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Abstract Isozymes, homologous enzymes coded by

separate loci within a genome, present interesting systems

for examining molecular and functional divergence

through natural selection. Isozyme pairs for a number of

metabolic enzymes, including Triosephosphate isomerase

(Tpi), Malate dehydrogenase (Mdh), Phosphoglucose

isomerase (Pgi), and Guanylate kinase (Guk), appear to all

result from a single, large duplication event early in teleost

evolution. These small gene families include two forms, a

generally expressed form with no apparent charge and a

neurally expressed form with a pronounced negative

charge although the canalization of expression of the sec-

ond form varies across families. Using ancestral sequence

reconstructions and standard comparisons of rates of

nonsynonymous and synonymous change, combined with

the examination of the specific amino acid changes

observed and predicted we examined the evolution of the

Tpi and Guk families using all available vertebrate

sequences and all four families using a smaller, common,

dataset. We find that post-duplication, the neural Tpi and

Guk isozymes evolved through similar periods of positive

selection as evidenced by elevated rates of nonsynonymous

change and accumulation of negative amino acids. Over

the same evolutionary period our analysis suggests that

Mdh and Pgi isozymes appear to have evolved under a less

divergent pattern of selection. These distinct results likely

reflect functional differences between the isozymes, pos-

sibly a result of differences in expression patterns.
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Introduction

Isozymes, closely related paralogous enzymes, share

enzymatic function, but often have distinct expression

patterns and amino acid sequences, suggesting some degree

of functional specialization. These observed differences are

generally thought to result from natural selection, but direct

evidence of selection has been difficult to demonstrate

(Ohno 1970; Fisher and Whitt 1978; Whitt 1983; Merritt

and Quattro 2001, 2003). Such duplicated enzymes and

other products of gene and genome duplication are how-

ever major contributors to gene and genome complexity.

Considerable effort has been made to study and model their

evolution, but the mechanism by which this complexity and

novel gene function evolve is still not well understood

(Ohno et al. 1968; Ohno 1970; Soltis and Soltis 2000;

Wendel 2000). Positive selection is often proposed to play

a substantial role in the evolution of isozymes and other

duplicated genes (e.g., Ohno 1970; Goodman et al. 1975;

Li and Gojobori 1983; Fisher et al. 1980; Ohta 1991), but

ruling out simple neutral evolution following relaxation of

functional constraint is often challenging (Dykhuizen and

Hartl 1980; Kimura 1983; King and Jukes 1969; Yang

2002). One approach that has had some success is the use

of ancestral sequence reconstruction to focus phylogenetic

analysis on the evolutionary period directly following a
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duplication event (Yang et al. 1995; Messier and Stewart

1997; Zhang and Nei 1997; Merritt and Quattro 2001).

Modern proteins are generally the result of millions

of years of adaptation to function, and as such are gener-

ally under purifying selection to maintain function

(Charlesworth et al. 1993). In at least some cases, protein

diversity appears to result from brief periods of positive

selection following a gene or genome duplication, followed

by a return to purifying selection (Hughes 1994; Messier and

Stewart 1997; Kosiol et al. 2008). Purifying selection is

characterized by a predominance of synonymous substitu-

tions and a dearth of nonsynonymous substitutions; while the

hallmark of diversifying selection is an excess of nonsyn-

onymous substitutions. Comparison of only modern, extant,

sequences might encompass multiple modes of selection and

may therefore fail to identify evidence of a relatively short

period of positive selection (Messier and Stewart 1997). For

this reason, methods have been developed to identify

selective pressures, purifying to diversifying, by gene phy-

logenies and a branch-by-branch examination in an attempt

to isolate distinct periods of evolutionary interest. Ancestral

sequences are often reconstructed allowing comparison of

all nodes (modern and inferred ancestral genes and proteins)

in a pairwise fashion (Zhang et al. 1998) to quantify selective

pressures. If sequences are evolving without selective con-

straint, i.e., neutrally, the amount of observed nonsynony-

mous/synonymous (n/s) change would be expected to equal

the number of potential nonsynonymous and synonymous

sites (N/S) sites (Kimura 1983). Functional genes are

expected to be under purifying selection with fewer

nonsynonymous changes than expected, given the number of

nonsynonymous sites (Zhang et al. 1998; Nei and Kumar

2000). Genes evolving new functions are expected to be

under positive or directional selection with more observed

nonsynonymous change than expected (Zhang et al. 1997,

1998; Yang and Bielawski 2000). Testing for these differ-

ences is not trivial and various tests have come under fire at

different times (e.g., Zhang et al. 1998; Yokoyama et al.

2008; Hughes and Friedman 2008). In the work presented

here, we attempt to address this issue by means of multiple

tests and by directly addressing the biological context of

changes (e.g., protein isoelectric point and the location of

changes in the three-dimensional (3D) space of the protein).

Complete genome duplications are thought to have had a

role in creating genomic diversity in a wide variety of

organisms (Pebusque et al. 1998; Kellis et al. 2004). In fish, a

genome duplication event appears to have occurred early in

teleost evolution, approximately 320–350 mya (Vandepoele

et al. 2004; Meyer and Van De Peer 2005; Taylor et al. 2001),

after the divergence of teleosts and more basal non-teleost

fish species (e.g., sturgeon or gar, Jaillon et al. 2004; Meyer

and Van De Peer 2005; Amores et al. 1998). This teleost-

specific duplication event was followed by extensive gene

loss and a concomitant return to functional diploidy, as well

as apparent divergence and specialization within the

remaining gene pairs. The event is likely the duplication that

produced multiple isozyme pairs observed in teleost fish

(Fisher et al. 1980). Many of these small isozyme gene

families include a broadly, or ubiquitously, expressed iso-

zyme and an isozyme with a more narrow expression pattern,

often largely restricted to ‘‘neural’’ tissues such as the eye

and brain identified in the early protein electrophoresis

studies (e.g., Fisher et al. 1980; Gaida 1995). Many of these

isozymes differ in charge, isoelectric point, as well as pattern

of expression, with the neural isozyme having a pronounced

net negative charge (Shaklee et al. 1973; Champion and

Whitt 1976; Fisher and Whitt 1978; Fisher et al. 1980) and

the non-neural, or generally expressed, isozyme having a

neutral charge that is also a characteristic of homologous

enzymes in single-gene species. These negative neural iso-

zymes appear to reflect a general trend observed across

neural molecules toward negative charge (Moore and

McGregor 1965; Moore 1973; Margolis and Margolis 1993;

Novak and Kaye 2000; Elkin et al. 2010). Pairs of negatively

charged neural, and neutrally charged general, isozymes

have been reported in Triosephosphate isomerase (TPI: EC.

5.3.1.1, Pontier and Hart 1981; Merritt and Quattro 2001),

Aldolase (ALD: EC. 4.1.2.13, Merritt and Quattro 2002),

Malate dehydrogenase (MDH: EC. 1.1.1.37, Merritt and

Quattro 2003), Phosphoglucose isomerase (PGI: EC.

5.3.1.9, Fisher et al. 1980), and Lactate dehydrogenase

(LDH: EC. 1.1.1.27, Whitt 1970; Markert et al. 1975; Fisher

et al. 1980). The exact functional repercussions of the charge

differences are unknown although the production of a neg-

ative intracellular environment for impulse transmission in

neural tissues has been suggested (Merritt and Quattro

2001).

The distinct charges and expression patterns between

these teleost isozymes suggest a functional difference and

provide a good model system for investigating the role of

selection in protein functional divergence and molecular

evolution. Merritt and Quattro (2001) reported that the

negative charge of the neural Tpi isozyme resulted from the

specific accumulation of negatively charged amino acids

during a period of positive (directional) selection directly

following the duplication event, although Yang (2002)

cautioned that the evidence was somewhat equivocal.

Similarly Mdh also includes a negative isozyme, which was

also found to have evolved through a period of positive

selection following the duplication although the strong bias

in amino acid change was not observed in this gene family

(Merritt and Quattro 2003). Neural and general Pgi iso-

zymes have also been described in teleost fish although no

evidence for positive selection between the two loci was

found (Sato and Nishida 2007). Several other gene families

with tissue-specific isozymes have also been described,
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including Guanylate kinase (GUK: EC. 2.7.4.8, Gaida

1995; Kettler and Whitt 1986). The Guk gene family has

not previously been examined for selective pressure in

teleost fish, but may provide another example of positive

selection after duplication with specialization to a neural

environment. GUK is a phosphotransferase that catalyzes

the phosphorylation of GMP to GDP (Agarwal et al. 1978).

Teleost fish express two Guk isozymes, a negatively

charged neural form and a neutral, generally expressed,

form (Fisher et al. 1980; Gaida 1995) similar to Tpi, Mdh,

and Pgi, suggesting that Guk may have evolved under

similar selective constraints as these other gene families.

Here, we compare the patterns of DNA and amino acid

change across four gene families—Tpi, Mdh, Pgi and

Guk—all of which contain neural and general isozymes in

teleost fish. The Tpi, Mdh, and Pgi gene families have all

been examined previously and tested for evidence of

diversifying selection along their neural branches; this is

the first examination of the fish Guk family. Based on the

charge difference between the Guk isozymes, we suspect

that the GUK proteins may have evolved under similar

selective pressures following the genome duplication in

teleost fish. We examine the evolution of the Guk and Tpi

gene families in greater depth with ‘‘large’’ datasets that

include all fish sequences currently in public genomic

databases. We use phylogenetic analysis and ancestral

sequence reconstruction to identify possible differences in

selective pressure along the branch leading to the ancestral

neural isozyme. We also compiled and analyzed ‘‘com-

parison’’ datasets containing identical species sequences

for Tpi, Mdh, Pgi and Guk and reanalyzed and examined

the evolution of these genes in a comparative framework to

yield a better understanding of the selective pressures and

patterns of evolution observed within isozymes after

duplication.

Methods

Phylogenetic Analysis

Coding sequences for Guk, Tpi, Mdh, and Pgi genes were

gathered from public databases by means of the Molecular

Evolutionary Genetic Analysis (MEGA 4) software

(Tamura et al. 2007) and BLAST search tools (Altschul

et al. 1990). Six main datasets were compiled for molecular

analyses: two ‘‘large’’ datasets, one for Tpi and one for Guk

containing all teleost sequences, and four smaller ‘‘com-

parison’’ sets containing only sequences from species with

orthologs available for all four loci (i.e., available ortho-

logs that the gene families have in common). As an

example, both isozyme sequences are available for all four

gene families from Danio rerio (Cypriniformes) and

Oryzias latipes (Beloniformes) so sequences from these

two species are present in both the complete and compar-

ison datasets. Both Guk isozyme sequences are available

for Gasterosteus aculeatus (Gasterosteiformes), Takifugu

rubripes (Tetraodontiformes), and Tetraodon nigroviridis

(Tetraodontiformes), but not the sequences from the other

gene families, so these genes are included in the large Guk

set, but not common datasets. The ‘‘large’’ datasets are a

comprehensive survey of available coding sequences for

Guk and Tpi, while the ‘‘comparison’’ datasets, containing

sequences available for the four gene families, allow direct

comparison of analyses across the four families. The spe-

cies and corresponding accession numbers, included in the

large Tpi and large Guk datasets are found in the Online

Resource Tables 1 and 2, respectively. Similarly, the spe-

cies and accession numbers for the sequences used in the

comparison datasets for all four genes are found in the

Online Resource Table 3. Sequences were aligned by

means of ClustalW (Thompson et al. 1994) as implemented

in MEGA 4 (Tamura et al. 2007). Neighbor joining (NJ)

phylogenetic analysis was also performed by means of

MEGA 4 with the maximum composite likelihood model

and complete deletion. Third codon positions were exclu-

ded because of saturation at these sites. Two thousand

bootstrap replicates were performed in all analyses. Phy-

logenetic analysis under the maximum likelihood [ML]

(PAML) criterion was conducted by means of PHYLIP

(Felsenstein 1989) with the F84 nucleotide substitution

following Yang et al. (1994) and 100 bootstrap replicates.

Bayesian phylogenetic analysis was conducted by means of

MrBayes (Ronquist and Huelsenbeck 2003) using the

general GTR evolutionary model found to previously per-

form well in a test model (Bollback 2002), gamma dis-

tributed rate variation, and 100 bootstrap replicates.

Ancestral Sequence Reconstruction and Tests

of Positive Selection

Ancestral sequence reconstructions and estimates of

nucleotide substitutions were performed by the ML meth-

ods implemented in PAML, version 4.3, with nucleotide

and amino acid sequences inferred for all nodes using the

free ratio model and F3X4 codon frequency (Yang 2007).

The large Tpi dataset included 20 sequences, the large Guk

included 25, and the comparison datasets all contained

eight sequences each. Only complete coding sequences

were included in all analyses. Alignment gaps were

excluded in all phylogenetic and PAML analyses. The

numbers of nonsynonymous and synonymous changes and

sites were calculated along each branch, using the free ratio

model and a F3X4 codon frequency. The ratio of n/s

(observed change) along the neural branch was compared
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to the N/S (potential change) ratio of the entire tree for

evidence of positive selection. Patterns of selection were

also inferred and tested across tree topologies using various

models of rates of nonsynonymous and synonymous

change (x) implemented in PAML.

Protein Analysis

The predicted ancestral sequences (from PAML, above) for

the ancestral ‘‘single’’ node (basal to both isozymes—

AncestralS), the predicted ancestral neural isozyme node

(AncestralN), and the predicted ancestral general isozyme

node (AncestralG) were similar and trivial to align by eye.

The isoelectric points of reconstructed and existing protein

sequences were calculated by means of Sequence Manip-

ulation Suite (Stothard 2000). Within each gene family, the

average isoelectric points—the pH at which the protein

carries no net charge—of the general isozyme was calcu-

lated from all modern and inferred general sequences and

compared to the single inferred ancestral neural isozyme by

a one sample Z test (Daly and Bourke 2008). All recon-

structed and modern sequences were also compared along

branches, i.e., between two aligned sequences, to determine

the number and type of amino acid substitutions within

each family. Observed amino acid substitutions were

scored as either maintaining (conservative) or changing

(radical) physiochemical properties (i.e., within or crossing

amino acid groupings). Amino acids were grouped by

either polarity (polar and non-polar), charge (positive,

negative, neutral), or size (five categories from small to

large; changes in size categories were defined as crossing at

least two IMGT size classes, as classes defined in Pommie

et al. (2004)). The pattern of conservative and radical

change across the S–N (see above) neural branch was then

compared to the pattern across the rest of the tree for each

gene family by Fisher’s exact test.

The general 3D location of amino acids, i.e., surface

versus internal or buried, was determined by comparison of

inferred amino acid sequences with known protein struc-

tures. Crystal structures for the teleost fish proteins are not

available so inferred sequences were compared to their

homologs in the mouse (GUK and PGI), human (TPI), and

wild boar (MDH). The protein databank was used to find

crystal structures for all four proteins, GUK, TPI, MDH, and

PGI (protein databank IDs: 1LVG, 1WYI, 4MDH,

and 1UOE). Amino acid location, calculated as solvent

accessibility, was determined by means of Accelrys

DS Visualizer version 2.0 (http://accelrys.com/products/

discovery-studio/visualization-download.php), where expo-

sed amino acids had a solvent accessibility surface (SAS)

greater than 25 % and buried amino acids had a SAS of less

than 10 %. The accumulated negative amino acids were then

compared to their positioning to the native protein.

Results

Triosephosphate Isomerase

The large Tpi dataset (Online Resource Table 1) includes

20 Tpi coding sequences from a variety of vertebrates

including tetrapods, basal vertebrates, and pre- and post-

genome duplication fish. NJ and ML phylogenetic methods

both produce the same tree, Online Resource Fig. 1, which

is consistent with the literature on vertebrate and fish

evolution and earlier work on the Tpi gene family in ver-

tebrates (Merritt and Quattro 2001). All major nodes are

identical in the Bayesian tree although the Zebrafish (D.

rerio) and Salmon (Salmo salar) neural sequences are

interchanged producing a tree that is inconsistent with the

current consensus on teleost evolution (e.g., Chiu et al.

2004; Steinke et al. 2006; Volff 2005). All data presented

here are from analyses using the ‘‘correct’’ ML tree, but

running our analyses by means of the Bayesian-derived

topology did not significantly alter any results or conclu-

sions (data not shown).

To test different evolutionary hypotheses, log likelihood

values were produced and compared for the large Tpi

dataset under specific x ratio models (rates of dn/ds

change) by means of PAML 4.3 (following Yang 1998,

2002). The log likelihood score under the free ratio model,

which allows every branch of the phylogeny to have its

own x ratio, was significantly higher, when compared to a

v2 distribution, than under all other models used. This

result indicates that a model in which x can vary across all

branches, best fits all the datasets, i.e., that there is sig-

nificant variation in x across branches across all genes

examined here. The free ratio model was therefore used to

infer ancestral sequences, and to calculate the number of

synonymous and nonsynonymous substitutions and amino

acid changes along each branch of the Tpi tree. The

numbers of nucleotide and amino acid changes (see below)

were used in tests of positive selection. In fact, the free

ratio model was found to be a significantly better fit than

any other x ratio model for all datasets used in this study

and this model was used to infer ancestral sequences in all

cases.

We estimated the number of nucleotide substitutions

along each branch by ML methods and tested for a sig-

nificant difference between n/s and N/S by Fisher’s exact

tests (following Zhang et al. 1997). Figure 1 shows the

number of nonsynonymous and synonymous changes

(n/s) along each branch of the large Tpi tree. We were

particularly interested in the pattern of evolution along the

branch leading to the neural isozyme, a branch that earlier

work suggests evolved through a period of positive selec-

tion (Merritt and Quattro 2001). Our analysis of the large

Tpi dataset identified 16 nonsynonymous and zero
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synonymous changes along the neural branch (Fig. 1). This

pattern of observed change is significantly different from

the pattern of potential N/S sites (P \ 5 %), suggesting that

Tpi likely evolved through a period of positive selection

along this neural branch, in agreement with earlier analyses

(Merritt and Quattro 2001). It is worth noting that in this

dataset, and in fact in all datasets, after the neural branch

(i.e., the terminal branches of the trees) the substitution

pattern returns to a preponderance of synonymous change,

i.e., following this brief period the sequences return to a

period of purifying selection.

Log likelihood ratio tests were also used to specifically

test for differences in selective pressures across different

branches of the Tpi tree, an alternative method for identi-

fying periods of positive selection. To do this, we con-

structed 11 models, A–K (Table 1, left most columns) that

varied in the number of x ratios allowed, the branches

along which x was allowed to vary, and the x values

stipulated (following Yang 1998). To test if a particular

branch has a significantly different x value than the rest of

the tree, e.g., to test if the pattern of sequence evolution

along the neural branch is different than the rest of the tree,

we compared the one ratio model (which allows only one x
ratio for all branches) with the two ratio model. When we

compare the one ratio model with the two ratio model, in

which the x ratio of the neural branch was free to differ

(compared models A–C, Table 1, right most columns), we

find a significant difference between the models, indicating

a difference between the x value of the neural branch and

x across the rest of the tree. Similarly, when we compare

the two ratio model and the three ratio model, in which the

x ratios of both the neural and general branches were free

to differ (compared models B–E and A–B respectively,

Table 1, right most columns), we find a significant differ-

ence between the x ratio along the neural, but not general

branch, indicating that the neural x is different from that of

the background x: To possibly discriminate between

positive selection and selective neutrality, likelihood val-

ues were also compared using the two ratio models and the

three ratio models with and without forcing x to equal one,

allowing us to directly test for positive selection (Yang

1998, 2002). Significantly different x values along a

branch can indicate neutrality or positive selection and

values significantly greater than one would indicate posi-

tive selection. The log likelihood values for the two ratio

tests, with and without setting x = 1 (compared model

C–H), are not statistically different, providing no support

for x being greater than one. Results of the three ratio tests

(compared model E–J) similarly do not support x being

greater than one. These two tests, then, do not provide any

support for Tpi having evolved through a period of positive

selection following the duplication event. Taken as a

Fig. 1 ML tree depicting

nucleotide relationship among

large Tpi dataset sequences. The

number of nonsynonymous/

synonymous substitutions is

shown above each branch.

Boldface asterisk values

represent significantly different

nonsynonymous/synonymous

change in comparison to

nonsynonymous/synonymous

sites by Fisher’s exact test

(P \ 5 %)
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whole, the results from our PAML analysis suggest that

following the duplication, the neural Tpi isozyme experi-

enced a change in selective pressure, but cannot eliminate

the possibility that this period was one of neutral evolution,

not positive selection. Comparisons of the patterns of

amino acid changes and the ‘‘comparison’’ Tpi dataset,

below, and the comparison of observed and potential sites

(above) do, however, suggest that this was in fact a period

of positive selection.

Pairwise comparisons of all reconstructed (ancestral)

and modern (extant) sequences were used to infer amino

acid substitutions across the large dataset Tpi tree. Amino

acids were grouped by charge, size, or polarity, and the

number of conservative (within a group) and radical

(between groups) changes were calculated along individual

branches across the entire tree. Comparison of changes

along a specific branch with those across the rest of the tree

allowed us to test for significantly different patterns of

amino acid substitution during different periods of

evolutionary time (branches) following Merritt and Quattro

(2001). A significant difference in the pattern of radical

amino acid changes between a branch and the whole tree

would suggest that, across this branch, sequences evolved

under different selective pressure than across the rest of the

tree. The pattern of charge change along the large Tpi

neural branch, the evolutionary period directly following

the duplication event and leading to evolution of the neural

form, was significantly different from the rest of the gene

tree (Fisher’s exact test, Table 2), consistent with previous

results (Merritt and Quattro 2001). Eight radical amino acid

charge changes occurred along the neural branch, six of

which are to negative amino acids while two are from

positive to neutral amino acids; an overall substantial

increase in negative charge of the protein. When amino

acids were classed by size or polarity, no significant dif-

ference was found between the neural Tpi branch and the

whole tree (Table 2, also consistent with previous results,

Merritt and Quattro 2001).

Table 1 ML tests and estimates for the large and comparison Tpi datasets

Modelsa Sub-modelsa Log

likelihood

values

xnb n/sb Compared

modelsc
Test Likelihood ratio

test

A One

ratio

xb = xn = xg -3436.15 0.0631 (0.065) 19.6/105.3 (9.3/46.7) A–C xb = xn 0.04 (12.38**)

B Two

ratio

xb = xn, xg -3435.82 0.0614 (0.065) 20/110.3 (9.3/46.7) B–E xb = xn 0.02 (12.9**)

C Two

ratio

xb = xg, xn -3436.13 0.0710 (?) 20/95.3 (15.9/0) A–D xg and xn = xb 0.18 (5.68*)

D Two

ratio

xb, xg = xn -3436.06 0.0784 (0.196) 20.3/87.6 (13.8/23) A–B xb = xg 0.66 (0.0)

E Three

ratio

xb, xg, xn -3435.81 0.058 (?) 19.8/115.4 (16.1/0) C–E xb = xg 0.64 (0.52)

F Free

ratio

-3419.53 0.0549 (?) 20.1/123.8 (16.2/0)

G Two

ratio

xb = xn,

xg = 1

-3435.82 0.0615 (0.064) 20/109.7 (10.3/52.7) D–I xg and xn [ 1 5.82* (4.06*)

H Two

ratio

xb = xg,

xn = 1

-3438.24 1 (1) 20.8/7 (15.5/5.1) C–H xn [ 1 4.22* (0.66)

I Two

ratio

xb,

xg = xn = 1

-3438.97 1 (1) 20.9/7 (16.4/5.3) E–J xn [ 1 4.82* (0.8)

J Three

ratio

xb, xg,

xn = 1

-3438.22 1 (1) 20.8/7 (15.6/5.1) B–G xg [ 1 0 (4.62*)

K Three

ratio

xb, xg = 1,

xn
-3435.82 0.0590 (0.388) 19.8/113.5 (16/13.5) E–K xg [ 1 0.02 (10.84**)

a Models and submodels indicate branches which are allowed to vary in PAML analyses
b Refer to methods for explanation on n/s and x
c Models compared indicate x ratios compared by likelihood ratio tests as indicated. Parameters xb, xn, and xg represent dN/ds for the

background branches (all branches excluding the neural and general branch) and the neural and general branch, respectively

Bracketed values indicate results from the large Tpi dataset, while unbracketed values correspond to the comparison Tpi dataset

* Significant P \ 5 %, ** significant at P \ 1 %

J Mol Evol (2012) 75:198–213 203

123



Guanylate Kinase

The large Guk dataset includes 25 sequences from a variety

of vertebrates including 10 teleost fish (post-genome

duplication fish; Online Resource Table 2). No pre-dupli-

cation, basal fish Guk sequences are currently publically

available. Early enzyme electrophoresis studies (Morizot

et al. 1991; Gaida 1995) suggest that similar to the Tpi

family, the Guk enzyme family in fish has a negatively

charged, neural, isozyme and a neutrally charged, generally

expressed, isozyme. In agreement with these papers, our

phylogenetic analysis (Online Resource Fig. 2) indicates

two well-supported subfamilies within the teleost Guk

sequences and a single Guk in all non-fish taxa. Predicted

isoelectric points of the GUK proteins indicate that all the

ancestral locus proteins (pre-duplication) and one of the

fish subfamilies are neutrally charged, while one of the fish

subfamilies has a pronounced negative charge (Fig. 4).

Based on this charge differential, we have identified the

negatively charged subfamily as ‘‘neural’’ and the neutral

subfamily as ‘‘general.’’ NJ analysis of the large Guk

dataset produces a tree with identical large-scale topology

as that found for Tpi (Figs. 1, 2; Merritt and Quattro 2001),

Mdh (Merritt and Quattro 2003), and Pgi (Sato and Nishida

2007), consistent with a single, similarly timed, duplication

event producing the neural and general orthologs in teleost

fish (Online Resource Fig. 2). ML and Bayesian trees both

support separate neural and general subfamilies, but place

the neural subfamily at the base of the vertebrate tree

although with weak bootstrap support (Online Resource

Fig. 2). Placement of the neural branch at the root of the

tree requires two independent gene duplication events,

followed by two subsequent losses. Conversely, the NJ tree

only requires a single duplication event and no losses. This

simpler pattern, and its agreement with studies of a series

of other genes suggesting a genome duplication early in

teleost evolution (Jaillon et al. 2004; Meyer and Van De

Peer 2005), strongly indicates that the NJ tree correctly

reflects the evolution of this gene family and this tree was

used in all analyses. The basal placement of the negative,

neural Guk subfamily, may be the result of long-branch

attraction (Felsenstein 1978) although if this is the case it is

surprising that our distance-based method, but not ML or

Bayesian methods, recovered the correct topology (Huel-

senbeck and Hillis 1993; Huelsenbeck 1995; Philippe

2000). Placement of neural Guk at the base of the tree by

ML and Bayesian analysis may instead be caused by the

lack of basal (pre-duplication) fish species in this dataset.

The addition of basal fish species, such as gar, bowfin, or

sturgeon, may resolve this issue and future work will

investigate the evolution of these genes in relatively

ancient fish species. There are a few minor differences in

Table 2 Amino acid alterations that alter or conserve given amino acid properties along the neural branch in comparison to the remaining tree

for Tpi, Guk, Mdh, and Pgi

Charge Polarity Size

Conserve Alter Conserve Alter Conserve Alter

Tpi

Neural branch (7) 8 (8) 9 (10) 13 (3) 4 (10) 12 (3) 5

Tree (236) 102 (95) 35 (225) 93 (106) 44 (258) 104 (73) 33

P value (0.044*) 0.022* (0.37) 0.34 (0.58) 0.41

Guk

Neural branch (12) 8 (6) 7 (15) 12 (3) 3 (18) 14 (0) 1

Tree (296) 92 (187) 72 (333) 114 (150) 50 (398) 127 (85) 37

P value (0.42) 0.52 (0.15) 0.30 (0.033*) 0.13

Mdh

Neural branch 9 3 8 4 10 2

Tree 136 35 115 56 142 29

P value 0.47 0.60 0.67

Pgi

Neural branch 18 5 20 3 20 3

Tree 230 131 263 98 294 67

P value 0.12 0.10 0.37

Amino acid changes along the neural branch and rest of the gene tree based on ML reconstructions under the free ratio model. Amino acid change

are based on size, polarity, or charge as classified using IMGT system (Pommie et al. 2004). Bracketed values represent the corresponding large

datasets alterations, while the unbracketed values indicate changes from the comparison datasets

* Significant at P \ 5 %, ** significant at P \ 1 % (Fisher’s exact test)
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placement of the tetrapod sequences between ML, Bayes-

ian, and NJ methods (e.g., Bayesian and ML method swap

O. latipes and T. rubripes), but these small changes were

not found to affect amino acid or nucleotide results when

tested (data not shown).

Both comparisons of the number of observed and

potential substitutions and x ratio tests suggest that the

neural Guk gene evolved through a period of evolution

similar to that of the Tpi isozyme. Our analysis of the

observed (n/s) and potential (N/S) changes along the neural

branch of the large Guk tree estimated by ML methods

indicates 20 nonsynonymous and no synonymous changes

along this branch (Fig. 2), which is significantly different

from potential sites (399/114). This pronounced excess of

nonsynonymous change is almost identical to the pattern

along the neural branch of the large Tpi tree (Fig. 1),

suggesting that the neural Guk locus, like the neural Tpi

locus, evolved through a period of positive selection fol-

lowing the duplication event. Results from our log likeli-

hood ratio tests of the large Guk dataset are similar to those

from the large Tpi dataset. The neural x ratio is signifi-

cantly different from that of the rest of the tree (rightmost

column—compared models A–C, and B–E, Table 3).

However, as in the Tpi dataset, the direct likelihood ratio

tests for x[ 1 (rightmost column models C–H and E–J) do

not indicate evidence of positive selection acting along the

neural branch of the large Guk tree (Table 3), again leaving

open the possibility that the neural isozyme evolved

Fig. 2 ML tree depicting

nucleotide relationship among

large Guk dataset sequences.

The number of nonsynonymous/

synonymous substitutions is

shown above each branch.

Boldface asterisk values

represent significantly different

nonsynonymous/synonymous

change in comparison to

nonsynonymous/synonymous

sites by Fisher’s exact test

(P \ 5 %)

J Mol Evol (2012) 75:198–213 205

123



through a period of neutrality, not positive selection.

Interestingly, likelihood estimates of xn (neural dn/ds) for

all models which allow the xn to vary do, however, pro-

duce x values greater than one (free ratio, three ratio, and

two ratio—xo = xg, xn models, Table 3).

As in the large TPI dataset analysis, we used inferred

ancestral protein sequences, and modern sequences to

reconstruct all amino acid changes across each branch of

the large GUK tree. We find a large number of radical

amino acid charge changes along the neural branch

although charge change along this branch is not statistically

different to that of the entire large GUK tree (Table 2).

This lack of significant difference appears to reflect the

relatively large amount of charge change across the entire

GUK tree, not a lack of charge change across the neural

branch. We identified six radical charge changes, lowering

the isoelectric point of the protein: five changes to negative

amino acids and one from positive to a neutral amino acid.

Across the rest of the tree, we identified 483 changes, 187

that involved charge, i.e., 39 % of changes involved charge

compared with 29 % in TPI. These numbers are signifi-

cantly different between Guk and Tpi (Fisher’s exact test,

P = 0.0019). The pattern of amino acid change along the

neural branch was also not different from that across the

rest of the tree when amino acids were classified by size or

polarity. We lack a basal, single gene, fish GUK sequence

in our analysis and it is possible that the absence of this

sequence results in the incorrect assignment of charge

changes across our tree, but the wide distribution of the

observed changes (i.e., changes are not restricted to a few

branches, but instead spread across the tree) makes this

unlikely. Future research will include such basal species

sequences in our analysis.

Comparison Datasets

Comparison datasets for Guk, Tpi, Mdh, and Pgi include

eight sequences: four tetrapods, and four sequences from

two post-duplication teleosts (Online Resource Table 3).

Phylogenetic analysis was performed by NJ, Bayesian, and

ML methods, identical to that of the large Tpi and Guk

datasets. The comparison Guk and Tpi datasets produce the

same trees by all three phylogenetic methods (Online

Resource Fig. 3) with bootstrap support generally greater

than 80 % for all nodes. Both the Mdh and Pgi comparison

datasets produce the same tree as compared to the Guk and

Tpi datasets with a single duplication immediately before

the teleost radiation. Two of the three phylogenetic

Table 3 ML tests and estimates for the large and comparison Guk datasets

Models Sub-models Likelihood

values

xn n/s Compared

models

Test Likelihood ratio

test

A One ratio xb = xn = xg -2910.12 0.0666

(0.064)

14.3/69.9 (10.9/48) A–C xb = xn 3.02 (12.14**)

B Two

ratio

xb = xn, xg -2909.36 0.0642

(0.63)

14.6/74.6 (11/50.1) B–E xb = xn 1.34 (10.14**)

C Two

ratio

xb = xg, xn -2908.61 ? 17.5/0 (19.2/0) A–D xg and

xn = xb
2.98 (11.82**)

D Two

ratio

xb, xg = xn -2908.63 0.2366

(0.78)

17.4/24 (18.5/6.8) A–B xb = xg 1.52 (2.66)

E Three

ratio

xb, xg, xn -2908.69 0.2136 (?) 17.5/26.8 (18.9/0) C–E xb = xg 0.16 (0.66)

F Free

ratio

-2897.04 ? (47.1) 18.4/0 (19.6/0.1)

G Two

ratio

xb = xn,

xg = 1

-2909.40 0.0643

(0.063)

14.5/74 (10.9/49.6) D–I xg and

xn [ 1

0.58 (0.02)

H Two

ratio

xb = xg,

xn = 1

-2908.63 1 (1) 17.5/5.7 (18.8/5.3) C–H xn [ 1 0.04 (0.54)

I Two

ratio

xb,

xg = xn = 1

-2908.92 1 (1) 17.7/5.8 (18.7/5.3) E–J xn [ 1 0.22 (0.36)

J Three

ratio

xb, xg,

xn = 1

-2908.58 1 (1) 17.5/5.7 (18.6/5.3) B–G xg [ 1 0.08 (0.08)

K Three

ratio

xb, xg = 1,

xn
-2908.69 0.192 (3.01) 17.5/29.8 (18.8/1.8) E–K xg [ 1 0 (0.94)

Refer to Table 1 for explanation of all models and tests

Bracketed values indicate results from the large Guk dataset, while unbracketed values correspond to the comparison Guk dataset

* Significant P \ 5 %, ** significant at P \ 1 %
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methods produced the ‘‘correct’’ tree for both comparison

Mdh and Pgi with generally over 70 % bootstrap support

(Online Resource Fig. 3). Surprisingly, the ML tree

topology for Mdh and Bayesian tree topology for Pgi do

not resolve the duplication although previous analysis of

larger datasets did (Mdh, Merritt and Quattro 2003; Pgi,

Sato and Nishida 2007). All subsequent analyses were

conducted using ‘‘correct’’ trees resolving the duplication

(Online Resource Fig. 3).

As in the analyses of the larger Tpi and Guk datasets,

above, we compared observed (n/s) to potential (N/S)

nonsynonymous and synonymous change across the four

comparison datasets. We found significantly higher

amounts of observed nonsynonymous change along the

neural branches of all four comparison datasets (Fig. 3). In

this analysis, the human Tpi sequence was excluded from

the comparison Tpi data because inclusion of the human

sequence resulted in an unexpectedly large amount of

synonymous change along the neural branch, inconsistent

with both the large Tpi dataset and earlier findings by

Merritt and Quattro (2001). Exclusion of the human Tpi

sequence results in a pattern consistent with both the large

Tpi dataset and previous work done by Merritt and Quattro

(2001). Amino acid change and likelihood ratio tests both

produce identical results with or without the human Tpi

sequence in the comparison dataset (not shown). The

human Tpi nucleotide sequence is somewhat diverged from

the general teleost Tpi sequences which may cause the

inconsistent results when the human Tpi sequence is

included in the smaller ‘‘comparison’’ dataset.

We also compared log likelihood values to test for dif-

ferences in x ratios, and evidence of x[ 1, along the

neural branches of the comparison Tpi, Guk, Mdh, and Pgi

datasets. In general, the tests suggest differences between

the neural branches and their corresponding trees, but the

patterns are complicated and in no case is there unambig-

uous evidence of positive selection. In one test, we find

support for x being greater than one along the neural Tpi

branch (rightmost models C–H and E–J, Table 1), but in

another test we find no support that this x value is different

from that across the rest of the tree (A–C and B–E,

Table 1). The x ratios along the neural branch of the Mdh,

and Pgi trees are all significantly different from those

across the rest of their corresponding trees, but neither are

significantly greater than one (Tables 4, 5), leaving open

the possibility of a period of neutrality, not positive

selection. In the analysis for the comparison Guk dataset,

the neural value is only marginally significantly different

Fig. 3 Common Guk, Tpi,
Mdh, and Pgi datasets produce

the same tree topology shown in

(a). Labelled branches along

this common tree correspond to

the number of n/s changes

shown in (b) for Guk, Tpi, Mdh,

and Pgi. Boldface values
represent the neural branch n/s,

all of which contain

significantly elevated levels of

nonsynonymous change by

Fisher’s exact test. The numbers
of nonsynonymous and

synonymous sites for each tree
is shown at the bottom of the

table
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(0.05 \ P \ 0.10) from the rest of the tree (rightmost

models A–C and B–E, Table 3). Given the comparison

using the larger Guk dataset (above, Table 3), we are,

however, confident that the xn ratio is different from all

other branches of the Guk tree like that of Mdh and Pgi. In

addition, all models examining the four comparison data-

sets which allow the neural xn to vary freely, find x ratios

to be greater than one, consistent with positive selection

along these branches (Tables 1, 3, 4, 5).

We compared amino acid changes along the neural

branches with changes across the rest of the trees for each

of the four gene families using modern and inferred protein

sequences. There is substantial charge change along the

neural branches of both the comparison Tpi and Guk

datasets, but, as in our analysis of the larger datasets, only

the changes along the neural Tpi branch were significantly

different from the rest of the tree (P = 0.022 and Table 2).

Eight substitutions conserving charge and nine changing

charge, occurred along the neural Tpi branch. Across the

rest of the tree, we find that 102 changes conserved amino

acid charge, while 35 changes altered it. If we correct for

multiple hypothesis testing with a simple Bonferroni’s

correction (a conservative correction; Anisimova and Yang

2007), the pattern of charge change is suggestive, but not

quite significant (Bonferroni’s P = 0.0167 \ 0.022,

Table 2). In the Guk dataset, we observed a similar amount

of charge change along the neural branch, seven substitu-

tions change charge, while eight changes maintain charge,

however, these numbers are not significantly different from

those across the rest of the tree (Fisher’s exact test,

P = 0.52), where 72 change charge and 92 maintain

charge (Table 2). The large amount of charge change

across the Guk tree (in both the large and comparison

dataset analyses) suggests that charge change is relatively

Table 4 ML tests and estimates from the comparison Mdh dataset

Models Sub-models Likelihood values xn n/s Compared models Test Likelihood ratio test

A One ratio xb = xn = xg -4236.91 0.055 8.0/51.3 A–C xb = xn 6.18*

B Two ratio xb = xn, xg -4236.72 0.0532 8.2/54.4 B–E xb = xn 5.86*

C Two ratio xb = xg, xn -4233.82 451.99 12.9/0 A–D xg and xn = xb 4.58*

D Two ratio xb, xg = xn -4234.62 0.2304 12.4/18.9 A–B xb = xg 0.38

E Three ratio xb, xg, xn -4233.79 ? 12.9/0 C–E xb = xg 0.06

F Free ratio -4216.27 279.07 12.4/0

G Two ratio xb = xn, xg = 1 -4236.78 0.0519 8.5/57.8 D–I xg and xn [ 1 0.94

H Two ratio xb = xg, xn = 1 -4233.86 1 12.7/4.5 C–H xn [ 1 0.08

I Two ratio xb, xg = xn = 1 -4235.09 1 13.5/4.7 E–J xn [ 1 0.12

J Three ratio xb, xg, xn = 1 -4233.85 1 12.7/4.5 B–G xg [ 1 0.12

K Three ratio xb, xg = 1, xn -4234.85 0.2726 12.9/16.6 E–K xg [ 1 2.12

Refer to Table 1 for explanation of all models and tests

* Significant P \ 5 %, ** significant at P \ 1 %

Table 5 ML tests and estimates from the comparison Pgi dataset

Models Sub-models Likelihood xn n/s Compared models Test Likelihood ratio test

A One ratio xb = xn = xg -7460.19 0.0664 18.8/73 A–C xb = xn 11.44**

B Two ratio xb = xn, xg -7460.05 0.1112 13.6/31.5 B–E xb = xn 11.2**

C Two ratio xb = xg, xn -7454.47 ? 27.9/0 A–D xg and xn = xb 7.7*

D Two ratio xb, xg = xn -7456.34 0.403 27.2/17.4 A–B xb = xg 0.28

E Three ratio xb, xg, xn -7454.45 ? 27.9/0 C–E xb = xg 0.04

F Free ratio -7444.46

G Two ratio xb = xn, xg = 1 -7460.43 0.064 19.8/79.8 D–I xg and xn [ 1 0.2

H Two ratio xb = xg, xn = 1 -7454.78 1 27.4/7.1 C–H xn [ 1 0.62

I Two ratio xb, xg = xn = 1 -7456.44 1 27.9/7.2 E–J xn [ 1 0.64

J Three ratio xb, xg, xn = 1 -7454.77 1 27.4/7.1 B–G xg [ 1 0.76

K Three ratio xb, xg = 1, xn -7456.36 ? 28.1/0 E–K xg [ 1 3.82

Refer to Table 1 for explanation of all models and tests

* Significant P \ 5 %, ** significant at P \ 1 %
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common in this gene family (78 % of all substitutions are

radical charge changes as compared with 34 and 40 % in

common and large Tpi, 26 % in Mdh, 57 % in Pgi). No

significant differences were found when amino acids were

grouped by charge for the Mdh and Pgi datasets or when

amino acids were grouped by size or polarity in any of the

four gene families.

In all four gene families, the predicted neural isozymes

are all significantly more negatively charged (i.e., have

lower isoelectric points) than their non-neural counterparts

(one sample Z test; Fig. 5). We also inferred the location

within the protein structure of the amino acids responsible

for this charge differential by comparison of modern and

reconstructed ancestral protein sequences with modern

sequences with known 3D structures. All predicted amino

acid charge changes occurred on the outside of the protein

structure for the comparison Guk (Fig. 4), Tpi (Online

Resource Fig. 4), and Mdh (Online Resource Fig. 5)

datasets. Similarly, all charge changes predicted for the

large Guk and Tpi datasets also occurred only on the sur-

face of the protein (data not shown). Surprisingly, our

reconstructions do not predict any unique negatively

charged amino acids in comparison of the neural PGI with

the single gene or generally expressed form (data not

shown), despite an overall reduced isoelectric point of the

neural Pgi isozyme.

Discussion

In summary, our analysis of the patterns of nucleotide and

amino acid change suggests that the neural isozymes from

the four gene families, Guk, Tpi, Mdh, and Pgi, evolved

through a period of distinct selective pressure. Our goal

was to look for general patterns or trends across these gene

families with distinct biochemical functions in the evolu-

tion of ‘‘neural’’ isozymes, and use this multi-gene

comparative approach to build on the model of evolution of

these isozymes proposed by Merritt and Quattro (2001). In

each of the four families, we found significantly elevated

rates of nonsynonymous substitution, and distinct x ratios,

along the branch leading to the neural isozyme when

compared to the branches across the rest of tree. Both Guk

and Tpi seem to have substantial amino acid charge change

along this branch, suggesting positive selection along the

neural branch, but neutral evolution could not be ruled out

in all cases. In all four gene families, the neural isozymes

have significantly lower predicted isoelectric points than

their generally expressed counterparts, but the charge dif-

ferential is noticeably more pronounced in TPI and GUK

than in MDH or PGI. This difference in charge differential

across the gene families may reflect variations in selective

pressures or functional constraints across the gene families,

possibly reflected in different expression patterns between

isozymes across the four gene families (Merritt and Quattro

2001, 2003; Sato and Nishida 2007).

Since the initial examination of the molecular evolution

of the neural TPI isozyme in fish (Merritt and Quattro

2001), considerable support has emerged for a complete

genome duplication after the split of fish and tetrapods,

likely early in teleost evolution (e.g., Amores et al. 1998;

Postlethwait et al. 1998; Jaillon et al. 2004; Meyer and Van

De Peer 2005). Our phylogenetic analysis of all four gene

families, and previous work on the Tpi, Mdh, and Pgi gene

families (Merritt and Quattro 2001, 2003; Sato and Nishida

2007, respectively) supports a common duplication event

hypothesis for these isozymes, likely the whole genome

duplication event implicated in teleost evolution. The

neural isozymes in each family have then been evolving for

the same period of time and differences and similarities

observed across the gene families should represent differ-

ences and similarities in selective constraint or pressure,

not timing or duration of selective pressure. As such, the

patterns of DNA and protein change that we document here

Fig. 4 (Guk) Inferred amino

acid sequences for the

duplication node (AncestralS),

node leading to the neural

(AncestralN) and general

(AncestralG) isozyme branches

of the common Guk tree.

Highlighted amino acids were

found to reside on the outside of

the protein by solvent

accessibility of [25 %.

Asterisks indicate amino acid

substitutions toward negative

amino acids, and isoelectric
points are shown as the 30 end of

the proteins
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suggest that the Tpi and Guk gene families likely share

more similar protein function, and likely patterns of

expression, than either do with Mdh or Pgi. Our analysis of

the large Guk dataset includes teleost fish, tetrapods, and

ancestral chordate sequences, but lacks a basal fish

sequence as used in earlier studies of teleost neural iso-

zymes (Merritt and Quattro 2001, 2002, 2003; Sato and

Nishida 2007). Based on these earlier studies, we expect

that basal fish, having diverged from more derived fish

lineages before the genome duplication, will contain a

single Guk locus. In our initial examination of the evolu-

tion of the neural isozymes, we used the ancestral single

gene taxa, to help us isolate the evolutionary period

(branch) of interest—that directly follows the duplication

event. Given the central role of these single-gene taxa in

defining our period of interest, it is impressive that even

without a single-gene fish taxa, our analysis is able to find

evidence for a distinct pattern of evolution, implying dif-

ference in selective pressures, along the neural branch in

the Guk gene family. Presumably, inclusion of a single Guk

gene (basal fish taxa) would only strengthen this result, and

future research including a broader range of species will

test this point.

In each of the datasets, by examining DNA-based like-

lihood ratio and nucleotide change tests, we find evidence

suggesting that the neural isozymes evolved differently

than other sequences in the trees. Overall, our results

suggest that the isozymes likely evolved through a period

of positive selection, but we cannot rule out a period of

neutral evolution in all cases from the DNA-based tests

alone. In general, inferring the focus of selective pressure

from DNA-based tests is difficult or impossible (see

Hughes and Friedman 2008; Yokoyama et al. 2008) so we

also examined the patterns of amino acid change in each

gene family. Merritt and Quattro (2001) found an accu-

mulation of net negative charge (change to negatively

charged amino acids) along the branch leading to the TPI

neural isozyme, and inferred that an increase in net nega-

tive charge in the neural isozyme was selected for in this

gene family. In fact, all four neural isozymes show sig-

nificantly lower isoelectric points than their generally

expressed, or single isozyme counterparts (Fig. 5, and

Fisher et al. 1980), suggesting that selection was toward the

accumulation of net negative charge in all four families. To

test this possible source of the selective pressure, we

quantified the pattern of amino acid change for each of the

gene families. Consistent with the earlier analysis, we find

significantly elevated accumulation of negative charge

along the neural branch in both large and comparison Tpi

trees. We also found a large amount of change toward

negative charge along the Guk neural branch, but overall

charge change across whole Guk tree is also greater than

found in Tpi or the other gene families. Given the pattern in

the Tpi gene family and the similarities in the Guk gene

family, it is likely that the neural Guk isozyme also evolved

through a period of positive selection similar to the neural

Tpi, but the large amount of charge change across the Guk

tree makes it impossible to completely rule out relaxed

selective constraint and neutral evolution along this branch.

The Mdh and Pgi neural branches show random patterns of

amino acid change when amino acids are grouped by

charge (or size or polarity) even though the neural

sequences are more negatively charged than their generally

expressed counterparts. The charge differentials are less

pronounced in these two gene families than either the Tpi

or Guk gene families, and the expression patterns seem to

be broader, less canalized, at least than that of Tpi, sug-

gesting less pronounced functional differences between the

isozymes. In sum, our analysis suggests that both the Tpi

and Guk neural isozymes evolved under similar selective

pressures, while selection on the Mdh and Pgi neural iso-

zymes seems to have been distinct and, perhaps, less

pronounced.

Two lines of evidence suggest that the accumulation of

negative charge in the neural isozymes is from positive, or

directional, selection and not simply a random accumulation

of amino acid changes under neutrality. First, in all four gene

families, selective pressures return to purifying selection, in

which significantly lower than random amounts of nonsyn-

onymous substitution occur, after the relatively brief period

of elevated nonsynonymous substitution, suggesting that the

proteins are then functional. It seems unlikely, though not

impossible, that all four isozymes would have evolved

Fig. 5 Isoelectric points of the ‘‘neural’’ and general Guk, Tpi, Mdh
and Pgi isozymes. The neural isoelectric points are calculated from

the reconstructed neural node, while the general isoelectric points are

averaged from all general sequences as well as reconstructed general

nodes. Statistical significance indicated as asterisks were tested by

one sample Z test
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through periods of neutrality, a lack of selective constraint

suggesting a non-functional protein, only to return to func-

tion, and purifying selection, once a negative charge had been

randomly established. In addition, in TPI, GUK, and MDH,

the negatively charged amino acids are found only on the

surface of the proteins (Fig. 4; Online Resource Figs. 4, 5, we

found no unique charged amino acid change in the PGI

sequence). Charge changes are likely to have large impact on

3D structure if located within the interior of a protein. In

functional proteins, then, we expect to find changes restricted

to the surface, while in non-functional proteins changes are

likely to occur throughout the protein. The observed

restriction, of all amino acid charge changes to the surface of

the protein suggests that the changes occurred in functional

proteins, and that the amino acid changes are of functional

importance (i.e., the charge differential between the iso-

zymes reflects functional divergence). Combined, the pro-

nounced accumulation of negative charge, the restriction of

charge changes to the surface of the proteins, and the return to

purifying selection after a period of increased nonsynony-

mous change, supports our claim that the neural isozymes are

functional proteins which have evolved a potentially novel

function through a period of positive selection after the

duplication event. The actual function of the neural isozymes

is unknown so it is difficult to conclusively say if these pro-

teins have evolved to be better adapted to a function within

the original protein function (i.e., subfunctionalization) or to

a completely novel function (i.e., neofunctionalization). The

novel charge and distinct pattern of expression of the neural

isozymes, however, suggests that these proteins are an

example of neofunctionalization (Ohno 1970; Lynch and

Force 2000). The continued expression of the general iso-

zyme in the neural tissues (both isozymes are present) also

suggests that the neural isozyme have not simply replaced the

general form in these tissues further supporting neofunc-

tionalization and not subfunctionalization. Evidence for a

combination of both sub- and neofunctionalization has been

suggested (He and Zhang 2005), and neofunctionalization

has been found in yeast, fruit flies, snakes, humans, and tel-

eost evolution to name a few (He and Zhang 2005; Lynch

2007; Beisswanger and Stephan 2008; Douard et al. 2008).

The neural teleost isozymes, especially the examples with the

most pronounced divergence, Tpi and Guk, appear to likely

be a further example of neofunctionalization following

duplication. Further examination of functional difference

between the isozymes will allow explicit testing of this

possibility.

Similarities and differences in the pattern of sequence

change suggests that the four gene families can be placed

in two groups with the Tpi and Guk families showing

more pronounced patterns of nucleotide and amino acid

change—and more negatively charged neural isozymes—

than Mdh or Pgi. This divergence in patterns suggests that

the neural isozymes within either group likely share more

similar functions than between groups, a statement sup-

ported by the limited expression data available so far. By

means of rather crude presence/absence PCR assays,

Merritt and Quattro (2001) demonstrated that the neural

Tpi gene was expressed in the eye, brain, and ovary, but

not in a variety of other tissues. In contrast, they found

that the ‘‘neural’’ Mdh gene was expressed in muscle as

well as the eye, brain, and ovary (Merritt and Quattro

2003). In both gene families, the general gene was found

to be expressed in all tissues examined. By means of more

sensitive and accurate qPCR assays, Sato and Nishida

(2007) found that the ‘‘neural’’ Pgi gene was also more

broadly expressed than the neural Tpi. Expression data is

not available for Guk, but based on the results shown here

we predict that the neural Guk gene, like the neural Tpi

gene, will have a relatively canalized pattern of expres-

sion. Future research on the expression patterns of the Guk

isozymes is warranted. Variation in isozyme expression is

also found in other similar gene families in fish. The fish

LDH gene family contains three isozymes, likely a result

of the same duplication that created the Tpi, Pgi, Mdh, and

Guk gene families and a second, more recent, duplication

(Quattro et al. 1993). The LDH isozymes not only have

significantly different biochemistry (Whitt 1970; Markert

et al. 1975), implying functional divergence but also

appear to vary in expression across taxa making the

evolution of this gene family difficult to reconstruct. The

biochemical specialization of the Ldh isozymes supports

our proposal of functional divergence of the isozymes.

The variety of similar gene families suggests that a

broader bioinformatic search for additional gene families,

including those that would have been missed by tradi-

tional isozyme and gel electrophoretic studies is

warranted.

Expression studies and further examination of basal,

single gene, fish taxa may help to unravel the remaining

functional mystery of this system: the biological signifi-

cance of the negative charge of these isozymes. The

pattern of sequence change, DNA and amino acid, and

especially the surface localization of the charge changes

strongly suggest that this charge has a functional impact,

but the nature of this impact remains elusive. Merritt and

Quattro (2001) speculated that the negative charge may

be involved with repolarization of neural tissues. The

correlation of weaker negative charge with broader

expression pattern is consistent with this speculation, but

certainly not definitive. A finer-scale understanding of the

expression patterns of all four ‘‘neural’’ isozymes and

their generally expressed counterparts, and perhaps some

biochemical analysis on the functionality of these iso-

zymes will hopefully shed light on the functional differ-

ences our analyses suggest.
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