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- Il dogma centrale della biologia e sue variazioni: dal DNA, all’RNA, alle 

proteine (e ritorno) 

 

- expressionQTL (eQTL): loro uso nella caratterizzazione delle basi 

genetiche dei caratteri complessi 

 

- Regolamento interno Istituto di Scienze della Vita: la candidata ne elenchi 

gli organi, soffermandosi su uno a sua scelta. 
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- I caratteri complessi e gli approcci di forward genetics per 

caratterizzarli 

 

- Le potenzialità della metagenomica nella caratterizzazione di 

comunità batteriche 

 

- Regolamento interno Istituto di Scienze della vita: la candidata 

esponga le funzioni del Direttore 
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- I network di co-espressione ed il loro contributo alla caratterizzazione 

delle basi genetiche dei caratteri complessi 

 

- Potenzialità dei sequenziatori portatili nella ricerca biologica sul 

campo 

 

- Regolamento del sistema di gestione per la salute e la sicurezza dei 

lavoratori sul luogo di lavoro: la candidata ne esponga le finalità. 

 

 

 

 

 



glasses of various kinds. Finally, we note that the
very slow log(t) long-time aging of the storage
modulus is reminiscent of similar stretched dy-
namics in systems with quenched (9) or self-
induced (26, 28) disorder.
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Adaptation to Climate Across the
Arabidopsis thaliana Genome
Angela M. Hancock,1 Benjamin Brachi,2 Nathalie Faure,2 Matthew W. Horton,1

Lucien B. Jarymowycz,1 F. Gianluca Sperone,1 Chris Toomajian,3 Fabrice Roux,2 Joy Bergelson1*

Understanding the genetic bases and modes of adaptation to current climatic conditions is essential
to accurately predict responses to future environmental change. We conducted a genome-wide scan
to identify climate-adaptive genetic loci and pathways in the plant Arabidopsis thaliana. Amino
acid–changing variants were significantly enriched among the loci strongly correlated with climate,
suggesting that our scan effectively detects adaptive alleles. Moreover, from our results, we successfully
predicted relative fitness among a set of geographically diverse A. thaliana accessions when grown
together in a common environment. Our results provide a set of candidates for dissecting the molecular
bases of climate adaptations, as well as insights about the prevalence of selective sweeps, which has
implications for predicting the rate of adaptation.

Climate change has already led to altered
distributions of species, phenotypic vari-
ation, and allele frequencies (1–5), and

the impact of changing climates is expected to
intensify. The capacity to respond to changing

climate is likely to vary widely as a consequence
of variation among species in their degree of
phenotypic plasticity and their potential for ge-
netic adaptation (6), which in turn depends on the
amount of standing genetic variation and the rate

at which new genetic variation arises.Arabidopsis
thaliana is an excellent model for investigating
the genetic basis and mode of adaptation to cli-
mate owing to the extensive climatic variation
across its native range, as well as the availability
of genome-wide single-nucleotide polymorphism
(SNP) data among a geographically diverse col-
lection. We examined the correlations between
107ecologically important phenotypes inA. thaliana
(7) and 13 climate variables that represent extremes
and seasonality of temperature and precipitation,
photosynthetically active radiation (PAR), rela-
tive humidity, season lengths, and aridity (figs. S1
to S4). We observed strong correlations between

1Department of Ecology and Evolution, University of Chicago,
1101 East 57th Street, Chicago, IL 60637, USA. 2Laboratoire
Génétique et Evolution des Populations Végétales, FRE CNRS
3268, Université des Sciences et Technologies de Lille 1,
Villeneuve d'Ascq, France. 3Department of Plant Pathology,
Kansas State University, Manhattan, KS 66502, USA.

*To whom correspondence should be addressed. E-mail:
jbergels@uchicago.edu

Fig. 1. Enrichment of amino
acid–changing SNPs (red), syn-
onymous SNPs (green), and in-
tergenic SNPs (yellow) in the
1% tails of the distributions for
(A) climate overall (using a rank
statistic based on the minimum
rank across climate variables) and
(B) for each individual climate
variable. Enrichments shown are
relative to the proportion of each
class of SNPs in the genome
overall. Gray dots show the dis-
tribution of results of 1000 per-
mutations. The gray line shows
the expected enrichment under
the null hypothesis of no en-
richment. Enrichments that are
significant relative to permuta-
tions are denoted by asterisks.
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day length and phenotypes related to de-
velopment time and flowering, supporting the
observation that flowering time in the field is
modulated by complex environmental cues that
are difficult to simulate under controlled growth
conditions (8–10). Correlations were also found
between leaf yellowing (chlorosis) and temper-
ature (11), as well as between dormancy-related
traits and those related to temperature and mois-
ture (12), consistent with the role for both ver-
nalization and moisture in breaking dormancy.
These results provide evidence for a genetic basis
for climate adaptations in A. thaliana.

We conducted genome-wide scans to detect
climate associations for ~215,000 SNPs geno-
typed across 948 A. thaliana accessions distrib-
uted throughout the native range of the species
(fig. S5) (13). Because we cannot be certain that
our model completely accounts for the effects of
population history (13), we tested whether our
results detect true signals of adaptations by as-
sessing enrichment of likely functional [i.e., non-
synonymous (NS)] variants relative to putative
neutrally evolving [i.e., synonymous (S) and in-
tergenic] variants in the 1% tail of the combined
climate correlation distributions (14). We found
that intergenic SNPs show deficits and NS SNPs
show strong and significant enrichments in the
tail relative to their proportions in the genome as
a whole for climate overall (Fig. 1A), as well as
for all but 1 of the 13 individual climate variables
(precipitation seasonality; Fig. 1B). The pattern
was similar when we controlled for allele fre-
quency but contrasts sharply to climate correla-
tions that did not control for population history
(13) (fig. S6).

Notably, for climate overall and for many
individual variables, S variants are also signifi-
cantly enriched in the tail (Fig. 1). The tendency
toward enrichment of S variants is expected be-
cause of linkage disequilibrium under neutral pro-
cesses but may be intensified by background
selection (15) and/or hitchhiking (16). NS SNPs
were slightly enriched relative to S SNPs (ratio of
NS to S = 1.146, P = 0.036) for climate overall.
In addition, precipitation in the wettest and driest
months, relative humidity, length of the growing
season, and PARwere enriched for NS relative to
S variants (ratios ranging from 1.137 to 1.361
and P values ranging from 0.025 to 1 × 10−4).
Given that we do not have data for all individual
SNPs, but rather use SNPs to represent variation
in the genome, these results are surprisingly
strong.

We examined which biological processes are
overrepresented among strong climate correlations,
focusing in particular on climate variables for
which we observed a significant NS-to-S enrich-
ment (Table 1 and table S2). PAR shows the largest
number of enriched categories, including photo-
synthesis, auxin biosynthesis, and gravitropism.
In addition, we found enrichment of processes
related to energy metabolism (i.e., starch metab-
olism and mitochondrial electron transport) with
both precipitation extremes. These links between

energy metabolism and water availability likely
result from variation in photosynthetic capac-
ity across precipitation gradients due to differ-
ences in the proportion of time when stomata are
open (17).

Although pleiotropic gene functions may in-
fluence the rate of adaptation (18, 19), we have
an incomplete understanding of the extent and
magnitude of their effects on adaptation (20). We
find substantial overlap in the 1% tails of climate
variables, with pairwise combinations sharing 0
to 70% of top SNPs (fig. S7), suggesting that
pleiotropy is common among adaptive alleles.
However, some of these results may be due to
correlations among the climate variables them-
selves, rather than pleiotropy per se. Indeed, a
significant positive correlation was observed be-
tween the matrix of pairwise correlation coef-
ficients among climate variables and the matrix
of their proportional overlap of SNPs (Mantel
r2 = 0.59, P = 2 × 10−4). Hence, outliers that are
compared to the variable correlation matrix are
particularly interesting (e.g., fig. S8).

It would be difficult to confirm the candidates
from climate-related genome scans, even if it
were possible to predict climate with absolute
certainty, because of the scale of such tests. We
thus validated our model by reasoning that if we
are observing true signals, then they should be
able to predict the relative fitness of genotypes
grown in a particular climate. We tested our abil-
ity to predict the relative fitness of 147 A. thaliana
accessions planted in the fall in a common garden
in Lille, France (Fig. 2A). In particular, we se-
lected all SNPs in the 0.01% tail of correlations
with any climate variable and pruned this set of
SNPs to include only one per chromosomal re-
gion on the basis of patterns of linkage dis-
equilibrium. We identified alleles that are more
common within a window of climate similar to
Lille’s. Then, we asked whether the count of
these alleles could predict relative fitness, as mea-
sured by total silique length (21) among the
accessions. We created a null distribution by con-
ducting the same analysis on resampled sets of
SNPs. We found a strong and significant corre-

Table 1. Enrichment of biological processes (BPs) in the 1% tail (P < 1 × 10−3) for climate variables with
significant NS relative to S enrichments.

Biological process Enrichment P value

Photosynthetically active radiation
Maintenance of root meristem identity 31.42 1.0 × 10−5*
Indoleacetic acid biosynthetic process 28.94 1.0 × 10−5*
Cellular response to water deprivation 27.26 6.0 × 10−5*
Regulation of defense response 24.24 2.8 × 10−4

Gynoecium development 22.44 2.0 × 10−5*
Red light signaling pathway 21.62 1.1 × 10−4

Stomatal complex development 21.62 1.1 × 10−4

Cotyledon vascular tissue pattern formation 18.96 5.0 × 10−5*
Positive gravitropism 15.47 1.0 × 10−5*
Cotyledon development 10.34 2.1 × 10−4

Phloem or xylem histogenesis 9.09 3.1 × 10−4

Jasmonic acid mediated signaling pathway 7.57 1.0 × 10−3

Photosynthesis 4.59 1.0 × 10−3

Response to cold 2.98 6.9 × 10−4

Precipitation in the wettest month
Pyridine nucleotide biosynthetic process 17.39 6.8 × 10−4

Base-excision repair 13.59 9.0 × 10−5

Root hair cell tip growth 11.68 1.0 × 10−3

Stomatal complex morphogenesis 11.11 7.4 × 10−4

Starch metabolic process 9.72 1.0 × 10−3

Protein catabolic process 6.42 2.9 × 10−4

Cell division 5.75 3.0 × 10−4

Precipitation in the driest month
Maintenance of root meristem identity 22.85 3.6 × 10−4

Indoleacetic acid biosynthetic process 21.05 1.0 × 10−4

Mitochondrial electron transport, succinate to ubiquinone 20.68 1.0 × 10−3

Length of the growing season
Mitochondrial electron transport, NADH to ubiquinone 24.99 5.0 × 10−4

Base-excision repair 13.59 8.0 × 10−5

Epidermal cell differentiation 13.11 3.0 × 10−4

Embryonic development ending in seed dormancy 2.25 2.2 × 10−4

Relative humidity
Synapsis 12.30 5.0 × 10−4

Regulation of signal transduction 29.99 1.0 × 10−3

*Significance with P < 0.05 with Bonferroni correction across BP categories (P < 6.83 × 10−5).
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lation between the number of favored alleles and
fitness (Spearman’s rho = 0.48, P= 0.003; Fig. 2,
B and C), demonstrating that our climate scan is
picking up a true signal. As no accessions from
within 100 km of Lille were included in the
analysis, the correlation between relative fitness
and the number of favorable alleles is robust to
home versus away effects. Further, additional
analyses support this conclusion (13).

The geographic extent of climate-correlated
SNPs provides at least an initial picture of how
climate shapes patterns of genetic variation in

A. thaliana. Geographic extents varied widely
across climate variables, with day length and rel-
ative humidity representing the extremes (Fig.
3A); SNPs correlated with day length tended to
be localized, whereas SNPs correlated with rel-
ative humidity tended to be widespread (Fig. 3B
and fig. S9). These results, at least in part, can be
understood in relation to the geographic distri-
bution of the climate variables themselves.

Narrow SNP distributions may correspond to
“hard selective sweeps,” or situations in which a
new variant was driven quickly to high frequen-

cy in the population. A scan for hard selective
sweeps based on extended pairwise haplotype
homozygosity (PHS) (22) identified partial se-
lective sweeps throughout the genome and ex-
amined the geographic extents of these genomic
regions (Fig. 3A). SNPs identified as candidates
for selective sweeps were, indeed, shifted toward
narrow geographic distributions, consistent with
the idea that hard sweeps result in narrow geo-
graphic distributions. To quantify the generality of
these results, we examined overlap between the 1%
tails of the overall climate correlation distributions
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were grown. (B) The relation between total silique length (a mea-
sure of reproductive success) and the number of alleles expected
to be favorable based on the climate analysis. (C) Observed
Spearman correlation coefficient between total silique length
and number of favorable alleles (red line) compared to the
distribution of correlation coefficients from permutations.
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and the PHS results and found overlap threefold
greater than expected by chance if the two var-
iables were independent. This increased to nearly
10-fold enrichment when we examined overlap
among the 10% of climate-related SNPs with the
smallest geographic extents; enrichments were
strongest for aridity, maximum temperature, pre-
cipitation in the driest month, and length of the
growing season. Although selection on standing
variation also plays a role, these results reveal
that selective sweeps are likely an importantmode
of adaptation in A. thaliana. The central role of
selective sweeps here suggests that species like
A. thalianamay reach adaptive limits under rapid
climate change, owing to the constraints imposed
by waiting for new mutations.
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A Map of Local Adaptation
in Arabidopsis thaliana
A. Fournier-Level,1 A. Korte,2 M. D. Cooper,1 M. Nordborg,2 J. Schmitt,1* A. M. Wilczek1,3

Local adaptation is critical for species persistence in the face of rapid environmental change,
but its genetic basis is not well understood. Growing the model plant Arabidopsis thaliana in field
experiments in four sites across the species’ native range, we identified candidate loci for local
adaptation from a genome-wide association study of lifetime fitness in geographically diverse
accessions. Fitness-associated loci exhibited both geographic and climatic signatures of local
adaptation. Relative to genomic controls, high-fitness alleles were generally distributed closer
to the site where they increased fitness, occupying specific and distinct climate spaces. Independent
loci with different molecular functions contributed most strongly to fitness variation in each
site. Independent local adaptation by distinct genetic mechanisms may facilitate a flexible
evolutionary response to changing environment across a species range.

Adaptation to local environments has been
observed experimentally in many or-
ganisms (1) and may critically limit a

given species’ capacity to evolve in the face of
rapid environmental change (2–4). However,
the molecular basis of local adaptation remains
largely unexplored (5, 6). Understanding the ge-
netic mechanisms of adaptation requires under-
standing the genetic basis of fitness variation
within and across natural environments (7, 8).
Although genome scans for signatures of past
selection have identified candidate loci show-
ing high levels of environmental differentiation

(9, 10), few studies have directly connected fit-
ness variation measured in the natural environment
of the species to the corresponding molecular
variation (11, 12). Determining the extent of lo-
cal adaptation requires identification of the loci
associated with individual fitness in different nat-
ural environments, as well as characterization of
the distribution pattern of adaptive variants, their
environment specificity, and the type of genes
involved.

To identify loci associated with fitness in the
annual plant Arabidopsis thaliana, we grew a geo-
graphically diverse set of ecotypes (inbred lines
derived from natural populations) across their
native range, in replicated common garden ex-
periments in four European field sites (fig. S1).
Sites in Oulu (Finland) and Valencia (Spain)
spanned the species climate range limits from
Nordic to Mediterranean environments; sites in
Halle (Germany) and Norwich (UK) represented

continental and oceanic climates at similar mid-
range latitude (13). Mean survival and lifetime
fruit (silique) production differed markedly among
ecotypes within each planting site, indicating
heritable variation among source populations in
viability and fecundity (table S1). We carried out
a genome-wide association study (GWAS) for
survival and silique number using 213,248 single-
nucleotide polymorphisms (SNPs) in a mixed-
model approach to eliminate confounding due to
genomic background (14, 15). For each fitness
trait in each of the four field sites, we defined
a set of associated SNPs corresponding to the
0.05% of the SNPs that explained the most var-
iance (around 100 per GWAS; figs. S2 and S3).
Individual SNPs explained a substantial amount
of variation in lifetime fitness, with R2 in GWAS
models ranging on average from 9% for the SNP
set associated with survival in England to 24% for
the SNP set associated with survival in Finland
(fig. S1).

We tested whether alleles associated with
high fitness in a given site were more locally abun-
dant than genomic controls, as expected if they
contributed to the local adaptation of that pop-
ulation (16). Indeed, the geographic centroids of
the alleles associated with higher survival in En-
gland and Spain and silique number in Germany,
England, and Spain were significantly closer to
the planting sites in Germany, England, and Spain,
respectively, relative to genomic controls; this con-
stitutes evidence of local adaptation for specific
loci (Fig. 1). Similar analyses excluding low-
frequency polymorphisms provided similar re-
sults, demonstrating that the result was not biased
as a result of the presence of rare alleles (table
S2). In contrast, we found no evidence that the
alleles conferring high fitness in Finland were
locally abundant. However, our ability to detect
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As the final sequencing of the human genome has now been completed, we present the results of the largest examination of the
quality of the finished DNA sequence. The completed study covers the major contributing sequencing centres and is based on a
rigorous combination of laboratory experiments and computational analysis.

F
rom the beginning, a primary objective of the Human
Genome Project (HGP) was to generate a highly accurate
reference sequence for the human genome. This sequence
is now essentially complete and is available in its entirety
as a reference for biomedical researchers. High-through-

put genome sequencing has created a fundamental shift in the
paradigm for biological research. Whereas gene discovery once
drove DNA sequencing, now the sequencing of entire genomes
drives gene discovery. As such, it is essential that the scientific
community be informed about the accuracy of this reference
sequence and of its fidelity to the biological templates from which
it was derived.

World standards for sequence fidelity (known as the Bermuda
Standards) were established at the meeting of HGP principal
investigators in 1997 (http://www.gene.ucl.ac.uk/hugo/bermuda2.
htm). These standards stated that finished sequence should contain
less than one error per 10,000 DNA bases (99.99% accuracy), and
that the sequence should be contiguous (without gaps). Compliance
with the base-pair (bp) accuracy standard was measured by error
probability assessments generated by DNA base-calling software1–3

and by examining discrepancies between overlapping clone
sequences. Compliance with the contiguity standard was an internal
measurement based on each centre’s complex sequence-finishing
methodology. Over the course of the project, additional standards
were created to ensure sequence fidelity (http://www.genome.wustl.
edu/Overview/g16stand.php).
Although more than 2.8 billion base pairs of unique finished

sequence has been generated by the sequencing centres comprising
the International Human Genome Sequencing Consortium
(IHGSC), until the present study was performed fewer than
5,000,000 bp of this sequence has been verified independently for
compliance with the finishing standard4. Finished chromosome
sequence papers have now been published for 9 of the 24 human
chromosomes5–13, with most of these papers estimating that the
chromosomal sequence exceeds the 99.99% accuracy measure. To
provide a more uniform picture of the finished sequence quality
of the human genome, the National Human Genome Research
Institute (NHGRI) solicited us to perform a detailed evaluation of
the DNA sequence data that was generated for the HGP by seven
of the IHGSC centres. We examined more than 34 megabases (Mb)
of sequence data for accuracy, contiguity and fidelity (see Box 1),
and participated in a computational data exchange with the
Wellcome Trust Sanger Institute. This paper contains the results
of our analysis of the quality of finished sequence data deposited by
these centres in the public human genome databases from February
2001 through to July 2002.

Overview and procedure
Our quality assessment of finished human bacterial artificial
chromosome (BAC) sequences was conducted in two rounds. For
the first round of analysis, we evaluated the finished sequence
produced by the three largest NHGRI-funded sequencing centres:
the Baylor Human Genome Sequencing Center, the Washington
University Genome Sequencing Center and theWhitehead Institute
Center for Genome Research. We selected 120 BAC clones (about
6.7Mb from each centre) from sequence submissions spanning the
six-month period from 15 February 2001 through to 15 August
2001. The second round of analysis evaluated the sequence pro-
duced by the four smaller sequencing centres that individually

Box 1

Large-scale sequencing terms for this study
Accuracy The measure of how likely the base pairs in a consensus
are to be the correct base call. For a 99.99% accurate DNA
sequence, it must contain only one incorrect base per 10,000 bp.
Accuracy is also sometimes referred to as the ‘quality’ of a base
pair, because estimated base-pair qualities are assigned by the
assembly software when it creates the consensus.
Consensus The final reconstructed DNA sequence built by
assembling the sequence reads and generating a consensus base
call for each position in the assembly. In the case of a finished clone,
there is only one consensus.
Contiguity The measure of how many pieces are contained within
the assembly. A contiguous assembly would typically have multiple
overlapping sequence reads the entire length of the consensus.
The finishing rules allow a consensus in more than one piece to be
called contiguous (no gaps) in certain difficult situations if the break
point is annotated in the database entry.
Fidelity The fidelity of a consensus is how similar the consensus is
to the underlying biological template from which the sequence
reads were derived. Fidelity for a genome at the single base-pair
level is difficult to measure without identifying and sequencing a
different clone from the same position on the same chromosome
and examining the difference between the sequences. In this study
we evaluated the fidelity of a sequence in reference to the large-
insert clone from which the sequence was derived, not the genomic
template.
Finishing The process of collecting data, performing
computational manipulation to a data set to convert a shotgun
assembly into a single high-quality contiguous DNA sequence, and
verifying the fidelity of the consensus.
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contributed more than 30Mb to the human genome: the Genome
Therapeutics Corporation, the French National Sequencing Center
Genoscope, the University of Washington Genome Center and the
RIKENGenomic Sciences Center.We selected 80 BAC clones (about
3.4Mb from each centre) from these sequencing centres, spanning
the 17-month period from 15 February 2001 through to 30 June
2002 (Supplementary Fig. S1 and Table S1).
We sampled clones throughout the two time periods, and

adjusted the number of clones that we selected to be a percentage
of clones finished by each centre in each month. The sequencing
centres provided us with sequencing read data and glycerol stocks of
the large-insert clone. In contrast to previous quality assessments4,
we created a new subclone library for each clone and sequenced this
library to 3–4 times coverage in high-quality base pairs. We
generated these reads from both ends of sized plasmid subclones,
which gave us the ability to evaluate independently the centre’s
submission regardless of how the original data were generated. We
combined our new reads with the original data and then finished the
resulting assembly to a high degree of accuracy, performing directed
sequencing reactions from the large-insert clone when necessary.
These directed reads included reactions performed with alternative
chemistries such as dGTP and Invitrogen sequencing enhancers. All
finishing quality analysis was performed using the Phred/Phrap/
Consed3 pipeline. We then compared our ‘gold standard’ consensus
to the original submitted consensus and then verified and classified
any discrepancies. For each discrepancy, we counted the number of
error events and base-pair errors and as necessary classified the error
as a significant error or misassembly (see Box 2). We counted an
error only if original data generated by the submitting centre
supported the correct consensus; in this way, we avoided classifying
any large-insert clone growth variations as sequencing errors.

Accuracy results and base-pair errors
Our analysis indicates that all of the sequencing centres surveyed
met the standards for 99.99% accuracy over the time period studied.
Figure 1 shows the plot of the error events and the base-pair errors
for each clone that we assessed. These are plotted as rates, normal-
ized per 10 kilobases (kb) over the length of each clone, and include
all incorrect base pairs. Most (184 out of 197) of the clones have less

than 1 bp error per 10 kb, with 59 of the clones having no identified
errors. Twelve of the thirteen remaining clones exceed the 1 bp per
10 kb standard owing to significant errors. Disregarding the signifi-
cant errors, only 1 of the 197 clones exceeded the target error rate
because of base-pair errors alone. Cumulative error results for each
of the rounds are shown in Table 1. The individual centre base-pair
error rates ranged from 1 in 25,420 bp to 1 in 154,479 bp, and
significant error rates ranged from none found to 1 in 1.2Mb
(Supplementary Table S2).

The vast majority of error events found in the finished human
BAC sequences affected a single base pair in the consensus sequence
(411 out of 466, 88.2%). Roughly half (48%) of these errors were
single base-pair substitutions, with the remainder (52%) being
single base-pair insertions or deletions. The substitution errors
were primarily miscalled bases in regions of low quality. However,
there are many positions where a miscalled base was incorporated
into the consensus sequence despite the presence of multiple high-
quality reads with the proper base calls; these are obvious finishing
errors. Most of these errors occurred where a single discrepant
subclone at that position was given a high-quality score by the base-
calling algorithm and the miscalled base was incorporated into the
consensus sequence. Additionally, we identified 42 (9% of error
events) multiple base-pair insertions, deletions and substitutions of
less than 20 bp, most of which were clone mutations in a single
subclone that were erroneously included in the consensus.

Figure 1 A plot of the error events per 10 kb versus the base-pair errors per 10 kb for
the clones surveyed. Each green circle represents a different surveyed clone. A

detailed view of the boxed area (less than one error event per 10 kb and less than 1-bp

error per 10 kb) shows the diagonal distribution of all of the clones containing only

single base-pair errors. The red circle indicates 59 clones with no errors.

Box 2

Analysis terms for this study
Base-pair errors The number of base-pair changes between our
‘gold standard’ consensus and the original submitted sequence.
Error events A count of the number of positions of change in the
consensus discovered in the quality assessment process; a
contiguous insertion, deletion or erroneous run of multiple base
pairs is counted as a single error event because the multiple base-
pair errors probably arose from a single process error.
Misassembly A rearrangement or deletion of the consensus
caused by the incorrect joining of two similar pieces of sequence
that are geographically separated in the true consensus.
Significant error A single error that causes at least 50 contiguous
base pairs to be incorrect in the submitted consensus versus our
gold standard consensus.
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Significant errors
We found a significant error in 12 out of the 197 (6.1%) BAC clones
that we analysed. There were 13 total significant errors in these
clones (2.8% of the total error events). Most of these were ident-
ifiable as potential problems from the initial assembly of only the
contributing centre’s data set. We found large consensus deletions
that were derived from deleted subclone templates or polymerase
chain reaction (PCR) amplified products. Long stretches of
sequence were also deleted as a result of incorrect joins made in
repetitive regions, throughwhich sequencing was difficult, and joins
were based on minimal sequence overlap. The distribution of these
sequence areas that were more difficult to sequence varies across the
human genome12, and consequently, we did not survey difficult
clones from every centre.

Potential error-prone finishing techniques
In the course of this quality assessment we identified finishing
techniques that in some cases directly contributed to consensus
errors that were not corrected before submission by the centre. A
large number of the single base-pair-deletion errors were the result
of G þ C compressions from dye-primer chemistry (now phased
out of use in most centres) or dGTP chemistry (a chemistry for
difficult-to-sequence regions), or from A or T base drop-out errors
on the Megabace platform. Some of the larger deletions in simple
sequence regions were from PCR-generated templates or from
single subclones that had deleted a portion of the repeat copies.
Clones consisting of mostly single-direction M13 reads had more
serious assembly issues in repetitive areas. Higher assembly strin-
gencies would have reduced greatly the number of incorrect joins
and improved the overall accuracy for the identified misassembled
repeat structures.

Computational quality assessment of two contributors
In addition to the quality assessments detailed in this paper, the
Wellcome Trust Sanger Institute and the Joint Genome Institute/
StanfordHuman Genome Center exchanged 38 finished clones over
the same time period as round one in this study. These two centres
examined only trace data and built new assemblies to compare to
the submitted assemblies, and they did not add additional sequen-
cing data. Suspected errors were verified by the original submitting
centre. This study found that, for these two centres, there was on
average 1 bp error per 651,000 bp and one potential significant error
in 11.1Mb. Together these centres contributed about 39% of the
human genome sequence. Although this analysis is not directly
comparable with our more detailed study—because computational
analysis alone is unable to detect all of the errors found with
additional sequencing (see Supplementary text)—this provides a
reviewed estimate of error rates for these two centres.

Quality of the finished human genome
We believe that the quality evaluation methodology outlined in this

paper provides a uniform framework to evaluate sequence pro-
duced by the disparate finishing systems used by the IHGSC
sequencing centres in relation to the standards for finished sequence
quality. Of the 197 clones analysed, we found that 182 (92.4%)
significantly exceed the 99.99% accuracy standard, on the basis of a
calculation of base-pair errors per 10 kb (Fig. 1). If the sampled data
set is applicable to the entire genome, we can conclude that the base-
pair accuracy standards have been exceeded tenfold, as there is less
than 1 bp error per 100,000 bp of finished sequence. If we normalize
for the relative amounts of sequence contributed by each centre, we
should expect to find on average seven error events with nine
incorrect bases per 1Mb and one significant error per 6Mb.
We believe that caution should be exercised in extrapolating our

data beyond the specific regions of the genome that were surveyed in
our study. This quality assessment is an evaluation of process, as it
was based on a methodology of sampling sequence production over
time, not sampling uniformly from the finished product. As such,
our results are a reflection of the finishing methodologies used by
the centres for the time period evaluated in our study, and these
methodologies were subject to continuous improvement. For the
centres investigated in round one, we sampled from a single
production period, whereas clones submitted early and late in the
HGP were not sampled; these clones are more likely to contain a
higher error count. Along with improvements to knowledge and
technology, the goals of the overall HGP changed over the course of
the project, and the quality threshold used by the sequencing centres
fluctuated in response to these production goals. In addition, our
thorough quality evaluation methodology (which included
additional shotgun sequencing) was applied only to sequencing
centres contributing 55% of the total human sequence, with an
additional 39% assessed by computational evaluation alone. No
sequence was surveyed from the 6% of the genome finished bymany
smaller contributors.
As a result of differences in the application of finishing method-

ologies, the most significant factor correlated to sequence quality is
centre-to-centre variation (Supplementary Table S2). The sequencing
centres had different thresholds at which they determined a given
region to be ‘finished’, and some centres intentionally exceeded the
required quality levels (Table S2). The stringency of the contiguity
threshold (the cause of most of the significant errors identified)
applied by each group was the result of an admixture of production
pressures, ‘regional’ complexity of their genomic territory, person-
nel experience in addressing the variations in finishing difficulty,
and degree of communication and standardization of the group
with the larger HGP community. The nature of the HGP as a pilot
project for large-scale genomic sequencing makes it difficult to
describe the quality of the human genome sequence as a singular
entity, although this evaluation has provided valuable insights into
the process of producing a complete, complex, finished genome
sequence.

Table 1 Cumulative results of each of the quality assessment rounds

Analysis results Round 1 Round 2 Total
...........................................................................................................................................................................................................................................................................................................................................................

Sequence analysed (kb) 20,303 13,887 34,190
Clones analysed 117 80 197
Error events 183 283 466
Substitution events 73 135 208
Insertion/deletion events 110 148 258
Error event rate (bp) 1/110,948 1/49,069 1/73,369
Base-pair errors* 255 381 636
Base-pair error rate 1/79,621 1/36,448 1/53,758
Significant errors† 5 8 13
Significant error rate (bp) 1/4,060,688 1/1,735,828 1/2,630,005
...........................................................................................................................................................................................................................................................................................................................................................

*Does not include significant insertions, deletions or rearrangements of sequence.
†Insertions or deletions of greater than 50bp or significant rearrangements of sequence.
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Applications to future projects
Well-defined finishing standards specifying targets for accuracy,
singular contiguity and fidelity—coupled with descriptions of
processes that enable greater compliance with these standards—
will enable future genome sequencing projects to generate a
more uniform quality product. Continuous sampling of finished
sequence for quality evaluation throughout the production
process of future genome sequencing projects would better
enable global quality statements to be made, and subsequent
incorporation of quality assessment feedback into the process
could further enhance the quality of the product. Standardizing
or minimizing a number of variables—genome source, cloning
and library construction platforms, hierarchical sequencing
strategies, definitions of finished product—will help further.
Such procedures will enhance not only verification ability on
a clone or regional basis, but will also be tremendously helpful
in solving recalcitrant problems such as the resolution of large
duplicated genomic structures. As new genome-sequencing
techniques emerge over the course of a sequencing project
(for example, cloning vectors, sequence chemistries, detection
platforms, finishing techniques), a centralized quality-control
centre could serve as a resource for evaluating the technique’s
relative ability to ensure fidelity with the genomic sequence,
rather than each centre independently examining and evaluating
all new technologies. In this capacity the quality-control centre
would serve as a distributor of reviews and test performance
reports for technological developments, which would allow
all sequencing centres equal access to information about
these techniques. A central trace data repository, such as the
NCBI trace archive, is a positive step towards making all raw
sequencing trace data available, but also storing the final
assemblies would enable central coordination of gap-closing
efforts and allow centres to concentrate on the finishing
problems that they have developed pipelines to address, instead

of expecting each centre to apply these complicated techniques
to an equal standard. A
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