressures, but MDH is doing so at a slower rate as a
result of an overall slower rate of change across this
gene family. To address this possibility, we compared
the rate of amino acid substitution in the Mdh gene
family with that in the Tpi gene family. The eight
amino acid sequences available for both gene families
(single sequences from human, mouse, rat, and stur-
geon, a pair of cyprinid sequences, and a pair of
atherinid sequences) were used to calculate all possi-
ble pairwise distances for each gene family using the
same parameters used in tree construction. These
distances were then plotted against divergence times
taken from the literature (Fig. 3). While the species of
atherinid used in the MDH and TPI studies are dif-
ferent, this analysis focuses on the divergence across
large-scale taxonomic groups (e.g., primates and
atherinids or acipensiformes and cyprinids) and is
unlikely to be influenced by differences within the
species compared. Across all divergence times, MDH
(diamonds) shows somewhat smaller distances than
TPI (circles), suggesting a slower rate of change in
MDH than in TPI. However, this apparent difference
is largely the result of large distance values involving

the neural TPI. If distances involving the neural iso-
zymes (Fig. 3; open symbols) are ignored, the two
gene families appear to be accumulating change at
very similar rates. This suggests that the difference in
magnitude of the charge differential cannot simply be
explained by an overall slower rate of change in
MDH than TPI and, instead, implicates the neural
isozymes themselves as the source of the difference in
the charge differential.

There are proportionately fewer amino acid sub-
stitutions along the branch leading to the neural
MDH (11 of 333, or 3%; compare Fig. 1, T and A)
than along the same branch in the TPI tree (20 of 249,
or 8% [from Merritt and Quattro3 2001, Fig. 1];
Fisher’s p = 0.01). This difference suggests a more
limited response to changes in selective pressures
from MDH than TPI. To examine further the dif-
ference in response between the two gene families, we
performed a relative rate test (Takezaki et al. 1995)
on each gene family to test for constancy of evolu-
tionary rate after duplication. Using the same set of
eight sequences as above, we compared the amount of
change among neural isozymes, generally expressed
isozymes, and other vertebrate sequences. Tests were
conducted using the two-cluster method of Takezaki
et al. (1995) as implemented in PHYLTEST (version
2.0 [Kumar 1996]). Distances were calculated as in
the NJ analysis. Our comparison of n/s with N/S
indicates that the rate of amino acid substitution is
elevated above neutral expectations for both gene
families (indicated by the bias toward nonsynony-
mous changes), specifically along the branch leading

Fig. 3. Plot of distance versus time of divergence from pairwise

comparisons of vertebrate TPI and cytosolic MDH amino acid

sequences. Values for TPI are shown as circles; values for MDH, as

diamonds. Open symbols indicate values involving the two neural

isozymes (TPI-A and MDH-B), whereas filled symbols indicate

values for all other comparisons. Open and filled symbols are

shown offset, bracketing the value on the X axis to aid in visuali-

zation. Divergence times are from the literature: rat/mouse, 40

MYA; primate/rodent, 75 MYA (Dayhoff 1978); cyprinid/atheri-

nid, 100 MYA (Patterson 1993); acipensiforme/teleost, 200MYA

(Grande and Bemis 1996); and tetrapod/actinopterygian fish, 400

MYA (Dayhoff 1978).
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to the neural isozyme. In TPI, comparison of the
relative rate of change between the neural and the
general isozymes indicates that this bias is pro-
nounced enough to lead to violation of rate con-
stancy (p < 0.05); the neural TPI isozymes have
evolved at a significantly faster rate than their gen-
erally expressed counterparts. In contrast, the accel-
eration in amino acid substitution of MDH is not
pronounced enough to provide evidence for any dif-
ference in the rate of evolution between the neural
and the generally expressed isozymes (p > 0.05).
Following the duplication event, MDH does not
show the same degree of acceleration in amino acid
substitution as observed for TPI.

We conclude that following a duplication event
both the neural TPI and the neural MDH isozymes
evolved through a period of positive selection. In
TPI-A, this period was accompanied by a large
number of amino acid substitutions with a strong
bias toward the accumulation of negatively charged
amino acids, thereby increasing the overall net neg-
ative charge of the protein. No such bias in amount
or type (based on charge, size, or polarity) of amino
acid change is apparent in MDH-B. In the absence of
any apparent bias, the focus of selection in the evo-
lution of the neural MDH remains unclear.

The different patterns of amino acid change be-
tween the MDH and the TPI neural isozymes might
reflect different biochemical functions or different
expression patterns. Different biochemical functions,
different pathways, or different classes of chemical
reactions might reasonably be assumed to put dif-
ferent constraints on the proteins involved. The se-
lective pressure that promotes the accumulation of
negative charge by neural isozymes might be more
constrained by the biochemical role of MDH than by
the roles of isozymes from gene families that exhibit a
larger charge differential. Further, the neural MDH
has a broader pattern of expression than either TPI-A
or LDH-C, being expressed in muscle as well as
neural tissue and at lower levels in other tissues as
well. This broader pattern of expression might in-
crease the constraint upon the MDH isozyme and
thereby limit the accumulation of negative charge by
this protein. The relatively small charge differential
observed between the MDH isozymes might repre-
sent the maximum amount of negative charge that
the MDH protein can accumulate and still maintain
function across a broad range of expression.

A better understanding of the selective pressure
driving the accumulation of the negative charge by
neural isozymes might shed light on the reason for
varying charge differential among isozymes within
gene families. That the correlation between net nega-
tive charge and neural expression exists across a va-
riety of gene families suggests that the selective
advantage provided by the negative charge is not

specific to a particular biochemical pathway or type of
reaction. We have suggested that the increase in neg-
ative charge might play a role in maintenance of the
resting potential of neural tissue (Merritt and Quattro
2001). Other possibilities are almost certainly as likely,
perhaps relating to enzymatic function and some un-
ique feature of the neural cellular environment. Ex-
amination of a larger number of gene families that
include a neural isozyme (negatively charged and
otherwise) and the specific environment in which they
function (e.g., cell type) will likely shed more light on
the biological significance of the strong charge bias.
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