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Heuristic approaches were used to quantify the influence that sequencing errors
have on estimates of nucleotide diversity, substitution rate, and the construction
of genealogies. Error rates of <1 nucleotide/kb probably have little affect on con-
clusions about the evolutionary history of highly polymorphic organisms such as
Drosophila and Escherichia coli, but organisms with very low nucleotide diversity,
such as humans, require greater sequencing accuracy. A scan of GenBank for cor-
rections of previous errors reveals that sequencing errors are highly nonrandom.

Introduction

Although many of the statistical properties of population samples of molecul
sequences are well understood, remarkably little is known about the influence that
errors in sequence determination have on the conclusions from comparative evolﬁ-
tionary analysis. It is clear that sequence data bases contain errors, because, near@
every time a listed gene is sequenced a second time, errors are reported. The incideng&
of corrections added to GenBank and other sequence data banks demonstrates thﬁt
errors occur with regularity. Analyses of sequence variation in species with very loaw
sequence diversity are particularly sensitive to sequencing errors, simply because tlge
signal-to-noise ratio is lower than that for species with high levels of sequence dlver51t§
Li and Sadler (1991) were acutely aware of this problem when they compiled dag
on human DNA sequence polymorphism, and they took extra care to select only the
sequences that were most thoroughly verified. Their estimate of nucleotide diversity
in humans—i.e., 0.0004—is probably close to the rate of sequencing error of the mq‘gt
careful laboratories. When the frequency of sequencing errors approaches that of polg
morphic sites, there is clearly a serious problem. S

Here we examine the effect that sequencing errors have on several aspects 9f
molecular evolutionary analysis, including estimation of nucleotide diversity, sy@-
onymous and nonsynonymous rates of substitution, and construction of gene
nealogies. By “sequencing error” we refer to the total number of erroneous nucleotidgs
between an actual gene and the sequence as it appears in a data bank. The total errﬁr
rate represents the accumulation of mistakes compounded through an expenmexi;t
including the misincorporation of bases in polymerase-chain-reaction amphﬁcatlon
of templates, compressions in sequencing ladders, misreading of autoradlographg
mistyping of results, and miscommunication of the sequences to the data base. Al-
though estimates of the error rate at several of these steps are available and are generaﬂy
very small (e.g., the percentage of bases misincorporated by Tag polymerase duriﬁg
polymerase chain reaction is 10 ~3; Kwiatowski et al. 1991), the order of magnitude
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of the total error rate is unknown. Our purpose is to identify analyses that are partic-
ularly sensitive to sequence errors and to ascertain whether the current levels of se-
quencing precision are really adequate for the intended analyses. A simple but im-
portant observation is that effects of a given level of sequencing error depend on the
true extant level of DNA polymorphism—Iless polymorphic data are more sensitive
to errors.

Theory

First consider the effect that sequencing errors have on estimates of sequence
divergence for a pair of sequences. Errors made on very similar sequences will almost
always result in greater apparent divergence, whereas errors on more distantly related
sequences will sometimes occur at sites that are already different. In the latter case,
the errors may either make the sequences appear more similar or may result in no
change in the estimate of sequence divergence. The situation is analogous to the di-
vergence of nucleotide sequences by mutation (Jukes and Cantor 1969). Let p be the
observed proportion of nucleotide sites that differ between a pair of sequences, and
let d be the number of nucleotide substitutions per site that have occurred between
the two sequences. For small degrees of divergence, p ~ d; but, as d increases, p < d,
because of multiple hits and back mutations. In the absence of sequencing errors, the
Jukes-Cantor formulation gives

p=(%)[1 — e ™}, (1)

Suppose that sequencing errors occur uniformly along a sequence at a rate €.
When an error occurs, the base that is scored at a site is equally likely to be one of
the three incorrect bases. If p.,. is the observed proportion of nucleotide sites that differ
as a result of sequencing errors, we get

Pere = (A)[1 = = W20 (2)

The increase of d by 2¢ in the exponent results from errors in the two sequences,
both contributing to the total number of differences between the sequences. The dif-
ference between the estimate of the apparent proportion of sites that differ (including
errors) and the true proportion is

Pere = p = (W) [ ™ — g=Wrar] (3)

Expanding the Taylor series for equation (3) and ignoring terms in € of second
and higher order, we get

Derr — D = 8[2 - (8/3)d] . (4)

This approximation is reasonably good for d < 0.5. When the true sequences are
identical (d = 0), the deviation in the estimate of nucleotide diversity is twice the
sequencing error rate. These equations also verify that more diverse sequences will
exhibit a lower apparent error rate. For the range of nucleotide diversities and error
rates that are reasonable, the error in estimates of diversity are very nearly linear
functions of the error rate.
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Errors Reported in GenBank Are Not Uniform

The uniformity of errors was tested by collecting a large set of sequence corrections
in GenBank version 67. GenBank generally lists changes reported by the original
author under the keyword “REVISION™ and records changes found by other inves-
tigators as “CONFLICTS.” Several of the comments indicate that previously reported
conflicts were found to be caused by sequencing different strains, so there is an aware-
ness of polymorphism. We identified 273 REVISIONS and 91 CONFLICTS, and a
x? test showed them to be homogeneous with respect to the base changes [y = 13.94;
10 degrees of freedom (df); not significant). After the REVISIONS and CONFLICTS
are pooled, there were 364 corrections, including 201 single-base substitutions (e.g.,
G substituted by C) and 163 indels of one or more bases (e.g., GT changed to GCT).
These corrections were tallied in the form of a transition matrix (table 1) indicating,
all possible single-base changes. The frequency of correction of bases departs signifie
cantly from uniformity (%> = 109.5; 12 df; P < 0.001), because the changes A—~G
and GeT are rarer than expected. This bias is not the same as the evolutionary%
transition bias, because the other two transversions (AT and G+>C) each occur a¥.
frequently as the transitions (A—G and C—T). The nonuniformity of errors can b&
incorporated into the model given in equations ( 1 )-(4) in the same manner as models:
of evolutionary change in nucleotide sequences (e.g., see Kimura 1980; Gojobori e%
al. 1982; Tajima and Nei 1984), but even a strong transition bias in these modelg
leads to little departure from the Jukes-Cantor formulation, unless d > 0.5. BecausgL
error rates will always (we hope) be <1%, there is little need to refine equation (3) té
account for the error bias. e

Erroneous assignment of a base may, of course, affect the inferred amino ac@
sequence of the gene product. When all codons are equally frequent and all smgl@
base changes occur with equal frequency, then 76.0% of the nucleotide changes result
in amino acid replacements. When we weighted the frequency of all possible singles
base changes by the frequency of their occurrence (table 1), 74.8% of the changei
were nonsynonymous. Although these percentages would change somewhat dependin%
on the actual codon usage, nonuniformity of errors does not generally affect the changg;
in the overall proportion of synonymous and nonsynonymous polymorphisms.

What Fraction of Nucleotides in the Data Bases Are Erroneous?

ovScLivy

The above analysis does not allow an estimation of the total error rate, and né
systematic study has been reported that allows the error rate to be estimated. A numbef

«Q
c
g
Table 1 o
Corrected Errors Reported in the GenBank Data Base Version 67 2
=2
CORRECTED NUCLEOTIDE g
o
(2]
ORIGINAL NUCLEOTIDE A T C G )(&DS
N
A 12 (0.26) 11 (0.24) 23 (0.50) 1'1\)
T . 11(0.24) 25 (0.56) 9 (0.20) 16
C ... 8(0.14) 22 (0.38) 27 (0.47) 13
G ... 26 (0.49) 10 (0.19) 17 (0.32) 10
X 27 32 37 17

NoTE.—Data are number of base changes. Numbers in parentheses are the fraction of single-base replacements (ignoring
indels) that are of each type. The entire data base was scanned for the keywords “REVISION” and “CONFLICT,” and
reports of base changes were tallied. X = absence of a base at a site.
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of genes have been sequenced more than once, and the concordance between the
repeated sequencing efforts gives an indication of the error rate. For example, Laurie
et al. (1991) report sequences of alleles KA12 and RI32 of Adh from Drosophila
melanogaster, and they found two differences in KA12 and one in RI32, compared
with the sequences originally reported by Kreitman (1983). This represents three
differences in a total of 3,840 nucleotides. This is fairly close to the error rate, for
manual sequencing, claimed in the advertisements for the Applied Biosystems auto-
mated sequencer (1 error/ 1,000 nucleotides).

INustrations with gnd, gapA4, and Adh

The effect that sequencing errors have on different types of molecular evolutionary
analyses was explored by simulating errors in the eight Escherichia coli gnd sequences _
studied by Sawyer et al. (1987), the 14 Salmonella gapA sequences studied by Nelson g
etal. (1991), and the 11 Drosophila Adh sequences studied by Kreitman (1983). At 2
a given error rate, single-base changes were placed with equal probability on the aligned §
sequences, and the pairwise distance matrix of nucleotide divergence (d;) and average =
divergence (1) were calculated from the simulated data. One hundred replicates were g
generated for each sequencing error rate.

The results exhibit a nearly linear relationship between the sequencing error rate @
and all distance measures (fig. 1). As predicted, the slope of the relationship is lower 2
for the more diverse sequences. For highly diverse sequences, such as gapA, the 95% o %
confidence intervals of these statistics do not overlap even with a very high error rate 2
of 4%. Similarly, for long sequences such as Adh, the confidence intervals are sufficiently o
small that they do not overlap, even with high error rates. In contrast, the gnd data S
exhibit overlapping confidence intervals among distance measures, even with an error 3
rate <1%. One might expect that the topology of the genealogy of gnd alleles would
be sensitive to infrequent sequencing errors, and this was tested below.

For most coding regions there is an excess of synonymous polymorphism, because
of the past action of natural selection constraining amino acid replacements. Inferences
about the nature of selective constraints are frequently made by comparing the rate < :,
of synonymous substitution per site (d;) and the rate of nonsynonymous substitution =
per site (d,). These statistics were estimated by the method of Nei and Gojobori §
(1986) and in figure 1 are plotted for several error rates. The gnd and gapA data show §
a dramatic excess of synonymous substitution compared with the nonsynonymous &
substitution rate, and this pattern holds even for high error rates. Because most of the
nucleotide sites are nonsynonymous, sequencing errors have a larger effect on d, than %
on d;. High rates of sequencing error lead to an overlap in the confidence intervals of o
d; and d, in the Adh data. Sequencing errors make the data appear closer to the —
expectation of the neutral theory for unconstrained coding regions, by increasing the >
ratio of d,,/d, (fig. 2).

dny
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Sensitivity of Gene Genealogy Reconstruction to Sequencing Errors

220z 1snbn

Because the effect of sequencing errors is greater on pairs of sequences that are
more similar, it is to be expected that the pairwise distances among a set of alleles will
be distorted nonuniformly. Such distortion will have an effect on the inferred topology
of a tree. To explore just how sensitive the tree construction is to sequencing errors,
we introduced errors into published data sets, and for each error rate we calculated a
distance matrix (with Jukes-Cantor correction) and generated a neighbor-joining tree
(Saitou and Nei 1987). We then scored whether each node of the original tree was
present in each of the error-laden trees. Figure 3 shows the original trees and plots,
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FiG. 1.—Effect that sequencing errors have on %t (middle line in graphs in left col.), minimum divergenoe“c3
(lower line in graphs in left col.), and maximum divergence (upper line in graphs in left col.) and on dsﬁ
(upper lines in graphs in right col.) and d, (lower lines in graphs in right col.). Errors were placed on theJ
sequences with equal likelihood of all base changes. Plotted are the 95% confidence intervals for each statistic.™
Dots represent observations falling outside the confidence interval. When the errors were introduced according
to the frequencies of table 1, the results were virtually indistinguishable (data not shown).

for each error rate, the percentage of trees that possess each node. In the case of gnd,
three of the six nodes were quite sensitive to sequencing errors, and an error rate of
just 0.1% resulted in a different tree more than half the time. The gapA sequences
yielded the most stable tree, in part because the sequences were very divergent. In the
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FIG. 2.—d,/ d, for gnd data, over a range of sequencing error rates. Uniform errors were placed on the
data of Sawyer et al. (1987), with 100 replicates for each error rate, and, for each altered data set, the method
of Nei and Gojobori (1986 ) was used to estimate d, and d,. Because there are initially very few nonsynonymous
differences, errors cause a predominance of nonsynonymous changes, making d,/d; increase rapidly with
increasing error rate.

case of gapA, one node was considerably more sensitive to sequencing errors than
were the other nodes, and 6 of the 12 nodes were correctly recovered with an error
rate as high as 4%. The genealogy of Adh alleles of Drosophila was intermediate in
sensitivity to sequencing errors.

Discussion and Conclusions

DNA sequence data bases clearly contain errors, and although some analyses
may be robust to the probable error level (States and Botstein 1991), evolutionary
analyses that focus on the rare variant sites may be greatly perturbed by even the
lowest error rates. We do not know what the error rate in molecular sequence data
bases is. The fact that repeated sequencing of genes, typically 1-2 kb in length, usually
uncovered some errors suggests that the error rate is probably in the range of one error
every 500-1,000 bp. This is a crude estimate at best and may be too high by an order
of magnitude. For evolutionary analysis, investigators sequence the same gene multiple
times, and this probably results in improved accuracy, because polymorphic sites are
repeatedly checked. Also, repeated sequencing makes the investigator familiar with
troublesome regions which require extra attention. The question that is addressed in
this paper is whether this error rate has a serious effect on the inferences we wish to
draw from the data. A general answer is that, for organisms with a high nucleotide
diversity, such as bacteria and flies, it is probably good enough for all tho analyses
that have been done. But for humans and other mammals, this error rate is .5 to
the level of polymorphism, and investigators need to be extra cautious to verify putative
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FIG. 3.—Effect that sequencing errors have on tree topology. The left column gives the neighbor-joiniacg
tree for the gnd, gapA, and Adh data. Graphs to the right of each tree indicate the stability to errors that}
shown by each labeled node in the respective tree. One hundred trees were constructed for each error rate,
with each tree representing a different set of introduced errors. As the sequencing error rate increases, more
nodes differ from those in the original tree, and a smaller fraction of error-laden trees support each node.
When errors were introduced with the same frequencies as those of the observed revisions to GenBank (table
1), results were virtually the same.

polymorphic sites. Fortunately there is already motivation for high levels of accuracy
in human gene sequencing, because of the medical consequences of many of the
polymorphisms. We have assumed throughout that errors are made uniformly
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throughout the data set-——and, if this is not the case, so that, say, one sequence has
most of the errors, the effect on the tree topology could be much worse than our
analysis indicates. The reason is that a uniform distribution of errors will tend to
increase all pairwise differences fairly evenly, whereas, if a single allele has many
errors, its position in a genealogy could be moved from within a tight cluster of alleles
to a distant outlier. This is an important issue if one is using data generated from two
or more different laboratories, a practice that is likely to occur with increasing frequency.
The four major conclusions of our analyses are as follows:

1. Apparent sequence divergence increases linearly with sequencing error rate (for
error rates <1%), and the rate of increase in divergence depends on the nucleotide
diversity of the sample. More-diverse sequences show a slower rate of apparent
increase in diversity with increasing error rate.

2. Absolute estimates of parameters such as nucleotide diversity () are very sensitive
to sequencing errors, especially for genes with low nucleotide diversity. In the case
of Adh in Drosophila, the observed sequencing error rate of 3/3,840 nucleotides
will not result in a 7 estimate that lies outside the 95% confidence interval based
on the current data. More generally, for the magnitude of variation seen among
Escherichia coli and Drosophila, the sequencing error rate is probably sufficiently
low that spurious conclusions caused by errors are unlikely. However, nobody

_includes sequencing error in statements of confidence intervals on population genetic
parameters—and, if they did, the confidence intervals could be considerably larger.

3. If most nucleotide polymorphisms are silent, sequencing errors will occur dispro-
portionately at nonsynonymous sites and thus, by increasing the ratio of d,/d;,
will weaken the evidence for purifying selection. If the data are being collected for
studies of polymorphism, investigators probably pay more attention to nonsynon-
ymous differences and carefully verify them.

4. Gene genealogies are particularly sensitive to sequencing errors, but the nodes that
are least stable to error are generally either toward the tips of branches (e.g., node
3 of the Adh tree) or near very short branches (e.g., node 5 of the gapA4 tree).
Minor changes in tree topology can be expected even with error rates <1/1,000.
Investigators are beginning to perform bootstrap techniques to make statements
about the confidence in trees, and, while nodes that are stable to resampling are
generally the same nodes that are most stable to sequencing errors, this is not
always the case. Exceptions can be seen whenever the lines on figure 3 cross, which
indicate reversals in the ordering of the stability of nodes with changing error rates.
Again, molecular evolutionists need to be aware of the fact that confidence in a
tree depends on the sequencing error rate.

We have only considered single-base changes in our analyses, because indels
(which account for about half of the revisions posted in GenBank) can result in frame-
shifts in coding sequences and are thus more easily detected in multiple allelic se-
quencing. True indel variation does occur with fairly high frequency in some species
(e.g., Drosophila) and requires extra care in data collection.
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