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ABSTRACT The nucleotide sequences of the cDNAs en-
coding LDH (EC 1.1.1.27) subunits LDH-A (muscle), LDH-B
(liver), and LDH-C (oocyte) from Xenopus laevis, LDH-A
(muscle) and LDH-B (heart) from pig, and LDH-B (heart) and
LDH-C (testis) from rat were determined. These seven newly
deduced amino acid sequences and 22 other published LDH
sequences, and three unpublished fish LDH-A sequences kindly
provided by G. N. Somero and D. A. Powers, were used to
construct the most parsimonious phylogenetic tree of these 32
LDH subunits from mammals, birds, an amphibian, fish,
barley, and bacteria. There have been at least six LDH gene
duplications among the vertebrates. The Xenopus LDH-A,
LDH-B, and LDH-C subunits are most closely related to each
other and then are more closely related to vertebrate LDH-B
than LDH-A. Three fish LDH-As, as well as a single LDH of
lamprey, also seem to be more related to vertebrate LDH-B
than to land vertebrate LDH-A. The mammalian LDH-C
(testis) subunit appears to have diverged very early, prior to the
divergence of vertebrate LDH-A and LDH-B subunits, as
reported previously.

Lactate dehydrogenase (LDH; EC 1.1.1.27) catalyzes the
interconversion of lactate and pyruvate with nicotinamide
adenine dinucleotide (NAD*) as coenzyme (1). LDH, a
tetrameric enzyme, is widely distributed among vertebrates,
plants, and bacteria. In vertebrates there are three different
subunits of LDH isozymes: LDH-A, LDH-B, and LDH-C
(2). The LDH-A, isozyme is best suited for pyruvate reduc-
tion in anaerobic tissues (muscle), whereas the LDH-B,
isozyme is superior for lactate oxidation in aerobic tissues
(heart). The tissue distribution of the LDH-C,4 isozyme varies
from organism to organism. In lower teleost fishes, LDH-C
has a generalized tissue distribution, but in advanced teleost
fishes it is found either in the liver (e.g.; in cod) or in the eye
(e.g., in salmon). In mammals and columbid birds, the
LDH-C, isozyme is expressed only in mature testes.

The LDH isozymes were first thought to have arisen from
a single LDH-A-like locus in Agnatha, since lampreys have
only a single LDH isozyme. This original locus was presum-
ably duplicated to form LDH-A and LDH-B loci; then the
LDH-B locus was duplicated to form LDH-B and LDH-C loci
(2, 3). Phylogenetic analyses of amino acid sequences re-
vealed that the mammalian testis-specific LDH-C subunit
diverged prior to the split of the LDH-A and LDH-B subunits
(4-6). A third possibility has also been suggested (7, 8), that
the mammalian LDH-C gene originated from a duplication of
the LDH-A gene after the A-B duplication. As a separate
matter, the teleost LDH-C gene is derived from a duplication
of the LDH-B gene (9). No LDH sequences of amphibians
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and reptiles have been reported, nor has the testis-specific
LDH-C, isozyme from columbid birds.

We determined the nucleotide sequences of the cDNAs
encoding Xenopus LDH-A, LDH-B, and LDH-C, pig
LDH-A and LDH-B, and rat LDH-B and LDH-C. || We have
used these seven LDH sequences deduced from their cDNA
sequences and 22 other published LDH sequences, plus three
unpublished fish LDH-A sequences, to analyze the evolu-
tionary relationships of LDH isozymes from mammals, birds,
an amphibian, fish, barley, and bacteria.

MATERIALS AND METHODS

Materials. The adults and tadpoles of Xenopus laevis (wild
type) were obtained from Xenopus I (Ann Arbor, MI). A
Xenopus oocyte cDNA library in Agtll vector was kindly
provided by T. R. Burglin (10). A Xenopus liver cDNA
library in AUni-ZAP XR, a pig muscle cDNA library in
AUni-ZAP, and rat testis cDNA in AZAPII vectors were
obtained from Stratagene. Rat heart and testis cDNA librar-
ies in Agtll vectors were purchased from Clontech.

Gel Electrophoresis of Xenopus LDH Isozymes. The Xeno-
pus LDH isozymes present in the soluble protein fraction
from various tissues were separated on agarose gels in
nondenaturing buffer (pH 8.2) and activities were visualized
by nitroblue tetrazolium reduction to formazan according to
the manufacturers’ recommendations (Paragon electropho-
resis system and LDH isozyme kit, Beckman).

Cloning and Sequencing of LDH cDNAs. The protein-
encoding regions of mouse LDH-A (muscle) and LDH-B
(heart) cDNAs were used as probes to screen Xenopus liver
and oocyte cDNA libraries. Pig LDH-A (muscle) and LDH-B
(heart) cDNA clones were isolated from muscle cDNA
library by using mouse LDH-B cDNA as a probe. A rat
LDH-B (heart) cDNA clone was isolated from a heart cDNA
library by using a mouse LDH-B cDNA probe, while ‘rat
LDH-C (testis) cDNA clones were obtained from testis
cDNA libraries by using mouse LDH-C (testis) cDNA as a
probe. The cDNA insert from plaque-purified AUni-Zap
phages was excised to pBluescript SK (—) phagemids (Strat-
agene). The cDNA insert from the Agtll phages was isolated
and subcloned in pBluescript phagemid. The nucleotide
sequence of the inserted cDNAs was determined by the
dideoxynucleotide chain-termination method, using a T7
DNA polymerase and 2’'-deoxyadenosine 5'-[a-[3S]thio]-
triphosphate (11). Some Xenopus cDNA inserts were also
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labeled with the Dye Terminator kit (Applied Biosystems),
and their nucleotide sequences were determined by using an
automated DNA sequencer (Applied Biosystems model
373A). Oligonucleotides synthesized according to the newly
determined sequences were used as primers to obtain addi-
tional sequences.

Amino Acid Sequences of LDH Subunits. Amino acid se-
quences of pig LDH-A, pig LDH-B, and rat LDH-C subunits
were deduced from their cDNA sequences, and they are
consistent with the previously published protein sequences
(12, 13). The amino acid sequences of rat LDH-B and
Xenopus LDH-A, LDH-B, and LDH-C subunits were de-
duced only from their cDNA sequences. The unpublished
amino acid sequence of the killifish LDH-A subunit was
kindly made available for phylogenetic analysis by D. A.
Powers (Stanford University, Stanford, CA) and the se-
quences of the teleost fish scorpaenid and barracuda LDH-A
subunit, by G. N. Somero (Oregon State University, Cor-
vallis). Twenty-two other LDH protein sequences were pre-
viously reported: human LDH-A (14, 15), mouse LDH-A (16,
17), rat LDH-A (18), bovine LDH-A (19), rabbit LDH-A (20),
chicken LDH-A (21), dogfish (shark) LDH-A (22), lamprey
LDH (23), human LDH-B (24, 25), mouse LDH-B (6),
chicken LDH-B (26), duck LDH-B (8), killifish LDH-B (5),
human LDH-C (7, 27, 28), mouse LDH-C (29, 30), killifish
LDH-C (9), barley LDH (31), and five bacterial LDHs, from
Bacillus stearothermophilus (32, 33), Bacillus subtilis (34),
Bifidobacterium longum (35), Thermus aquaticus (36), and
Thermus caldophilus (37).

The scientific names of the organisms are as follows:
human, Homo sapiens; mouse, Mus musculus; rat, Rattus
norvegicus; pig, Sus scrofa; bovine, Bos taurus; rabbit,
Oryctolagus cuniculus; chicken, Gallus domesticus; duck,
Anas platyrhynchos; African frog, Xenopus laevis; dogfish
(shark), Squalus acanthias; killifish, Fundulus heteroclitus;
teleost fish barracuda, Sphyraena argentea; teleost fish scor-
paenid, Sebastolobus alascanus; lamprey, Petromyzon mari-
nus; and barley, Hordeum vulgare.

Construction of Evolutionary Tree. The most parsimonious
tree among amino acid sequences of 32 LDH subunits was
constructed by the ANCESTOR program of Fitch (38). The
amino acids are back-translated into ambiguous codons so
that results are reported as nucleotide substitutions, those
required for the amino acid replacements (39). Bootstrap-
pings were used to give measures of support for individual
clades.

RESULTS

Patterns of Xenopus LDH Isozymes. The electrophoretic
patterns of Xenopus LDH isozymes from muscle, liver,
heart, testis, oocyte, and tadpoles of different stages are
presented in Fig. 1. In skeletal muscle, the predominant band
moving fastest toward the cathode is likely to be homotet-
rameric LDH-A4 isozyme. In liver, the five LDH isozymes
are presumably formed by tetrameric combinations of

Muscle
Liver
Heart
Testis
Oocyte
Tadpole 22
Tadpole 28
Tadpole 35
Tadpole 40
Tadpole 45

Fi1G.1. Electrophoretic patterns of Xenopus LDH isozymes from
adult tissues and tadpoles.
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LDH-A (muscle) and LDH-B (liver) subunits. In oocytes and
tadpoles of stages 22 and 28, a single broad band of LDH
isozyme is presumably the homotetramer (LDH-C,) of a third
LDH subunit, which is encoded by a gene tentatively des-
ignated LDH-C. In heart, the presence of more than five
isozyme bands may be derived from tetrameric combinations
of three different LDH subunits. In testis, the isozyme
pattern differed from that of heart, and seven LDH isozyme
bands were observed. The possibility of a testis-specific LDH
isozyme remains to be investigated. In tadpoles of stages 35,
40, and 45, LDH-A and LDH-B genes are both expressed, but
the LDH-A, isozyme is predominant, while the LDH-C,4
isozyme has been greatly reduced. These gel patterns of
Xenopus LDH isozymes, which are similar to those of
previous reports (40, 41), indicate the differential expression
of three LDH genes (42).

Xenopus LDH-A, LDH-B, and LDH-C Sequences. Xenopus
LDH-A and LDH-B cDNA clones were isolated by screening
a liver cDNA library, using mixed probes of mouse LDH-A
and LDH-B cDNAs, and the cDNA inserts from five positive
clones were sequenced. Clones X906, X904, and X908 pos-
sessed cDNA inserts of 1.3, 1.1, and 0.8 kb, respectively, and
these cDNA sequences appeared to be derived from the same
mRNA. Clones X902 and X901 contained cDNA inserts of
1.4 and 0.6 kb, respectively, and their cDNA sequences
resulted from the same transcript, which is different from that
of clones X906, X904, and X908. The cDNA sequence of
clone X906 contained an open reading frame of 1002 nucle-
otides, 5’ (18 nucleotides) and 3’ (101 nucleotides) noncoding
regions, and a poly(A) tail of 8 nucleotides. The deduced
sequence of 333 amino acids (Fig. 2) from the cDNA of clone
X906 has a net charge of —2 at pH 7.0 and a pI of 6.90. The
cDNA sequence of clone X902 contained an open reading
frame of 1002 nucleotides, 5’ (18 nucleotides) and 3' (119
nucleotides) noncoding regions, and a poly(A) tail of 11
nucleotides. The deduced sequence of 333 amino acids (Fig.
2) from the cDNA of clone X902 has a net charge of —3 at pH
7.0 and a pI of 6.71. As described above, the five bands of
LDH isozymes present in Xenopus liver as well as muscle
resulted from tetrameric combinations of LDH-A and
LDH-B subunits, with the LDH-A, isozyme as the band
moving fastest to the cathode. On the basis of plI of the
deduced amino acid sequences, clone X906 cDNA contains
the coding sequence of LDH-A subunit, while clone X902
cDNA encodes LDH-B subunit.

Xenopus LDH-C cDNAs were isolated by screening an
oocyte cDNA library (10), using mixed probes of mouse
LDH-B and Xenopus LDH-A and LDH-B cDNAs. Fourteen
positive clones were purified after the third screening, and
the sizes of their cDNA inserts were estimated by PCR
amplification using two vector primers and agarose gel elec-
trophoresis. Three clones, X851, X843, and X801, were
found to contain the cDNA insert of 1.2 kb, and their partial
sequences were obtained. The nucleotide sequences of both
strands from clone X851 were completely determined. The
first two nucleotides of the initiation Met codon from the
c¢DNA of clone X851 were truncated, and 61 nucleotides were
found at its 3’ noncoding region without polyadenylylation
signal and poly(A) tail. The deduced sequence of 333 amino
acids (Fig. 2) from Xenopus LDH-C cDNA of clone X851 has
a net charge of —3 at pH 7.0 and pl of 6.70. The net charge
and pl of Xenopus LDH-C as well as LDH-A and LDH-B
subunits are consistent with their electrophoretic mobilities
on agarose gel (Fig. 1). The deduced amino acid sequence of
Xenopus LDH-C is 6.6% and 2.1% different from the se-
quences of Xenopus LDH-A and Xenopus LDH-B proteins,
respectively. The deduced amino acid sequences from clones
X906 (LDH-A) and X902 (LDH-B) are 5.7% different. There-
fore, the amino acid sequence of Xenopus LDH-C is more
similar to Xenopus LDH-B than to Xenopus LDH-A. More-
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FiG. 2. Amino acid sequence
comparison of Xenopus LDH-A,
LDH-B, and LDH-C, pig LDH-A
and LDH-B, and rat LDH-B and
333 LDH-C subunits. Gaps at residue
ggg 17 of pig LDH-A and residue 21

of rat LDH-C are denoted by
333 dots. The initiation Met is post-
333 translationally removed in LDH

Xenopus A ASVQEKLITC VCQDKPAKPT NKITIVGVGQ VGMACAVSVL LKELADELAL 50
Xenopus B STVQEKLITN VCQDKAAKPT NKITIVGVGQ VGMACAVSVL LKELADELAL 50
Xenopus C SSVQENLITN VCQDKAAKPT NKITIVGVGQ VGMACAVSVL LKELADELAL 50
Pig A ATLKDQLIHN LLKEEH.VPH NKITVVGVGA VGMACAISIL MKELADEIAL 49
Pig B ATLKEKLIAP VAEEETTIPN NKITVVGVGQ VGMACAISIL GKSLTDELAL 50
Rat B ATLKEKLIAP VADDETAVPN NKITVVGVGQ VGMACAISIL GKSLADELAL 50
Rat C STVKEQLIQON LAPDEKQSRC .KITVVGVGN VGMACAISIL LKGLADELAL 49
Xenopus A VDILEDKLKG EMMDLQHGSL FLKTPTIVAD KDYSVTANSR IVVVTGGVRQ 100
Xenopus B VDILEDKLKG EVMDLQHGSL FLKTPTIVAD KDYSVTANSR IVVVTGGVRQ 100
Xenopus C VDILEDKLKG EVMDLQHGSL FLKTPTIVAD KDYSVTANSR IVVVTGGVRQ 100
Pig A VDVMEDKLKG EMMDLQHGSL FLRTPKIVSG KDYNVTANSR LVVITAGARQ 99
Pig B VDVLEDKLKG EMMDLQHGSL FLQTPKIVAD KDYSVTANSK IVVVTAGVRQ 100
Rat B VDVLEDKLKG EMMDLQHGSL FLQTPKIVAD KDYSVTANSK IVVVTAGVRQ 100
Rat C VDADENKLKG EALDLLHGSL FLSTPKIVFG KDYSVSANSK LVIITAGARM 99
Xenopus A QEGESRLNLV QRNVNIFKFI IPQIVKYSPD CIILVVSNPV DILTYVTWKL 150
Xenopus B QEGESRLNLV QRNVNVFKFI IPQVVKYSPD CIIIVVSNPV DILTYVIWKL 150
Xenopus C QEGESRLNLV QRNVNVFKFI IPQVVKYSPD CIIIVVSNPV DILTYVTWKL 150
Pig A QEGESRLNLV QRNVNIFKFI IPNIVKYSPN CKLLVVSNPV DILTYVAWKI 149
Pig B QEGESRLNLV QRNVNVFKFI IPQIVKYSPD CIIIVVSNPV DILTYVIWKL 150
Rat B QEGESRLNLV QRNVNVFKFI IPQIVKYSPD CTIIVVSNPV DILTYVTWKL 150
Rat C VSGESRLALL QRNVTSMKAI VPGVIQNSPD CKIMIVTNPV DILTYVVWKI 149
Xenopus A SGLPQHRIIG SGTNLDSARF RHLIAEKLGV HPTSCHGFIL GEHGDSSVAV 200
Xenopus B SGLPQHRIIG SGTNLDSARF RHLISEKLGV HPSSCHGFIL GEHGDTSVAV 200
Xenopus C SGLPQHRIIG SGTNLDSARF RHLISEKLGV HPSSCHGFIL GEHGDTSVAV 200
Pig A SGFPKNRVIG SGCNLDSARF RYLMGERLGV HPLSCHGWIL GEHGDSSVPV 199
Pig B SGLPKHRVIG SGCNLDSARF RYLMAEKLGV HPSSCHGWIL GEHGDSSVAV 200
Rat B SGLPKHRVIG SGCNLDSARF RYLMAEKLGI HPSSCHGWIL GEHGDSSVAV 200
Rat C SGLPVSSVIG SGCNLDSARF RYLIGEKLGV NPSSCHGWVL GEHGDSSVPI 199
Xenopus A WSGVNVAGVS LQSLKPDIGT DEDCCKWKEV HKQVVDSAYE VIKLKGYTNW 250
Xenopus B WSGVNVAGVS LQSLKPEIGT DQDSCNWKEV HKKVVDSAYE VIKLKGYTNW 250
Xenopus C WSGVNVAGVS LQSLKPEIGT DQDSCNWKEV HKKVVDSAYE VIKLKGYTNW 250
Pig A WSGVNVAGVS LKNLHPELGT DADKEHWKAV HKQVVDSAYE VIKLKGYTSW 249
Pig B WSGVNVAGVS LQELNPEMGT DNDSENWKEV HKMVVESAYE VIKLKGYTNW 250
Rat B WSGVNVAGVS LQELNPEMGT DNDSENWKEV HKMVVDSAYE VIKLKGYTNW 250
Rat C WSGVNIAGVT LKSLNPAIGS DSDKEQWKTV HKQVVDGGYE VLNLKGYTSW 249
Xenopus A AIGFSVAEIV ESITKNLGRV HPVSTMVKGM YGIETEVFLS LPCVLNGNGL 300
Xenopus B AIGFSVAEIV ESITKNLGRV HPVSTMVKGM YGIETEVFLS LPCVLNGNGL 300
Xenopus C AIGFSVAEIV ESITKNLGRV HPVSTMVKGM YGIETEVFLS LPCVLNGNGL 300
Pig A AIGLSVADLA ESIMKNLRRV HPISTMIKGL YGIKEDVFLS VPCILGQONGI 299
Pig B AIGLSVADLI ESMLKNLSRI HPVSTMVQGM YGIENEVFLS LPCVLNARGL 300
Rat B AIGLSVADLI ESMLKNLSRI HPVSTMVKGM YGIENEVFLS LPCILNARGL 300
Rat C AIALSVTDIA ASILKNLKRV HAVTTLVKGL YGIKEEIFLS IPCVLGQSGI 299
Xenopus A TSVINQKLKD NEVGQLQKSA ETLWSIQKDL KDL

Xenopus B TSVINQKLKD DEVGQLQKSA ETLWGIQKDL KDL

Xenopus C TSVISQKLKD DEVGQLQKSS ETLWGIQKDL QVL

Pig A SDVVKVTLTP EEEAHLKKSA DTLWGIQKEL QF 331
Pig B TSVINQKLKD DEVAQLKNSA DTLWGIQKDL KDL

Rat B TSVINQKLKD DEVAQLRKSA DTLWDIQKDL KDL

Rat C TDLVKVNMNT EEEALFKKSC DILWNIQKDL QL

over, in the 3’ noncoding sequences, Xenopus LDH-C cDNA
is 53.3% and 40.8% different from the sequences of Xenopus
LDH-A and LDH-B, respectively, while the sequence of
Xenopus LDH-A is 39.6% different from that of LDH-B.
These 3’ sequence results demonstrate that Xenopus LDH
isozymes are indeed encoded by three different genes and are
not simple alleles.

Pig LDH-A and LDH-B Sequences. From a screening of a
pig muscle cDNA library using mouse LDH-B cDNA as a
probe, 16 clones exhibited a strong hybridization signal,
while 40 clones showed a weak hybridization signal. These 40
clones were rescreened with a mouse LDH-A cDNA probe,
and 12 clones were isolated and partially characterized. Eight
of these 12 clones contained inserts of about 1.7 kb, and the
nucleotide sequences of two clones, pA117 and pA31S5, were
determined. Both clones contained the same cDNA sequence
except that the 5’ noncoding region of clone pA315 was 29
nucleotides shorter than that of clone pAl17. The cDNA
insert of clone pA117 contained an open reading frame of 996
nucleotides, 5’ (84 nucleotides) and 3’ (584 nucleotides)
noncoding regions, and a poly(A) tail of 18 nucleotides. The
deduced sequence of 331 amino acids (Fig. 2) was identical,
except for one acid/amide difference at residue no. 232, to
the previously published pig LDH-A sequence obtained by
amino acid sequencing (12).

331 isozymes.

The cDNA inserts from 10 of 16 strongly positive clones
were partially analyzed, and 8 of them were shown to contain
cDNA inserts of about 1.4 kb. The nucleotide sequences of
the inserted cDNAs from two strongly positive clones, pB12
and pB1S, are identical and contain an open reading frame of
1002 nucleotides, the 5’ (94 nucleotides) and 3’ (201 nucleo-
tides) noncoding regions, and a poly(A) tail of 20 nucleotides.
The deduced sequence of 333 amino acids (Fig. 2) was
identical to the previously published sequence of pig LDH-B
isozyme determined by direct protein sequencing (12), except
five acid/amide differences at residue nos. 13, 14, 80, 130,
and 213, probably due to deamination during peptide purifi-
cation and sequencing.

Rat LDH-B and LDH-C Sequences. Two LDH-B cDNAs
were identified from a rat heart cDNA library when mouse
LDH-B cDNA was used as a probe, and their 5’ and 3’
nucleotide sequences were partially determined. Clone rB217
contained a nearly full-length LDH-B cDNA insert, and 1ts
complete nucleotide sequence contained an open
frame of 1002 nucleotides, 5’ (18 nucleotides) and 3’ (182
nucleotides) noncoding regions, and a poly(A) tail of 25
nucleotides. The protein-encoding sequence of rat LDH-B
cDNA differed from that of mouse LDH-B cDNA (6) by 64
nucleotides. However, these differences result in only two
amino acid replacements, at residues 10 and 16 within the
variable amino-terminal arm of the LDH molecule (4).
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Three LDH-C cDNA clones were isolated from a rat testis
cDNA library when mouse LDH-C cDNA was used as a
probe, and their nucleotide sequences were determined. The
cDNA insert of clone rC105 contained an open reading frame
of 996 nucleotides, and 5’ (93 nucleotides) and 3’ (46 nucle-
otides) noncoding regions. The deduced amino acid sequence
of rat LDH-C (Fig. 2) is consistent with the earlier data
obtained from direct protein sequencing, although several
errors were found in the tentative amino acid sequence based
on homology (13). The 3’ noncoding region of the rat LDH-C
cDNA clone contains a putative polyadenylylation signal,
AATAAA, but its poly(A) tail was truncated. The 3’ non-
coding sequence of the rat LDH-C cDNA contains 16 nucle-
otide differences and a deletion of 45 nucleotides compared
with that of mouse (29).

Evolutionary Tree. The phylogenetic relationships among
amino acid sequences of 32 LDH subunits from mammals,
birds, amphibian, fish, barley, and bacteria were analyzed,
and the most parsimonious tree, along with bootstrap and
gene duplication information, is presented in Fig. 3.

DISCUSSION

Phylogeny. The most parsimonious tree, shown in Fig. 3, is
generally consistent with many previous molecular analyses
of LDH, including those of Li et al. (4), Crawford et al. (5),
Hiraoka et al. (6), and Quattro et al. (9). This includes the

mammalian LDH-C gene arising from the earliest vertebrate
gene duplication. That duplication is supported by the next
node down (which is not a duplication), which is the cen-
ancestor (the most recent common ancestor) of all LDHs
being studied except the mammalian LDH-Cs. It has 88%
bootstrap support. While one might wish it were higher, it is
within the range (>75%) where Hillis and Bull (43) have
shown, for simulated data, that the probability of getting the
correct tree is substantially higher than the bootstrap value.

The tree corroborates the conclusion of Quattro et al. (9)
that the killifish C is a duplicate of the B form, the duplication
occurring after the divergence of the tetrapods and fish.

The tree does not support mammalian LDH-C as the result
of a duplication of LDH-A after A’s divergence from B as
suggested by Millan et al. (7) and Hendriks et al. (8), nor does
it support the alternative that LDH-C arose from LDH-B after
B’s divergence from A as suggested by Holmes (3) and Markert
etal (2).

The major clades are well supported. Twelve of the 29 clades
are supported at 99% or better and another 11 at 80% or better.
There are three relations of importance that are not well
supported. One is the joining of the lamprey LDH to the fish
LDH-A (bootstrap value = 24%). The second is the relation
between the fish A and the LDH-B group (bootstrap value =
40%). This second one involves a gene duplication. The third is
the preceding group, LDH-B plus fish A, to the mammalian

LDH-A (bootstrap value = 11%) which also involves a gene



9396  Evolution: Tsuji e al.

duplication. Taken collectively, the uncertainty would permit
an alternative relationship that would permit the order of
divergence among the LDH-A sequences to be lamprey, dog-
fish, teleosts, birds, and mammals, a conventional arrange-
ment. That would save one gene duplication but at high cost.
That tree requires an additional 11 replacement substitutions,
and there was only 18% bootstrap support for the lamprey in
that position, only 21% support for the dogfish next, and only
2% support for the fish A with the mammal-bird A.

While gene duplications seem to occur often enough for us
not to be put off by an extra gene duplication (6 vs. 5; see next
section), there are other problems with the most parsimonious
tree. If indeed lamprey has only one LDH gene, but there were
three earlier gene duplications (see the diamonds on Fig. 3),
then the lamprey must have lost three of its four copies.
Xenopus has six duplications in its history, and it must have lost
four of the genes if there are no other LDH genes to be
recovered. Similar arguments apply to every organism in the
tree. Even more disconcerting, yet possibly true, is the impli-
cation that three of the six gene duplications occurred prior to
the divergence of the vertebrates as shown by the lamprey’s
connection to the other members in the tree. This suggests that
examining higher invertebrates might be illuminating.

On the other hand, the second most parsimonious tree is
only one replacement substitution longer and is interesting in
that it relocates the lamprey LDH to join the dogfish as its
sister taxon at the position of the arrow on Fig. 3. This does
not solve all the problems just mentioned, but it does mean
that only one of the gene duplications had to have occurred
prior to the divergence of the agnathans and the other fish.
This reduces considerably the number of gene losses, and so
we regard it as the more correct tree.

Gene Duplications. There are six duplications in the tree.
There must be at least two duplications simply to account for
the fact that humans, mice, rats, African frogs, and killifish
each have three genes. That lower bound is unrealistic for
several reasons. The three African frog sequences are so
close to each other that we need two just for them. We need
a third for the killifish B and C sequences. We need a fourth
to join the fish A group containing the other two killifish and
we need a fifth to account for the mammalian LDH-Cs. The
only doubtful duplication is the one accounting for the
divergence of the mammalian A and B LDHs, the one
discussed in the preceding section.

To avoid the sixth duplication requires placing the fish A
divergence after the dogfish divergence and the lamprey
divergence before it. This costs too much, and so we believe
a sixth is required even if some minor details of the tree prove
different from those shown.

Nomenclature of LDHs. As more and more sequences are
determined, there is an accompanying increase in the number
of gene duplications required, and there are probably others
awaiting discovery. This means that the suffixes A, B, and C
cannot connote three paralogous sets of orthologous genes.
The three African frog genes sequenced here make that
particularly clear. If the A, B, and C suffixes are to be
meaningful, then their application must not be according to
the designation already applied to its closest known relative.
We suggest that, until the tissue of major expression is
known, no letter be assigned and the letter A be reserved for
the case where the tissue of major expression is muscle, B be
reserved for heart and/or liver, and C be reserved for gonadal
tissue. If other LDH genes are found expressed mainly in
some other tissue, their designation may best be decided at
that time. But, in accordance with that philosophy, we have
here reversed the assignments of B and C given by Wolff and
Kobel (40) to Xenopus LDH.
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