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Abstract. A variety of organisms have independently
evolved proteins exhibiting antifreeze activity that al-
lows survival at subfreezing temperatures. The antifreeze
proteins (AFPs) bind ice nuclei and depress the freezing
point by a noncolligative absorption–inhibition mecha-
nism. Many organisms have a heterogeneous suite of
AFPs with variation in primary sequence between
paralogous loci. Here, we demonstrate that the diversi-
fication of the AFP paralogues is promoted by positive
Darwinian selection in two independently evolved AFPs
from fish and beetle. First, we demonstrate an elevated
rate of nonsynonymous substitutions compared to syn-
onymous substitutions in the mature protein coding re-
gion. Second, we perform phylogeny-based tests of se-
lection to demonstrate a subset of codons is subjected to
positive selection. When mapped onto the three-
dimensional structure of the fish antifreeze type III an-
tifreeze structure, these codons correspond to amino acid
positions that surround but do not interrupt the putative
ice-binding surface. The selective agent may be related
to efficient binding to diverse ice surfaces or some other
aspect of AFP function.

Key words: Antifreeze proteins — Darwinian selec-
tion — Likelihood ratio test — Adaptive evolution

Introduction

Antifreeze proteins (AFPs) inhibit ice crystal growth by
binding ice nuclei which depresses the freezing point of
water, thereby allowing survival at subzero temperatures
(Cheng 1998). Most organisms with AFPs do not have a
single component with AFP activity but, rather, a het-
erogeneous suite of molecules with AFP activity. In fact,
some marine fish possess a suite of AFPs with at least 10
identifiable active components (Hew et al. 1984). A few
types of AFPs have undergone multiple duplications,
with some species having more than 100 copies (Hew et
al. 1988). Although it has been suggested that the heter-
ogenous suite of AFPs is functionally important (Hew et
al. 1988), currently there is no evidence that the changes
are adaptive. Therefore, we performed a rigorous statis-
tical analysis of the AFP genes to determine if the
changes observed are neutral or whether there is evi-
dence for positive selection promoting the diversification
of the AFP components within an organism.

A classic example of positive selection is the evolu-
tion of the major histocompatibility loci (MHC) (Hughes
and Nei 1988). In almost all homologous proteins, the
frequency of nonsynonymous substitutions per nonsyn-
onymous site (dN; amino acid replacement) is signifi-
cantly lower than that of synonymous substitutions per
synonymous site (dS; silent), reflecting selective con-
straint on amino acid sequence (Li 1997). However, in
the antigen recognition site (ARS) of the Class I MHC
glycoproteins,dN is greater thandS, whereas non-ARS
regions show the opposite. This difference has been in-
terpreted as evidence for an adaptive value in diversify-
ing the ARS to allow for the binding of an enormousCorrespondence to:Willie J. Swanson;email: willies@citrus.ucr.edu
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variety of processed peptides derived from microbial
pathogens (Hughes et al. 1990).

AFPs have multiple independent origins, with ap-
proximately eight classes identified (Cheng 1988). Many
of the types contain a repetitive structure rich in alanine.
The length of the repeats varies within a molecule as well
as among homologues making sequence alignments dif-
ficult. Here, we focus our analysis on two distinct, inde-
pendently evolved AFPs for which reliable alignments
are possible: fish type III AFPs fromMacrozoarces
americanus, Anarhichas lupus,and Lycodichthys dear-
borni (Hew et al. 1984, 1988; Li et al. 1985; Wang et al.,
1995) and insect AFPs from the beetleTenebrio molitor
(Graham et al. 1997; Liou et al. 1999). The average
nucleotide divergence of these proteins is moderate (fish
type III, 14.7%; beetle, 7.2%). Therefore, reliable evo-
lutionary inferences can be made without the problem of
mutational saturation effects. The AFPs analyzed here
from each group represent paralogous comparisons, as
each gene is a member of a multigene family. In addition
to paralogues within a species, we use sequences from
different species. Given the enormous size of this mul-
tigene family (100s of copies), it is likely that few if any
represent orthologous comparisons. The inclusion of or-
thologues would not effect our detection of selection.
Therefore, we are testing if the heterogeneity among
AFPs found within an organism is adaptive or neutral.
We are not testing for adaptive changes between species
or antifreeze types. We demonstrate that positive Dar-
winian selection accounts for at least some of the het-
erogeneity of AFP protein sequence.

Methods

Seven fish-type III AFP genes [sequence accession numbers (some
contain multiple coding regions): M22125, M11790, J03923, J03924,
U20439, and two from Hew et al. (1988) and nine beetle AFP genes
(sequence accession numbers AF160494–AF160497 and AF159114–
AF159118)] were obtained from GenBank. Other sequences in Gen-
Bank contained only a partial coding sequence or were identical to the
ones used and were not included in the analysis. The translated protein
products were used to create a multiple sequence alignment using
ClustalW (http://www2.ebi.ac.uk/clustalw/), and the nucleotide se-
quences aligned according to the protein alignment using Protal2DNA
(http://bioweb.pasteur.fr/seqanal/interfaces/protal2dna-simple.html).
Other suboptimal alignments were considered, but they did not change
the results.dN and dS were calculated using the method of Goldman
and Yang (1994). Estimates ofdN and dS by the method of Nei and
Gojobori (1986) produced similar results. ThedN/dS ratio is abbrevi-
atedv herein. Likelihood models that allow for variation in the selec-
tive pressure among lineages or sites were used in phylogenetic analy-
ses, as implemented in the CODEML program of PAML (Yang 1999).
For lineage variation, a model with onev ratio for all sites was com-
pared to a selection model in which a separatev ratio was calculated
for each lineage (Yang and Nielsen 1998; Yang 1998). The negative of
twice the log-likelihood difference of the two models was compared to
the chi-square distribution, with degrees of freedomn−1 (n 4 number
of branches on phylogeny). For site variation, a variety of models of
codon evolution were compared (Nielsen and Yang 1998; Yang et al.
2000). First, a neutral model (M1) with two classes of codons (v 4 0

for conserved sites andv 4 1 for neutral sites) was compared to a
selection model (M2) with an additional class of codon with av ratio
estimated from the data. Second, the neutral model M1 was compared
to a selection model (M3) with three classes of codons withv ratios
estimated according to a discrete distribution. Finally, we compared a
neutral model (M7) withv ratios estimated according to a beta distri-
bution,b(p,q), with v limited to the interval (0,1) to a selection model
with an additional class of codons with av ratio estimated from the
data (wherev can be greater than 1). As these models assume a con-
stantdS across the sequence, and vary thev ratio, signals of selection
can not result from a locally reduceddS. Our results are therefore
dependent upon the assumption of a constantdS, which also makes the
test conservative. Because of the biased amino acid composition of the
AFPs, the data were analyzed using the full (F61) model estimating the
codon frequencies. The negative of twice the log-likelihood difference
between the nested models was compared to the chi-square distribution
with degrees of freedom equal to the difference in number of param-
eters estimated in the models. M1 contains one parameter (one propor-
tion); M2, three parameters (two proportions, onev ratio); M3, five
parameters (two proportions and threev ratios); M7, two parameters (p
andq for the b distribution); and M8, four parameters (b distribution,
one proportion, and onev ratio). Residues identified to be potentially
subjected to positive selection were mapped onto the crystal structure
of the fish type III AFP structure (PDB file 1MSI) (Zia et al. 1996)
using Molscript (Kraulis 1991).

Since the AFPs are short genes, and the likelihood-ratio test statistic
is a large sample test (Nei and Kumar 2000), we confirmed the sig-
nificance by parametric bootstrapping. We used the EVOLVER pro-
gram from the PAML package (Yang 1999) to simulate 100 data sets
under the null model (M1) for both the fish and the beetle antifreeze
genes. Under the null model, the simulated data had similar codon
frequencies, transition/traversion ratios, divergences, andv ratios as
the real data. The 100 simulated data sets were analyzed with model
M1 and M2 and resulting likelihood ratios compared to our experi-
mental value.

To compare radical versus conservative amino acid replacements,
we used the method of Hughes et al. (1990). We calculated the number
of radical amino acid replacement changes per radical nonsynonymous
site and the number of conservative amino acid replacement changes
per conservative nonsynonymous site. We used three classifications of
amino acids: charge, polarity, and type (which takes into account po-
larity, charge, hydrophobicity, and size).

Results

Comparison ofdN and dS Averaged Across All Sites
and Lineages

AFPs have two distinct parts, which we analyzed sepa-
rately. The first part is the signal sequence, which is
cleaved off from the mature AFP and is therefore not
expected to be a target of selection associated with the
function of the active, mature AFP. The second part is
the mature AFP, which is extracellular and interacts with
ice and, therefore, may be a target of selection. Protein
alignments of the genes used in subsequent analyses are
presented in Fig. 1. It is apparent that that the mature
protein-coding region is more divergent than the signal
sequence.

To test for deviation in the substitution pattern from
the neutral expectation, we calculateddN anddS for the
beetle and fish antifreeze proteins. We performed sepa-
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rate calculations for the signal sequence and mature pro-
tein-coding regions.dN exceedsdS in 18 of 21 possible
pairwise comparisons among the nucleotide sequences of
the mature AFP from seven paralogous fish type III AFP
genes (Fig. 2a). In contrast, the nucleotide sequence en-
coding the signal sequence shows the pattern expected in
the absence of diversifying selection:dN is less thandS in
20 of the 21 comparisons (Fig. 2a). We found similar
results for the beetle AFPs as for the fish type III anti-
freeze:dN exceedsdS in 27 of 36 pairwise comparisons
for the mature protein, whereas in the signal sequencedN

is less thandS in 24 of the 36 comparisons (Fig. 2b).
However, since these calculations involve pairwise com-
parisons there are potential problems with the noninde-
pendence of the data. Below, we address this issue by
performing phylogeny-based tests of positive selection.
Nevertheless, these pairwise comparisons are interpreted
as evidence that there is adaptive value in altering the
mature AFP mature amino acid sequence.

Variation in thedN/dS Ratio Between Lineages

We next analyzed for positive selection using a variety of
phylogeny-based maximum-likelihood methods. These
include analyzing for variation in thedN/dS ratio (abbre-
viated v herein) between lineages and sites. First, we

tested for positive selection by analyzing for variation in
the v ratio between lineages (Yang and Nielsen 1998;
Yang 1998). The strictly neutral theory predicts thev
ratio to be constant among all branches of a phylogeny.
In some examples of positive selection, it has been dem-
onstrated that a burst of positive selection occurs along
one lineage, followed by purifying selection (Messier
and Stewart 1997; Yang 1998). To test for variation be-
tween lineages we compared the likelihood of a model
with one v ratio for all lineages to a model where a
separatev ratio is estimated for each lineage. For both
the fish type III and the beetle AFPs, we detected no
difference between the two models (Table 1). This is
interpreted as similar selective pressures acting on all
AFP types present within an organism.

Variation in thedN/dS Ratio Among Sites

Next we tested for positive Darwinian selection using
maximum-likelihood methods to analyze the sequences
with variation of thev ratio among sites (Nielsen and
Yang 1998; Yang et al. 2000). Thev ratio averaged
across all sites and lineages is greater than 1 for both the
beetle and the fish type III antifreeze proteins but not
significantly different from 1 (Table 2). However, aver-
aging across all sites is not a sensitive measure for se-

Fig. 1. Alignments of the fish type III and beetle antifreeze proteins
used in statistical tests of neutrality. Theitalicizedsequence represents
the signal sequence. Sites predicted to be under positive selection with
a probability >0.9 are inunderlined boldface;0.8–0.9,underlined;
0.7–0.8, inunderlined italics;and 0.5–0.7, initalics (mature protein

only). The sequence of the structure 1MSI of fish AFP type III used in
Fig. 3 is presented. Sequences for fish: M22125, two from Hew et al.
(1988), M11790, J03923, U20439. Sequences for beetle: AF160494,
AF159114, AF159117, AF159115, AF160495, AF159116, AF159118,
AF160496, AF160497.
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lection, since it is likely that only a few sites may be
subjected to positive selection while others are con-
served. To analyze for the variation inv among sites, we
utilized maximum-likelihood ratio tests. Other statistical
tests for variation in thev ratio among sites are also
possible (e.g., Suzuki and Gojobori 1999) but require
more data than are currently available for the AFP genes.
The maximum-likelihood method involves comparing
the likelihood of two models, a neutral model to a selec-
tion model. We used a variety of models of codon evo-
lution ranging from twov ratios to ab distribution ofv
ratios (see Methods). The neutral models all havev ra-
tios limited between 0 and 1, while the selection models
allow for a class of codons withv estimated from the
data and possibly greater than 1. In all cases, positive
selection is indicated if the selection model fits the data
significantly better and has a class of codons with av
ratio > 1. For the mature fish type III and the beetle
AFPs, the selection models are significantly more likely
than their corresponding neutral models with anv class
> 1 (p < 0.005), indicating positive selection (Table 2).
For the fish type III AFPs, the selection model M8 pre-
dicts 27% of the codons to be under positive selection

with an averagev ratio of 7.6. Similar results are ob-
tained with the mature beetle AFPs, the selection model
M8 predicts 6.7% of the codons to be under positive
selection with an averagev ratio of 32.1.

Parametric Bootstrapping

To confirm the significance of the likelihood-ratio test
based on comparison with thex2 distribution, we per-
formed parametric bootstrapping. One hundred data sets
were simulated using the estimated parameter values
(tree topology, tree length, number of codons, number of
taxon, transition/transversion ratio, codon frequencies,
proportion withv 4 0 or 1) obtained for the null model
from both the beetle and the fish AFPs. The resulting
simulated data sets were analyzed using models M1 and
M2. In the simulated data sets, we found 5 and 7 signifi-
cant comparisons of 100 (p < 0.05) comparing the like-
lihood-ratio test statistic to thex2 distribution for the
beetle and fish, respectively. This is close to the expec-
tation of five significant comparisons. This suggests that
in this case just 100 codons may be sufficient when
applying the likelihood-ratio test based on thex2 distri-
bution. The observed likelihood-test statistic from the
real data were 3.5-fold (for fish) or 7-fold (for beetle)
higher than the simulated data (Fig. 3). This confirms the
significance of our results.

Radical Amino Acid Replacements

To investigate the type of amino acid changes which
occurred, we calculated the number of radical amino acid

Fig. 2. The number of
nonsynonymous substitutions per
nonsynonymous sites (dN) plotted
against the number of synonymous
substitutions per synonymous sites
(dS). The line is wheredN 4 dS.
(d) Mature protein-coding region;
(V) signal sequence.a. Comparison
for the fish type III AFPs.b.
Comparison for the beetle AFPs.

Table 1. Likelihood-ratio tests for variation of thedN/dS ratio be-
tween lineagesa

Gene lnl 1 ratio lnl free ratio −2D l df p

Fish type III −587.00 −583.11 7.8 11 0.73
Beetle −683.3 −673.4 19.8 14 0.14

a −2D l 4 the negative of twice the log-likelihood difference between
the two models; df4 degrees of freedom.
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replacement changes per radical nonsynonymous site
(pNR) and the number of conservative amino acid re-
placement changes per conservative nonsynonymous site
(pNC) by the methods of Hughes et al. (1990). If there is
no selection, thenpNR 4 pNC. While under purifying
selectionpNR < pNC and under positive selectionpNR >
pNC. We found that, for charge changes,pNR was gen-
erally greater thanpNC (Fig. 4). However, the compari-
son was only significant for the beetle AFPs, where all
but two of the comparisons showed thatpNR > pNC and

many were significant by at test (data not shown). For
polarity and type,pNR was typically less thanpNC (Fig.
4), and in many cases significantly different by at test.
These results indicate that the positive selection favors
charge differences, while maintaining overall type of
amino acid most likely to conserve the structure.

Identification of Sites Subjected to Positive Selection

The maximum-likelihood method can identify which
residues have been subjected to positive Darwinian se-

Table 2. Likelihood-ratio test of variation in thedN/dS ratio (v) between sitesa

Gene n Lc S vtotal

−2D l
Parameter estimates
under M8 (b & v)

Positively selected
sitesM2 vs M1 M3 vs M1 M8 vs M7

Fish type III AFPs 7 62 1.40 1.3 21.4 24.6 21.4 p1 = 0.277,v = 7.6 2,14, 19, 22, 23,
p0 4 0.723 24, 26, 27, 29, 38,
b(0.0256, 0.0202) 40, 45, 46, 49, 50,

51, 60
Beetle AFPs 9 81 0.89 1.3 70.4 71.2 70.3 p1 = 0.067,v = 32.1 13, 24, 36, 48, 59

p0 4 0.933
B(0.005, 0.005)

a n 4 number of sequences; Lc4 number of codons after gaps removed; S4 tree length as substitutions per codon; −2D l 4 the negative of twice
the log-likelihood difference between the two models;vtotal 4 dN/dS ratio averaged across all sites and lineages;v 4 dN/dS ratio; M1 4 model
1, etc.;p1 4 proportion of codons under positive selection;p0 4 proportion of codons not under positive selection;b(p,q) 4 parameters for the
b distribution. Parameters indicating positive selection are in boldface. In all cases, the selection model is significantly better than the neutralmodel
(p < 0.005). Sites predicted to be under positive selection with a probability >0.9 are in underlined boldface; 0.8–0.9, underlined; 0.7–0.8, in
underlined italics; and 0.5–0.7, in italics.

Fig. 3. Parametric bootstrapping demonstrates the significance of the likelihood test statistic. One hundred data sets were simulated under the null
model M1 for each fish and beetle AFP gene. The test statistic from the real data falls far outside the distribution of the simulated data, demonstrating
the significance of the comparison.
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lection using an empirical Bayes approach (Nielsen and
Yang 1998). This analysis appears to be very robust and
correctly identifies the antigen binding cleft of the MHC
Class I glycoprotein as being under strong diversifying
selection (Swanson et al. 2001). The sites predicted to be
under positive selection under model M8 are given in
Table 2 and indicated in Fig. 1. Many of the sites pre-
dicted to be under positive selection contain charge
charges between paralogues (Fig. 1). Since the crystal
structure for the fish type III antifreeze protein has been
determined, it is possible to map these positions in three-
dimensional space. The 17 amino acid positions pre-
dicted to be under selection by maximum likelihood are
located on the faces of the fish type III AFP surrounding
the ice binding plane, rather than on the putative ice-
binding face itself (Fig. 5) (Jia et al. 1996; Graether et al.
1999; DeLuca et al. 1998). Thus, the functional ice-
binding surface remains intact. The residues identified as
being under positive selection have been shown not be
involved directly in ice binding. It is possible that the
changes could slightly modulate ice-binding specificity.
However, the selective pressure producing the signal of
positive selection demonstrated here remains unknown.

Discussion

We have demonstrated that at least some of the striking
amino acid diversity among antifreeze proteins of two
distinct evolutionary origins has been driven by positive
Darwinian selection. Observing positive selection in two

independent molecules that have converged upon the
same function bolsters the suggestion that the adaptive
changes involve a functional advantage in having a het-
erogeneous suite of AFPs. Of the examples of positive
selection documented at the molecular level (e.g., Long
and Langley 1993; Endo et al. 1996; Sharp 1997; Nur-
minsky et al. 1998; Yokoyama et al. 1999; Wyckoff et al.

Fig. 4. The number of radical amino acid replacement changes per radical nonsynonymous site (pNR) plotted against the number of conservative
amino acid replacement changes per conservative nonsynonymous site (pNC). Three amino acid classifications are used: charge, polarity, and type.
Charge typically showspNR > pNC, indicating that selection favors charge changes.

Fig. 5 Fish type III antifreeze protein residues identified as targets of
selection with a posterior probability ofp > 0.95 mapped on the three-
dimensional structure 1MSI (Zia et al. 1998).Black residues showing
side chainswere predicated to be subjected to positive selection using
a Bayesian approach (Table 1).White residues showing side chains on
the left faceof the structure represent the putative ice-binding residues
(Jia et al. 1996; DeLuca et al. 1998; Graether et al. 1999). No other side
chains are shown.
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2000), most involve recognition of other protein mol-
ecules in “red queen” scenarios (Endo et al. 1996). For
example, host-pathogen recognition involves change by
the pathogen to avoid recognition, countered by host
change to maintain recognition. Sperm proteins involved
in sperm–egg interaction have been shown to be evolv-
ing rapidly (Metz et al. 1998), which is hypothesized to
be driven by the need to maintain functional interaction
with a constantly changing egg surface (Swanson and
Vacquier 1998).

The diversification demonstrated here occurs between
paralogous members of the antifreeze multigene family.
Diversification of members of a multigene family may
allow for the binding of a wide variety of molecules. An
analogous situation is the diversification of olfactory re-
ceptors, which allows for recognition of a wide variety of
odorant molecules (Hughes and Hughes 1993). The func-
tional significance of the adaptive changes demonstrated
here for the AFPs is unknown but could involve solubil-
ity of the AFPs (which are at concentrations of up to 10
mg/ml in the blood), AFP–AFP interaction on the ice
surface, other factors associated with inhibition of ice
crystal growth, or some other unknown function. An-
other hypothesis is that the function of AFPs may not yet
be optimized, and we could be observing the signal of
positive Darwinian selection for increased antifreeze ac-
tivity. Finally, the selective pressure may involve bind-
ing to a heterogeneous surface. Structural studies of the
ice surface morphology suggest that, unlike the underly-
ing ice lattice, the ice crystal surface is disordered and
morphologically heterogenous (Delzeit et al. 1997; Row-
land et al. 1995). However, there is some controversy
regarding the structure of the ice surface.

The binding specificity of proteins can in some cases
evolve by modulating a conserved binding surface with
substitutions at neighboring sites (Wallis et al. 1998;
Clackson and Wells 1995; Foote and Winter 1992). For
example, antibody specificity can be mediated by both
variable loops and substitutions on the protein frame-
work that do not have direct contact with the antigen
(Foote and Winter 1992). In particular, the substitutions
at neighboring residues often involve charge changes
(Wallis et al. 1998; Clackson and Wells 1995), which is
the pattern we observe in the beetle AFPs (Fig. 4). This
model would allow for specificity to evolve while main-
taining a functional ice-binding surface, which is crucial
for AFP function and survival of the animal. A funda-
mental challenge to testing this and other ice-binding
hypotheses is the difficulty in quantitative measurements
(i.e., determination of binding kinetics) of ice–protein
interactions (Greather et al. 1999; Chao et al. 1995).
Previous results with mixtures of nonhomologous AFP
mixtures did not show increased AFP activity (Chakrab-
artty and Hew 1991), however, the adaptive value we
suggest arises from mixtures of AFPs from paralogous
loci within an organism. Since AFPs interact with spe-

cific ice planes (Graether et al. 1999) and the binding
surface of the AFPs remains intact, the AFP heterogene-
ity observed may have been selected to interact with
morphologically heterogeneous ice crystal growth on
specific ice planes. Our hypothesis for the selective pres-
sure diversifying the AFPs is thus consistent with the
current models of AFP inhibition of ice crystal growth
(Graether et al. 1999). AFPs may present a situation
where a biological change is selectively favored to coun-
teract the heterogeneous surface of an ice crystal that is
acting as a chemical “pathogen.”

Our analyses have demonstrated that at least some of
the heterogeneity in AFPs has been driven by positive
Darwinian selection. However, the functional signifi-
cance of these adaptive changes remains unknown. Ad-
ditionally, the type of selection remains unknown. Future
analyses of polymorphism and divergence of ortholo-
gous AFP loci could provide insights into whether selec-
tion acts to promote diversity within each locus in a
manner analogous to MHC or between loci. More im-
portantly, functional studies will be necessary to deter-
mine the significance of the adaptive changes identified
here.
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