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ABSTRACT

Data driven computational biology relies on the large
guantities of genomic data stored in international
sequence data banks. However, the possibilities are
drastically impaired if the stored data is unreliable.
During a project aiming to predict splice sites in the
dicot Arabidopsis thaliana , we extracted a data set
from the A.thaliana entries in GenBank. A number of
simple ‘sanity’ checks, based on the nature of the data,
revealed an alarmingly high error rate. More than 15%
of the most important entries extracted did contain
erroneous information. In addition, a number of entries
had directly conflicting assignments of exons and
introns, not stemming from alternative splicing. In a
few cases the errors are due to mere typographical
misprints, which may be corrected by comparison to
the original papers, but errors caused by wrong
assignments of splice sites from experimental data are
the most common. It is proposed that the level of error
correction should be increased and that gene structure
sanity checks should be incorporated—also at the
submitter level—to avoid or reduce the problem in the
future. A non-redundant and error corrected subset of
the data for A.thaliana is made available through
anonymous FTP.

INTRODUCTION

network algorithms (Hebsgaard, S.M., Korning, P.G., Tolstrup,
N., Engelbrecht, J., Rouze, P. and Brunak, S., submitted})and (

A common feature of neural network algorithms is their ability to
cope with non-linearities in the association between objects and
categories. During training on the initially extracted data training
difficulties were encountered for many of the splice sitgy.(

This led us to perform a range of ‘sanity’ checks that revealed
quite a large percentage of errors in Ahthmalianaentries. The
most effective of these checks being examination of particular
splice sites, which diverged strongly from the ‘extended consensus
sequence’ of the organism. The latter was created from a
measurement of the Shannon information around the splice sites
and will be described below. Of the 98%haliana entries in
GenBank rel. 87, 167 contained enough splicing information to be
of interest to our work.

A list of corruptA.thalianaGenBank entries has been compiled
and in most cases we explain how to correct the errors. When
possible, the original contributers of the entries have been contacted
and the errors should be corrected in future versions of GenBank.
The errors detected are often shift errors, which are not caused by
misprints only. Instead, many errors are created when splice sites are
assigned by homology with wrong cDNA assignments. We suggest
that the consistency of the annotation is assessed prior to the
submission in order to reduce the error rate. Such proof-reading may
be assisted by using internet available servers, which are able to
evaluate the correlation between the nucleotides in a single splice site
from a consensus view point, rather than relying only on a more
individual assignment by hand or by cDNA homology.

Biologica_l sequence d_ataba_lses offer scient_ific researche_rs uniWﬁTERIALS AND METHODS

opportunities for working with large quantities of genomic data.

The GenBank, EMBL and DDBJ databases aim to contain aln initial data set was extracted from GenBank 87.0 by use of a
published DNA sequences. In its feature table each entry holsisftware scanner. AlA.thalianaentries were examined. The
information about transcription, splicing and translation associatedteria for inclusion of an entry in the data set were the following:
signals. This information may be used to create large data subs@}st must contain two or more introns; (b) it must not in any way

where the sequences are related to their functionality.

be indicated as being partial; and (iii) there must be no logical

Unfortunately, GenBank is currently not optimally suited forconflicts between the entry’s description of its components, e.g.

such extraction. Too often errors occur in the entries. Almost allsubstring which is defined as being both an intron and an exon.
major publicly available genomic databases suffer from thi§) Means that all genes in the data set contain internal exons,
condition. The problem of corrupt databanks has been pointed autiile (i) means that the CDS in a given entry in the data set is
earlier (,2). However, the situation remains more or less the samaeither mentioned as being partial in the DEFINITION, nor as
For the construction of a data set relating the DNA (obeing partial or as having uncertain borders in the FEATURES
pre-mRNA) sequence to its alternating exon—intron structure, vgection. Due to the third criterion 20 entries were excluded, having
extracted relevant information from tieabidopsis thaliana direct annotation conflicts not caused by alternative splicing.
entries in GenBank ver. 83)( The data set has been used in work After this reduction 167 entries remained in the data set and
aiming to predict splice sites in the dicot by means of neurdaining of the neural network algorithms following) (was
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Table 1. TheA.thalianaentries found in GenBank rel.87 likely to be erroneous

Genbank enmry Typeof emor  Comment
ATACP (X13708) 4 By comparison with 2 homologous genes from B. napus

(X161 147X16115), one nucleatide (T) is probably missing

right before danor site 3: CTCTCGACACG/TAAC would be CTCTCGACACT/GTAAC
ATCIACDE (Z31715) 2 None of the entry’s B splice sites have the “normal” dinucleotide.

Multiple wrong assignments of exonfintron borders.

Corrections have been mailed to the databank by the contributers.
ATCSCH42 (X51799) 1 First intron has “wrong" dinuclentides at both sites. It must be shifted -1.
ATCYCIA (Z31589) 2 9 of 10inwons have “wrong” dinucleotides.

Splice sites positioned by homology with distant ¢cDNA The contributer has been contacied.
ATDNABFS] (X74515) 3 No start codot and 52 stop codons in reading frame,

due to faulty start and stop codon assignmenl.

Corrections have been seat 1o the contributers.
ATHAKINIQA (M93023) 1 Intron 2 has “wrong" dinucleotides at both sites.

It produces the correct CDS if shified +1. The authors have been notified.
ATHCORTSB (L22568) /4 The errors can be identified by comparison with redundant

’ entries for the same gene {see below), one nucleotide (G) is missing

at the end of intron 2; intron 3 must be shifted +1,
ATHEFBI (X74734) 1/5 None of the 3 introns have “comeet” dinucleotides.

Intron 1 and 2 have to be shifted -1. These is no wivial suggestion for the last intron,
ATHEM (X73839) 1 Lastintron has “wrong” dinucleotides at both sites. Must be shified +1.
ATHETR1A (1.24119) 3 Donor site 4 has “wrong” dinucleotide,

The contributors’ paper reveal the comect exon/intron border.

Cormection has been made in the databank.
ATHRDZ9AB (D13044) 34 Acoeptor site 6 have no AG dioucleotide.

The entry contains both sequencing errors and wrong splice site assignments.

{By comparisen to redundant entries.)
ATHRPS15A (L27461) 1 First intron has “wrong” dinucleotides at both sites. It must be shifted +1.
ATKIN1 (X51474) 1 Both introns bave “wrong” dinucleotides, and must be shifted +1.
ATKIN? (X62281) 3 Both acceptor sites have “wrong™ dinucteotides.

The first must be shifted +2 and the second +1.
ATNDK13 (X69376) 3 Both donor sites have “wrong” dinucleotdes.

The first must be shifted -2 and the second +5.
ATPSII0 (X55970) 1 Second intron bas “wrong” dinucieotides at both sites. Tt must be shifted -1.
ATRAHIGNA (Z22958) 1 Intron 4 and intron 6 have “wrong” dinuclectides and must be shifted +1.
ATRPLISA (X81799) ! All three introns have "“wrong" dinucleotides and must be shifted +1.
ATRPLI16B (X81300) | Second and third intron have “wrong”’ dinuclzsotides at both siws.

The second intron must be shifted +1 and the third - 1.
ATSUSI (X70990) 3/4 Acceptor site 8 and 11 have “wrong” dinucleotides.

The entry may also contain sequencing ermrors.
ATUO8315 (UOB31S) 1 All five introns have “wrong” dinucleotides at both sites.

Each splice site must be shifted -1.
ATU09339 (U09339) | Last intron have “wrong” dinucleotides at both sites. Must be shifted +1.
ATUI1033{U11033) 5 Enty contained 5 introns, intron 4 being only 18 by long

and having ne GT donor dinucleotide.

This entry has now been modified in the databanks, and has 4 inirons only.
ATU1896% (U18969) 4 Acceptor site 4 has TG instead of AG.

A homolog sequence in GenBank contains AG at this position.

Type of error indicates: 1, equal shift of donor and acceptor sites (typically one or two nucleotides); 2, unequal shift of donor and acceptor sites;
3, mispositioning of one splice site, or other misplacing of a feature; 4, sequencing errror suggested; 5, other case/unknown.

performed. The output neuron of the networks contained one uriiitron length, and finally investigation of splice sites deviating
trained to classify the central nucleotide in the DNA segment aggnificantly from their extended consensus sequence.

being either a splice site or a non-splice site. It soon became clear

that unless very large networks were used, certain sites in the data

set could just not be learned. This phenomenon is symptomaticTafe extended consensus sequence

impurities in the input data. As a result of this, a number of sanity

checks was performed on the data set. These included: checksTioe general sequence patterns were found by plotting the
reading frame inconsistencies, checks for presence/lack of st8hannon information content in the context of aligned splice sites
and stop codons, checks for introns below the minimal functional the data se6}. The formula used was
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4 5’ intron 3/

H(i) = — Z P¢log, P¢ 1 gene; .. .nnnagGTNNN//NNNAGgtnn. . .
a=1 1. . onnagGT---//------- nn, .. | cDNA
whereH(i) is the Shannon information at positipandP?; is the 2 nnnagé----//«~---- tnn | cDNA
probability of finding nucleotide (a {A, C, G, T}) at position 3 - -nnnag----- flmmme gtan... | cDNA
i. The probabilities were computed from the frequencies of the 4 - -Ann&s=s oo //----Ggton. .. | cDNA
nucleotides in the data set. Plotted together with the nucleotide > ..nAR--moo-s //*--AGgtnn... | CDNA

frequencies at each locus, such curves can be said to constitute an
extended consensus sequence of the splice sites. The most conse'gved . . . .

. . . igure 1. Alignments of a genomic sequence to its cognate cDNA. The top line
nucleotides in theA.thaliana consensus sequences found weregpresents the sequence of a gene around an intron, showihguie S
AG|GTAAGT and TGYAGGT for donor and acceptor sites horders, while the next five lines represent alternative alignments of the cDNA
respectively. sequence. Only alignment 3 gives the correct splice site assignment, leaving out

of the alignment the proper intron sequence starting by ‘GT’ and ending by
‘AG’ dinucleotides.

RESULTS

Reading frame inconsistencies donor site is observed in the ordef ¥ of theA.thalianaintrons.

First, in each gene it was examined whether the sum of tA&eir occurrence as true donor sites has recently been reported in the
number of nucleotides in the translated parts of the exons did obByrosinase genes frofrassicaceaethe family including the

the modulo three rule and thus did not contain incomplete codosgeciesA.thaliana(9).

There turned out to be one entry that did not obey the moduloA list of the remaining entries, with comments on the errors, can

three rule, namely ATDNABFS1. be found in Tablel. The errors may be divided into a small
number of categories. A large part of them (21/24) are caused by
Start and stop codons bad localization of a feature in the sequence, most often the splice

sites. If the assignment is performed by comparing the gene
Secondly, a scan for the lack of start chons (ATG), for the |a@]équence and homologous cDNA without caring for a proper
of stop codons [TAA TAG and TGA\.thalianauses the standard consensus, this kind of mistake may occur (seelfigince the
genetic code (ftp://weeds.mgh.harvard.edu/pub/codon/ath.co§gquences around the &d 3 splice sites often are similar,
and for the presence of stop codons inside the reading frame Wagnment ambiguities will result and one among several good
performed. The entry ATDNABFS1 turned out to lack a starfojutions may be discarded. For this kind of errors, anyone has
codon and contained no less than 52 stop codons in the readidgess to the same basic information as the authors were having
frame. Correspondence with the author revealed that a fair Clgmselves and sometimes even more due to new data and
is found when the first nucleotide of the start codon is taken @gblications that have appeared later. In a few cases other kinds of
position 393 instead of position 374, and the first nucleotide of therors are indicated. Their occurence may be related to sequence
stop codon is taken as position 3134 instead of position 3305¢rrors coming from editing or from the sequencing itself. Here the

authors only may be able to track down and confirm the suggested
Minimal functional intron length errors, albeit the indication of errors is always very strong. Examples

- - - h indications are given by redundant entries for the same gene
Thirdly, the data set was scanned for entries containing very sh uc .
introns. As they have to form a lariat, splicing becomes functional HRD29AB), or by entries for very close homologs (ATACP,

impossible if the intron is very short. According to a recent revie hig %gt?grga:'ag; ik?sya(r:#%?]r tilr?ézgel(ﬁwérr]gogr?tlﬁteesnﬁg\?e(ﬁlggln(q)ggi)ﬁe d
(7,8) a minimal functional length of 64 nt is reported for dicots. 9

While it seems that this number should be lowered somewhat (riﬂra;"\"/t;;\l/iss'gg \c/)JeGhear:/Beaggérﬁo;ljll:erqg]%;nti;ij?hgee;ﬁﬁo?; egr?(;'in(
scan revealed seemingly correct introns of lengths between 58 Wi . o ' :
64 nt), an intron of length 18 nt as intron four in ATU11033 wakP with consistent modifications of the entry for most of the genes.

an error (has later been corrected by the authors). This entry waks/ '€ Sifts on each side are sometimes unequal (e.g. —1, +2), but
removed from the data set. névertheless keep the coding sequence in frame. This concerns

cases where splice site assignments have been done by the author
using a distant cDNA homolog and ignoring the consensus at the
borders. Only tentative assignments can be suggested in such &
The largest number of errors was found by examining apparegituation, a secure one awaiting better homologs. There are two
deviations from the donor and acceptor splice site consengtiiries of that kind (ATCIADE, ATCYC3A) for which the authors
sequences. Of the 878 donor sites and 880 acceptor sites infBee been contacted, resulting in a modified entry for one of them.
extracted data set, 45 donor sites and 44 acceptor sites turnediwever, in most cases the shifts needed to produce a good fit to
to lack the normal dinucleotides, GT and AG. The non-consensifi¢ consensus, and keeping the frame with a similar (most of the
splice sites were found in 26 entries only, which were examindigne identical) coding sequence, are equal for one or more introns
manually by comparing to the original and related publication§;om 13 out of the 24 incorrect entries. This common kind of error
and by searching for related entries in the databases. From tiigot a consequence of bad database management or misprints, bt
careful examination we strongly suggest tibof the acceptor  stems from the experimentalists who submitted the sequence.
sites and all the donor sites but three are etrdise three donor
sites represent true exceptions. They appear in the entries AT
COACAR (donor site 15), ATHFUS6A (donor site 3) andltis well known that the data in GenBank have a certain degree of
ATHHANKA (donor site 6). The use of GC instead of GT at theedundancy. Therefore the length of the longest common substring

Strange non-consensus splice sites

I_ﬁ\e_zdundant sequences



Nucleic Acids Research, 1996, Vol. 24, No. 2 319

Table 2. The redundanA.thalianaentries with comments on the redundancy type

Genbank entry Genbank entry Type of redundancy
ATACCSYNG (Z12614) ATHACS (M93594) The entrics encode the same gene,
ATHADH (M12196) ATCADH (X77943) The entries encode the same gene,

but in {15]) no less than 13 variable
positions are described in the varioes
A, thaligna ecotypes.
ATHATCC1 A (M85253)  ATATCCIG (X59459) ATHATCCIA is the old version of ATATCCLG.
ATHATIP (M84343) ATATIPARA (X63551) The entries are identical.
ATHB2G (X68146) ATHATAA (Z19602) The entries have a high similarity, but
show toc many differences to be accounted for
by sequencing errors. They probably represent
two separate genes from the same family.

ATHCRALIAA (M37247)  ATCRAI (X14312) The entries are identical.

ATHCRBAA (M37248) ATCRB (X14313) The entyies are identical.

ATHEMC {X73535) ATHEM (X73835) ATHEM is the old version of ATHEMC.
ATHMYBO (M79448) ATHGL1A (L22786) ATHGLI1A is a laboratory mutation of ATHMYBO.

ATHTUB2B (M34700) ATHTUB3B (M&4701) Both entries belong to the beta-tubulin family.
ATHTUBA2A (MB4656)  ATHTUBA4A (M84697)  Both entries belong to the alpha-tubulin family.
ATHTUBASA (M84698) ATHTUBA (M1718%) Both entries belong to the alpha-mbulin family.

ATRBCSB (X13610) ATATSGS (X14564) The entries are identical. Each entry consists of three coding regions,
which also share a high degree of sequence similarity one to another.

ATU18968 {U18968} ATHRPS15A (L27461) Virtual contradictions in these three pairs seem

ATU 8970 (U18970) ATHRPS15A (L27461) {o indicate the presence of a transposition/recombination

ATU18970 (U1897() ATU18968 (U18968) phegomenon,

ATRPBI1 (X52494) ATRPII (X52934) Virmal contrediction caused by alternative splicing.

which would occur in a collection of random strings correspondingjternative splicing. More interestingly, however, are the contradic-
in size to the data set was calculated. Then a scan for comniimms between the three pairs ATU18968/ATHRPSISA,
substrings above this length was performed and entries where sAgtu18970/ATHRPS15A and ATU18970/ATU18968 respectively.
substrings did occur were investigated manually. There are basic#iljhough further analysis is needed and actually undertaken
two classes of redundancies: First, there are cases where the s@Raeizé, P., Breyne, P. and Van Gysel, A., in preparation), these
gene has been submitted twice; either by the same author orviyual contradictions may stem from a new kind of recombination
different authors. These sequences tend to vary a bit in length, bBatl/or transposition event. Interestingly enough, this is not
otherwise be more or less identical. Secondly, there are cases wimeationed by the contributors in the corresponding péii&isi.

two different genes are members of the same gene family and so

closely related that only one of them should be included in the dgdgs - ysSION

set (see Tabl2 for the redundant sequences and comments).

The redundancy reduction has been made in order not |tds clear that the errors found may be divided into a few categories.
overestimate the performance of intron splice site finding comput®fany of the errors are simple shift errors, created somewhere along
programs. If the aim was, for example, to study alternative splicinge path from the laboratory to the database, which can be easily
this would be another matter. For quite some time a rigorowdrrected by comparison of the sequence to its corresponding cDNA
procedure for this removal has been common practice in the fieldibfihe latter is available (taking into account well documented
protein structure predictiori@-12). We are in the process of consensus sequences). Other errors are caused by sequencing
determining a proper alignment threshold for nucleotide datgping errors. There is however a class of errors, which are more or
making it possible to distinguish between cases where the splice sié&&s impossible to correct, unless one wants to go back to the
may be found safely by alignment, and those where genuifghoratory. These errors occur when a DNA string, having been
prediction is needed (Tolstrup, N., Dalsgaard, K., Engelbrecht, J. asshuenced correctly, is assigned splice sites by homology with a
Brunak, S., in preparation.) Today, algorithms are tested on afore or less distant species. It would be highly desirable if such

ill-defined mixture of the two. speculative assignments were stated clearly in GenBank, as the
quality of such entries is often not good enough for creating
Virtual contradictions powerful data driven computer based methods. Splice sites shifted

a few nucleotides, constitute directly ‘negative information’ to for

A search for ‘virtual contradictions’ in the data set was alsexample neural network algorithms, and are extremely harmful to
performed. A virtual contradiction for a given substring-size isheir learning and generalisation capabilities if the errors are
defined as two identical sequences, where the central nucleotifresjuent.

have different functionalities, e.g. splice site and non-splice site, orAfter the above mentioned erroneous entries had been corrected
coding nucleotide and non-coding nucleotide. Four such pairs af removed, very clear consensus sequences did emerge from the
virtual contradictions were found (see TaBleThe contradiction Shannon plots. They correspond to the ones mentioned above, but
between the pair ATRPBI and ATRPII seems to be caused kyth much more certainty at each position. The contrast to the Splice
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Site Consensus Table in AAtDB (ftp://weeds.mgh.harvard.edid., Engelbrecht, J., Rouzé, P. and Brunak, S., submitted). Send a
aatdb-info/Splice_Site_Consensus) is striking: in AAtDB a moréle containing the word ‘help’ to the internet address NetPlant-
disorderly picture emerges; >6% (maybe up to 12%, only sing@ene@cbs.dtu.dk to obtain information on sequence formats and
nucleotide frequencies are given) of the donor sites do not contaitner details.

the GT dinucleotide. The situation is the same for AG at the accep

sites. TheA.thalianasequences from AAtDB (rel. 3-5) may have}g{:KNOWLEDGEMENTS
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