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INDEPENDENT CONTRASTS SUCCEED WHERE ANCESTOR RECONSTRUCTION

FAILS IN A KNOWN BACTERIOPHAGE PHYLOGENY
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Abstract.—Methods of ancestor reconstruction are important tools for evolutionary inference that are difficult to test
empirically because ancestral states are rarely known with certainty. We evaluated reconstruction methods for con-
tinuous phenotypic characters using taxa from an experimentally generated bacteriophage phylogeny. Except for one
slowly evolving character, the estimated ancestral states of continuous phenotypic characters were highly inaccurate
and biased, even when including a known ancestor at the root. This error was caused by a directional trend in character
evolution and by rapid rates of character evolution. Computer simulations confirmed that such factors affect recon-
struction of continuous characters in general. We also used phenotypic viral characters to evaluate two methods that
attempt to estimate the correlation between characters during evolution. Whereas a nonphylogenetic regression was
relatively inaccurate and biased, independent contrasts accurately estimated the correlation between characters with
little bias.
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Methods of ancestor reconstruction play a central role in
the study of character evolution. Ancestor reconstruction is
not only necessary for homology-based, or character-map-
ping, studies (Coddington 1988; Donoghue 1989; Brooks and
McLennan 1991), but also for some methods that estimate
the correlation of characters during evolution (Huey and Ben-
nett 1987; Harvey and Pagel 1991). Although reconstructing
ancestors is undeniably important, it is difficult to compare
methods empirically because actual ancestors must be known.
One potential source of known ancestors is the fossil record.
Although many ancestral fossils may be preserved (Foote
1996), demonstrating ancestor-descendant relationships is
difficult (Nelson 1989; Smith 1994, pp. 125-128). Further-
more, many characters are not preserved in the fossil record.
To compare methods of ancestral state reconstruction, we
must rely on other systems.

Experimentally generated phylogenies, which have a de-
gree of realism not possible in computer simulations, provide
arare opportunity where the actual ancestors are known (Hil-
liset a. 1992). Such a phylogeny has been created by evolv-
ing viruses in the laboratory and has already been used to
examine reconstruction of discrete genetic characters (Hillis
et a. 1992). In this study, we use the same phylogeny to
examine evolution of multiple phenotypic characters with
continuous variation. This allowed us to perform the first
empirical test of methods that reconstruct continuous char-
acter evolution.

‘“Homology-based’’ hypotheses require the investigator to
distinguish between homology and convergence to make ex-
plicit estimates of character states at every node of a phy-
logeny (Greene 1986; Coddington 1988; Brooks and Mc-
Lennan 1991; Frumhoff and Reeve 1994). The ancestral es-
timations themselves are then used to test the hypothesis at
hand. Whereas the homology-based approach is commonly
used in studies of discrete characters, continuous charac-
ters—the focus of this study—can be used in a similar fash-

ion. For example, knowledge of ancestral character stateswas
required to test whether body size changed multiple timesin
Anolis lizards that inhabit islands in sympatry with related
species (Losos 1990). The lack of convergence in size in
these lizards was taken as evidence for nonrandom coloni-
zation of islands (Losos 1990).

Although homology-based methods rely on the accuracy
of ancestor reconstruction, this is not necessarily true for
methods that seek to quantify the correlation between char-
acters during evolution, which are referred to here as ‘‘ cor-
relative methods.”” Some such methods do not even recon-
struct ancestors per se (Felsenstein 1985; Grafen 1989; Pagel
1998). Other correlational methods do estimate ancestors as
apreliminary step in analyses designed to determine the man-
ner or extent that multiple characters (or a character and
environmental variable) have covaried over the course of
evolution (e.g., Huey and Bennett 1987). In all these cor-
relative methods, phylogeny is used to correct for statistical
nonindependence caused by shared history (Felsenstein
1985). For example, we might use correlational analyses to
test whether brain size and body sizeis correlated (Pagel and
Harvey 1988, 1989).

We began this study by measuring phenotypic characters—
namely, different measures of growth rate—of ancestral and
terminal taxa from a known virus phylogeny. We then used
character values of terminal taxato reconstruct ancestral char-
acter values. Next, we compared these reconstructed values
to the actual ancestral values, which revealed that explicit
reconstruction was highly inaccurate, regardless of the spe-
cific method employed. We then used computer simulation
of continuous characters to show that error increases with
faster character evolution and increased directional bias in
character evolution. Finally, we used the same bacteriophage
data to examine the accuracy of two correlative comparative
methods, a nonphylogenetic approach and independent con-
trasts (Felsenstein 1985). Whereas the nonphylogenetic ap-
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Fic. 1. Change in plaque diameter along experimental virus phy-
logeny. Numbers represent change along each branch. Significance
of this value was calculated by comparing the mean value of the
descendant to the mean value of ancestor plagues with a t-test.
Fourteen of 16 branches underwent a decrease in plaque diameter,
which is significant based on a binomial test (P = 0.002).

proach was prone to error, independent contrasts (Felsenstein
1985) was able to accurately estimate the correlation between
characters.

MATERIALS AND METHODS
Generating the Virus Phylogeny

Bacteriophage T7, avirus that infects Escherichia coli, was
used to create the known phylogeny used in the current study
(White et al. 1991; Hillis et al. 1992). Details have been
described elsewhere. Briefly, T7 was grown in liquid culture
and exposed to a mutagen to increase the rate of evolution.
At prescribed intervals, phage cultures were reduced to a
single virus by standard plating techniques, thereby imposing
a stringent bottlenecking regime resulting in large amounts
of genetic drift (Bull et al. 1993). Evolving phage lineages
were split in a bifurcating manner to create a known, sym-
metric phylogeny with eight terminal taxa (see Fig. 1 for
topology). All branch lengths were equal in terms of number
of generations. Viable viruses sampled at each bifurcation
were stored, allowing for measurement of characteristics of
both terminal taxaand actual ancestors. Virusesweredormant
during storage, so no additional evolution occurred.

T. H. OAKLEY AND C. W. CUNNINGHAM

Four Measures of Viral Phenotype

Plaque diameter and shape were measured after growing
plagues under controlled conditions. Plaques are circular ar-
eas of viral growth formed when bacteriophage are grown on
a petri plate covered with a ‘‘lawn’’ of host bacteria. We
grew plagues on single-layer plates to minimize environ-
mental variability caused by heterogeneity in nutrient agar
(Yin 1991). We measured plaque diameter and shape for all
taxa simultaneously, using aliquots of the same host culture
for al petri plates because host quantity and quality both
affect viral growth (Wang et al. 1996). Host E. coli strain
W3110 was grown overnight at 37°C. We diluted virus cul-
tures so plaques would grow uncrowded on plates and mixed
these cultures with 0.6 ml of overnight host culture and 6 ml
of molten LB top agar (Sambrook et al. 1989) at 50°C. We
then poured mixtures into one or two petri plates per taxon
(plagues of the same taxon grown on multiple plates did not
show significant variation between plates; results not shown).
Once solid, plates were incubated at 37°C for 12 h.

To measure plaques, images of each plate were digitally
captured with a charged-coupled device camera. After digi-
tally imaged plaques were identified manually, the computer
measured diameter and shape automatically using the com-
puter program Image-1 (Universal Imaging, Brandywine,
PA). Shape varies between zero and one and measures the
circularity of the plaque; a value of one is a perfect circle
(Image-1 manual). Between 58 and 101 plaques were mea-
sured for each taxon. The mean values of diameter and shape
were used in subsequent analyses. To test for a significant
change in diameter from ancestors to descendants, we per-
formed t-tests by comparing the mean of each ancestor to
the mean of each of its descendants.

Another phenotype measured was lysis efficiency. A cul-
ture of host bacteria, E. coli strain W3110, was grown over-
night and diluted to an optical density (OD) of 0.8. Next, 3
ml of the host culture were added to a dilution of each virus
culture corresponding to 50 plaque forming units (pfu). After
24 h at 37°C, the OD of each virus/host mixture was mea-
sured. Bacterial lysis resulted in lowered OD values. Some
viral taxa did not lyse bacteria in liquid culture, in which
case OD increased above 0.8 after 24 h.

Finally, growth rate in liquid culture was used as a phe-
notype (Bull et al. 1997). Again, host W3110 was grown
overnight and diluted to OD = 0.8. Between 10 and 600
plaque forming units (pfu) of each virus were added to 1 ml
aliquots of the bacterial culture. This mixture was incubated
for 1.5 h and virus concentration counted by standard plating
before and after incubation. The number of times virus con-
centration doubled during the growth period was used as a
measure of growth rate in liquid culture (Bull et al. 1997).

For the remainder of this paper, we refer to the plaque
diameter phenotype as ‘‘diameter,’” plague shape as
‘“shape,’’ lysis efficiency as ‘‘lysis,”” and growth ratein lig-
uid culture as ‘‘liquid fitness.”’

Contamination Check

Contamination could cause mixing of taxa and was there-
fore a concern. Great care was taken not to contaminate viral
cultures and nucleotide sequencing was also used as a means
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of identifying viruses used in each test. The nucleotide se-
quence corresponding to bases 34624 to 35070 of the pub-
lished T7 genome (Dunn and Studier 1983) was determined
from a plaque drawn at random from each plate of the plaque
diameter/shape test and from each taxon used in the liquid
fitness test. The sequenced region has unique mutations for
each viral strain, including all ancestors (C. W. Cunningham,
unpubl. data). No contamination was detected.

Explicit Ancestor Reconstruction

We used several different methods to reconstruct ancestral
states. For all methods, the known tree topology was input
as a rooted tree with equal branch lengths because an equal
number of generations separated all ancestors and immediate
descendants (White et al. 1991; Hillis et al. 1992). The per-
cent error of the estimates for each node was calculated by
subtracting the actual ancestral value from the estimated val-
ue and dividing by the actual value. Mean percent errors
across all nodes were calculated for each method to gauge
the bias of the estimates. The mean absolute value of all
nodal estimates computed by each method was also calcu-
lated to gauge overall accuracy.

We first employed the rooted squared-change parsimony
algorithm (Huey and Bennett 1987; Maddison 1991) of
MacClade 3.06 (Maddison and Maddison 1992) to recon-
struct ancestral states of all four characters. We then used
two other methods to reconstruct ancestors. First, we used
maximume-likelihood implemented with a Brownian motion
model in ancml (Schluter et al. 1997). This method gives
results identical to squared-change parsimony (if branch
lengths are incorporated), but also allows standard errors of
reconstructions to be estimated. Second, we used linear par-
simony, which assigns ancestral states that minimize the ab-
solute character change on a phylogeny. This method often
resultsin multiple, equally parsimonious reconstructionsrep-
resented by a range of character values at a node. Other
methods that assume Browninan motion (e.g., Garland et al.
1999) were not used because results are identical to the max-
imum-likelihood method.

In addition to the above analyses, we investigated the ef-
fects of adding an outgroup or afossil. The wild-type ancestor
was added on a zero-length branch attached to the root, to
simulate knowledge of an ancestral fossil. Also, we inves-
tigated the effect of adding a hypothetical outgroup. To do
so, we erected a hypothetical branch that was the same length
as the length between the root and the terminal taxa. To this
branch, we added wild-type virus as an outgroup taxon (wild
type was not remeasured when included as an outgroup, so
character values were identical to the root node characters).

Computer Smulation

Computer simulation was used to test the hypothesis that
adirectional bias and an increased rate of change in character
evolution adversely affect the accuracy of reconstructed an-
cestral characters. Variations in the simulation, such as in-
cluding an outgroup or ancestral fossil or reconstructing an-
cestors with multiple methods was considered beyond the
scope of the current paper.

The simulation used the same tree topology as the virus
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phylogeny with all branches of equal length. Continuously
varying characters evolved along the tree with three models
of evolution. First, we implemented a Brownian motion mod-
el by adding arandom number for each branch to an arbitrary
initial character value. The computer program drew the ran-
dom numbers from a normal distribution with mean equal to
zero and a variance that was systematically changed between
simulations. Lower variance in this context simulates smaller
amounts of character change (Diaz-Uriarte and Garland
1996). The other two models incorporated the random var-
iation of Brownian motion as well as a directional trend in
character evolution. For the two models with a trend, the
computer program drew random numbers from distributions
with a different mean for each model—both greater than
zero—thus imposing the directional trends (Garland et al.
1993). Again variances were systematically changed between
simulations to imitate different rates of character change.

After evolving characters along the tree 1000 times for
each parameter value, the algorithm for squared-change par-
simony described by Maddison (1991) was used to recon-
struct ancestral states for each replicate using the known tree
and terminal character states. Maddison’s algorithm gives
identical ancestral values as ‘‘ancml’’ in cases (such as this
virus phylogeny) when all branches are of equal length
(Schluter et al. 1997). Actual ancestral values from the sim-
ulation were then compared to the parsimony reconstruction
and differences expressed as percent errors. The average per-
cent error at each node was calculated by subtracting the
actual ancestral value from the reconstructed ancestral value
and dividing by the actual value.

Correlational Analyses

We compared actual and reconstructed correlations for all
six possible pairwise combinations of four phenotypic char-
acters. The actual correlation between characters was deter-
mined by first calculating change along each branch for each
character. These values were in turn used to determine the
correlation between the characters. This measure is an ap-
propriate standard to gauge correlative comparative methods
because comparisons are statistically independent; there is
no correlation introduced by phylogenetic history. Martins
and Garland (1991) referred to this measure as the * ‘ realized
evolutionary correlation.”” Percent errors were calculated by
comparing the realized evolutionary correlation to estimates
of correlation from two different methods.

Independent contrasts was one correlational method we
evaluated (Felsenstein 1985). We first checked whether
branch lengths were appropriately standardized (Garland et
al. 1992). The highest correlation between branch length stan-
dard deviations and absolute contrast value for any character
(liquid fitness; r = 0.612, P = 0.144) was not significant. It
was therefore assumed that branch Iengths were adequately
standardized, and raw data were not transformed in any way.
We then calculated contrast values using CONTRAST of the
PHYLIP package (Felsenstein 1995). We do not present re-
sults of the directional method of Huey and Bennett (1987)
because it arrives at correlation values identical to indepen-
dent contrasts when branch lengths are equal (see also Pagel
1993). In addition to independent contrasts, we performed a
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TaBLE 1. Virus phenotypes. Note that an increase in lysis efficiency reflects a decrease in fitness.

Plague diameter* Plaque shape? Lysis efficiency?® Liquid
Taxon Mean SD Mean Sin] Mean SD fitness*
WT 3.02 0.94 0.83 0.07 0.22 0.04 8.79
J40 2.18 0.89 0.76 0.09 0.26 0.05 7.26
Q40 1.10 0.45 0.66 0.08 0.30 0.07 4.01
J30 1.98 0.73 0.75 0.08 0.38 0.12 6.88
K80 1.41 0.52 0.69 0.07 0.27 0.04 4.62
P80 1.07 0.32 0.66 0.06 0.44 0.09 3.48
Q80 0.78 0.22 0.61 0.06 0.39 0.02 2.43
J 0.92 0.28 0.63 0.07 0.78 0.34 3.93
0.59 0.16 0.54 0.07 0.45 0.06 0.58

L 0.72 0.14 0.58 0.06 0.52 0.04 0.37
M 0.68 0.22 0.57 0.08 1.29 0.26 1.98
N 0.83 0.30 0.60 0.09 0.58 0.12 2.14
O 0.82 0.23 0.61 0.07 1.24 0.22 1.47
P 1.30 0.54 0.68 0.08 0.36 0.04 3.52
Q 0.72 0.17 0.59 0.05 1.16 0.39 1.06

1N = 58-101 plagues on one or two plates.

2N = 58-101 plaques on one or two plates.

SN = 4.

4N = 1-2.

nonphylogenetic correlation. This was simply a conventional
Pearson correlation analysis that directly compared two char-
acter values of terminal taxa. Correlation (r) and correspond-
ing P-values were calculated for the correlational analyses
using the computer program StatView 4.1 (Abacus Concepts,
Berkeley, CA).

REsULTS
Measures of Viral Phenotype

All actual measures of viral phenotype showed a tendency
toward decreased fitness or shape value (Table 1). Because
all characters were similar in this respect, only one—diam-
eter—is presented in detail. Diameter decreased along a sig-
nificant magjority of branches (14 of 16; Fig. 1; binomia P
= 0.002). In addition, nine of these branches showed a sig-
nificant decrease in plaque diameter based on t-teststhat com-
pared mean diameter of each taxon to its immediate ancestor
(Fig. 1). The branch leading to taxon P showed the only
significant increase in diameter based on t-tests.

Explicit Ancestor Reconstruction

When using squared-change parsimony, reconstructed an-
cestors were highly inaccurate for all characters except shape

(Table 2). Plaque shape, the least variable character, showed
the lowest error at 14.4% (Table 2). Estimates of most an-
cestral character valuesfor shape, diameter, and liquid fitness
were underestimated, which was a result of the decreasing
trendsin character values. All ancestral character valueswere
overestimated for lysis, acharacter that showed an increasing
trend during evolution. The mean absolute error for all four
characters and all nodes was 67.7%. The root node showed
the highest error (absolute mean = 110.8%) compared to
other nodes when averaging all four characters.

For linear parsimony analysis and analyses including an
outgroup or fossil, we show results only for plague diameter
(Table 3), because other characters yielded very similar re-
sults. All methods resulted in poor estimates of ancestral
diameter, even when including an outgroup or fossil (Fig. 2;
Table 3). Although including a fossil or outgroup did little
to change absolute reconstruction accuracy, there were three
other effects. First, including a fossil largely eliminated the
bias toward underestimating ancestors (mean percent error
= 6%). Second, standard errors of nodal estimates increased
in both fossil and outgroup analyses, a result of increased
variation in data values. This caused all nodes in the fossil
analysis to fall within 95% confidence intervals. Third, in-
cluding a fossil or wild-type outgroup allowed inference of

TABLE 2. Percent error of ancestral character estimates for four characters at seven ancestral nodes. Note that a positive percent error for
liquid fitness represents an underestimation of fitness because higher character values represent lower fitness.

Absolute
Node Plaque diameter Plaque shape Lysis efficiency Liquid fitness mean (nodal)

WT —72.8% —27.4% 264.3% —78.6% 110.8%
J40 —64.7% —22.4% 202.0% —75.4% 91.1%
Q40 —20.2% —7.1% 174.1% —50.7% 63.0%
J80 —60.2% —21.1% 151.5% —62.7% 73.9%
K80 —50.9% —17.8% 114.2% —80.2% 65.8%
P80 —6.1% —4.2% 82.0% —33.2% 31.4%
Q80 3.3% —1.0% 117.7% —28.8% 37.7%
Absolute mean 39.7% 14.4% 158.0% 58.5% 67.7%




TaBLE 3. Ancestral reconstruction of plague diameter using various methods. Standard errors of maximum-likelihood (ML) estimates are in
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parentheses. Ranges for linear parsimony represent the range of equally most parsimonious results.
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Squared-change parsimony/ML

Linear parsimony

Actual
Node value Ingroup only With ““fossil”’ With outgroup Ingroup only With outgroup
WT 3.02 0.822 (0.160) fixed 1.319 (0.350) 0.718-0.819 0.819-3.02
—72.8% —56.3% —76% to —73% —73% to 0%
J40 2.18 0.768 (0.131) 1.710 (0.554) 0.981 (0.317) 0.718-0.819 0.718-0.825
—64.7% —21.4% —54.9% —67% to —62% —67% to —62%
Q40 1.10 0.877 (0.131) 1.818 (0.554) 1.089 (0.317) 0.720-0.819 0.819-0.825
—20.2% 65.5% —0.8% —35% to —26% —25%
J80 1.98 0.789 (0.108) 1.103 (0.522) 0.860 (0.268) 0.718-0.819 0.718-0.825
—60.2% —44.4% —56.6% —64% to —59% —64% to —58%
K80 141 0.693 (0.108) 1.007 (0.522) 0.764 (0.268) 0.718 0.718
—50.9% —28.6% —45.8% —49% —49%
P80 1.07 1.000 (0.108) 1.314 (0.522) 1.071 (0.268) 0.819 0.819-0.825
—6.1% 23.4% 0.5% —23% —23%
Q80 0.78 0.807 (0.108) 1.121 (0.522) 0.878 (0.268) 0.720-0.819 0.819-0.825
3.3% 43.4% 12.3% —8% to +5% +5% to +6%
Mean % error —38.8% +6.3% —28.8% —43.4% —35.5%
Mean absolute % error 39.7% 32.4% 32.5% 45.5% 36.9%

the actual trend toward smaller diameter in all cases, except
when using linear parsimony. The analysis using linear par-
simony and an outgroup resulted in two possible values for
the root node, one of which would not allow inference of the
actual trend toward smaller diameter.

Computer Simulation

Figure 3 shows changes in absolute error of reconstruction
at particular nodes. An increase in absolute error was often
associated with increased directional bias and with increased
rates of character change. These results were expected based
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Fic. 2. Comparison of actual (mean) and reconstructed plague
diameters without an outgroup or fossil. Viral plaques from an
experimentally generated phylogeny were measured and data for
the terminal taxa were used to reconstruct ancestral states using
squared-change parsimony (Maddison 1991). Actual values are pro-
portional to black circles and reconstructed values are proportional
to white circles.

on earlier studies of discrete characters (Holmquist 1979;
Saitou 1989; Tateno 1990; Frumhoff and Reeve 1994; Mad-
dison 1995; Schultz et al. 1996), but have not been dem-
onstrated for continuous characters. In addition, the root node
was the most sensitive to changes in character rate/bias and
the nodes closest to the terminal taxa were less sensitive.
This has also been shown for discrete characters (Maddison
1995).

Two apparent peculiarities are present in Figure 3. First,
when there was a large bias in character evolution, increased
rates of evolution did not drastically affect reconstruction.
This is because changes in character value caused by the
trend are large compared to changes caused by increasing
rates of character evolution: Therefore, character change is
mainly influenced by the trends and not by the random pro-
cesses introduced by increased variance. This is supported
by the fact that at extremely high rates of evolution—at pa-
rameter values not shown on the graphs in Figure 3—percent
error increased.

The second apparent anomaly was that at high rates of
character evolution, the percent error of reconstruction be-
came erratic. This was probably caused by stochasticity: At
high rates of evolution, the terminal taxa are more variable,
resulting in an increased variance of reconstruction accuracy.
Therefore, much of the change in reconstruction accuracy
from one parameter value to the next may be the result of
the overall variability in accuracy. This is supported by the
fact that root node reconstruction (Fig. 3A), which depends
equally on eight terminal taxa, isless erratic than subterminal
node reconstruction (Fig. 3B), which mostly depends on only
two terminal taxa.

Correlational Analyses

‘‘Cross-sectional’’ correlative methods compare character
states of terminal taxa and do not necessarily reconstruct
ancestors (Pagel 1998). The independent contrasts method is
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Fic. 3. Results of a computer simulation in which characters were simulated along a symmetric phylogeny with eight terminal taxa.
Three models of character evolution were used, one with no directional bias in character evolution, the others with different amounts
of bias. The x-axis represents increasing amounts of character change along the phylogeny and the y-axis represents mean absol ute value
of the percent error of reconstruction of 1000 replications using squared-change parsimony. Three different nodes of the phylogeny are

illustrated in A, B, and C.

a well-known cross-sectional method in which statistically
independent comparisons are made between taxato estimate
the correlation between characters (Felsenstein 1985). This
method fared the best of any examined here. The average
absolute error of correlation estimates was 15.0% (Table 4),
which is far lower than the error of explicit ancestor recon-
struction with the same characters (67.7%). However, P-val-
ues estimated by independent contrasts were usually higher
than those estimated by calculating the actual change along
branches (Table 4). This may be attributed in part to a dif-
ference in statistical power between change along branches
and independent contrasts (cal cul ating change along branches
includes actual ancestors and therefore has more datapoints).
This can be confirmed by comparing P-values estimated by

independent contrasts with P-values estimated by contrasts
using actual ancestors. These two analyses use similar num-
bers of datapoints and indeed arrive at more similar P-values
(Table 4).

Nonphylogenetic regression in general produced low cor-
relation values compared to other measures, with an average
absolute error of 36.7% (Table 4). One comparison, liquid
versus lysis, was highly nonsignificant (P = 0.7990). This
may seem counterintuitive because, in computer simulation,
nonphylogenetic methods showed high amounts of Type |
error, the incorrect rejection of null hypotheses (Felsenstein
1985; Martins and Garland 1991; Diaz-Uriarte and Garland
1996). However, inflated Type | error in nonphylogenetic
comparisons is not caused by a directional bias toward lower

TaBLE 4. Comparison of correlational methods. Values are absolute value of ‘R’ and associated P-values are in parentheses. Percentages
are percent error of R assuming change along branches (using actual ancestors; CAB) is the actual correlation. IC-AA, independent contrasts
calculated with actual ancestors; IC, independent contrasts; NP, nonphylogenetic regression.

Actual correlation

Correlative method

Characters compared

CAB

IC-AA

Diameter vs. liquid
Diameter vs. shape
Liquid vs. lysis
Diameter vs. lysis
Shape vs. lysis
Shape vs. liquid

Mean error
Mean absolute error

0.931 (< 0.0001)
0.954 (< 0.0001)
0.673 (0.0059)
0.517 (0.0485)
0.633 (0.0112)

0.980 (< 0.0001)

0.866 (0.0055)
0.956 (0.0002)
0.749 (0.0324)
0.801 (0.0169)
0.681 (0.0630)

0.849 (0.0076)

IC NP
0.834 (0.0100) 0.762 (0.0280)
—10.4% —18.2%
0.959 (0.0002) 0.971 (< 0.0001)
0.5% 1.8%
0.546 (0.1618) 0.108 (0.7990)
—18.9% —84.0%
0.685 (0.0607) 0.363 (0.3772)
32.5% —29.8%
0.552 (0.1557) 0.214 (0.6113)
—-12.8% —66.2%
0.834 (0.0100) 0.783 (0.0216)
—14.9% —20.1%
—4.0% —36.1%
15.0% —36.7%
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P-values, but rather by an increased variance of the estimated
P-value (Martins and Garland 1991; Ackerly 1998; D. D.
Ackerly, unpubl.). Indeed, our data are consistent with this
idea, because the P-values estimated by nonphylogenetic
methods are more variable than P-values calculated by other
methods for the same characters (Table 4).

Discussion

Examination of viral phenotypes from a known phylogeny
revealed adynamically evolving biological system. Although
a decrease in diameter during evolution was the norm, one
terminal branch showed a significant increase, thus illustrat-
ing apotential for the viruses to recover from lowered fitness.
In addition, two clades showed very different character tra-
jectories. One clade (the left half of the phylogeny in Fig. 2)
showed a gradual decrease in diameter over time. The other
half of the phylogeny showed arapid initial change followed
by relative stasis. Such a dynamic system was appropriate
for analyzing reconstruction of ancestral phenotypes.

A Failure to Reconstruct Known Ancestors

All reconstruction methods inaccurately estimated ances-
tral viral phenotypes despite several factors in this experi-
mental system favoring accuracy. First, unlike most empirical
studies, we knew the correct tree topology and branch
lengths. We also used an ancestral fossil in some analyses,
which was known to be the true ancestor at the base of the
tree. Finally, we used an outgroup in some analyses that was
known not to have experienced the directional trend present
in the ingroup taxa. If we had chosen to use the outgroup
taxon ‘“‘R’’ (Hillis et al. 1992), which exhibited the direc-
tional trend (data not shown), our results would have been
even worse. Despite all these factors favoring accuracy, we
were not able to estimate continuous ancestral characters ac-
curately. Estimated ancestors were in some cases wrong by
more than an order of magnitude.

Theinability to reconstruct continuous ancestral characters
accurately seemsto bein direct conflict with a previous study
of the viral system. Hillis et al. (1992) accurately recon-
structed discrete genetic characters using the same experi-
mental phylogeny described here. The conflict may be ex-
plained by the difference in mode of evolution between char-
acter types. Although nucleotide and restriction site changes
did occur, there was far less homoplasy in the genetic char-
acters. Thisisin contrast to extreme homoplasy in the phe-
notypes we measured. These results suggest the possibility
that homoplastic phenotypes have evolved by nonhomoplas-
tic genetic changes, not an unlikely scenario because many
different genetic mutations can affect viral fitness (e.g., Es-
carmis et al. 1999). This hypothesis could be tested in an
experimentally tractable system like T7.

Homoplasy and the resulting errors in reconstruction of
phenotypic characters were caused by two factors. The first
factor was rapid character evolution. The slowest evolving
character, shape, had the lowest percent error in estimation.
In addition, the computer simulation of continuous characters
generally revealed increased error with faster rates of evo-
lution (Fig. 3), aresult that has been previously demonstrated
theoretically for discrete characters (Frumhoff and Reeve
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1994; Schultz et al. 1996). This result is intuitive: If no
change has happened in acharacter, we can estimate ancestors
with absolute certainty. More change in a continuous char-
acter means a greater variance in character state and therefore
more uncertainty.

The second factor causing errorsin ancestral reconstruction
was a strong directional bias during character evolution. An-
cestral estimates alwaysfall within the range of terminal taxa;
therefore, large-scale trends in character evolution may be
impossible to recover without a fossil or an outgroup that
did not undergo the trend (Martins and Hansen 1997). In the
virus phylogeny, a bias was caused by a Muller’s ratchet-
like phenomenon: a progressive decrease in fithess caused by
an accumulation of deleterious mutations that is especially
enhanced by small effective population sizes and high mu-
tation rate (e.g. Charlesworth et al. 1993; Duarte et al. 1993).
Both of these factors that accelerate Muller’s ratchet were
present in the viral system (Bull et al. 1993), thus causing a
trend toward lowered fitness as del eterious mutations accu-
mulated.

Also because of the directional trend, standard errors were
positively misleading. Standard errors are important for mea-
suring reliability of ancestral estimates. If accurate, large
errors could indicate fast character evolution and designate
cases in which characters are unsuitable for reconstruction
(Schluter et a. 1997). Standard errors were quite small in
the virus phylogeny because little variation was present
among terminal taxa, even though much change happened
during evolution. Much of the actual character change was
masked because terminal taxa evolved in parallel toward sim-
ilar character values. Directional biases in evolving charac-
ters cause the insidious combination of increased certainty
and decreased accuracy when ancestral values of such char-
acters are estimated. It is not difficult to imagine factors in
nature, such as directional selection, that could produce sim-
ilar results.

Can We Detect Evolutionary Trends?

If we could detect directional biases or evolutionary trends
in characters, we might anticipate their confounding effects
on ancestor reconstruction. Including an outgroup or fossil
did allow detection of a decreasing trend in diameter—but
unfortunately only in special circumstances. A fossil that is
a direct ancestor can allow unambiguous interpretation of a
trend. For example, when an ancestor is large and multiple
descendants are small, one does not need to reconstruct any
ancestorsto infer atrend. However, this situation doesrequire
showing an ancestor-descendant relationship, which may not
be possible because doing so relies on negative evidence—
a lack of autapomorphies in the fossil taxon (Nelson 1989;
Smith 1994, pp. 125-128).

Including an outgroup may also indicate a trend, but again
only in certain situations. To infer atrend, the outgroup must
not have experienced the trend. Even when using outgroups
unaffected by a directional trend, inferring a trend in the
ingroup depends on the assumptions we make about the mode
of character evolution. For example, using the wild-type
phage as an outgroup did suggest a trend, but only when
using methods that assumed Brownian motion. With linear
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parsimony, multiple equally parsimonious reconstructions
made inferring the trend impossible. Correctly inferring the
trend thus depended on the model employed, but selecting
appropriate models for character evolution remains a chal-
lenge (Omland 1997; Cunningham et al. 1998). Evolutionary
trends and directional biases are therefore quite problematic
for ancestral state reconstruction. They not only decrease the
accuracy of reconstructions with misleading certainty, but
they also may often be undetectable (Felsenstein 1988; but
see Hansen 1997; Garland et al. 1999).

Can We Improve the Accuracy of Ancestral Estimates?

An appropriate, but highly specific model could easily be
employed with ageneralized linear model s approach (Martins
and Hansen 1997) that would allow for accurate reconstruc-
tion. Such a model might have a rapid decrease in diameter
followed by stasis on one part of the tree and gradually de-
creasing diameter on another part of the tree. However, it
seems doubtful that such detailed models could often be cor-
rectly designed a priori without knowledge of the very an-
cestors being estimated.

The Success of Independent Contrasts

We used two methods to quantify the inferred correlation
between characters during evolution. The nonphylogenetic
approach was highly inaccurate. This is not surprising be-
cause the unfavorable consequences of ignoring phylogeny
have been well illustrated elsewhere (e.g., Felsenstein 1985;
Harvey and Pagel 1991; Martins and Garland 1991; Diaz-
Uriarte and Garland 1996). Yet, despite inaccuracies with
nonphylogenetic methods and explicit ancestor reconstruc-
tion, independent contrasts fared well with the lowest mean
absolute error of any method tested, even though using the
same data.

Although independent contrasts performed well in this
study, the method is not perfect. For example, in three of six
cases independent contrasts failed to detect a significant cor-
relation between characters (assuming a = 0.05), but this
conservatism may be related to the small number of terminal
taxa. Furthermore, computer simulations haveillustrated con-
ditions in which the method performs poorly; namely, when
assumed models are severely violated (Martins and Garland
1991; Diaz-Uriarte and Garland 1996). The virus data pre-
sented a somewhat limited test of correlative methods be-
cause the different phenotypes, mainly measures of growth
rate, all evolved in asimilar fashion. Unfortunately, we were
not able to measure any phenotypic characters not correlated
with growth rate. Nevertheless, even if these results do not
generalize to all character types and evolutionary scenarios,
they do call attention to important differences in how an-
cestral states are used in different methods.

Conclusions

Although based largely on a single data set, this paper
suggests that the independent contrasts method succeeds un-
der conditions where explicit ancestor reconstruction fails. If
this hypothesisistruein general, researchers should consider
rethinking hypotheses of character evolution to allow the use
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of independent contrasts in addition to or instead of the more
error-prone ancestral estimation procedures. Our results con-
cur with theoretical assertions that independent contrasts do
not rely on the accuracy of reconstructed ancestors (e.g.,
Martins and Hansen 1996). Therefore, correlative methods
that compare only terminal taxa to eliminate a perceived re-
liance on ancestral state reconstruction (e.g., Mgller and Birk-
head 1992; Mitani et al. 1996) may be unnecessary and reduce
the power of comparative analyses.

Nonetheless, some hypotheses absolutely require the ex-
plicit estimation of ancestral states (e.g., Losos 1990, 1992;
Ryan and Rand 1995, 1999; Schluter et al. 1997; Parker et
al. 1998). In such studies, phylogenetic evidence alone may
not be sufficient to unambiguously interpret character evo-
lution (Strathmann and Eernisse 1994; Cunningham et al.
1998). Researchers must consider additional evidence—be-
sides phylogenetic evidence—to test the hypothesis at hand.
Detailed morphological, genetic, paleontological or biogeo-
graphical studies should be used to test alternatives in char-
acter reconstruction. From this perspective, use of phylogeny
for understanding character evolution becomes a way of gen-
erating rather than testing hypotheses (see also L osos 1996).
This seems a productive, yet conservative, use of phylogeny
in the study of character evolution.
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