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Identification of foreign gene
sequences by transcript filtering
against the human genome
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We have developed a computational subtraction approach to detect microbial causes for
putative infectious diseases by filtering a set of human tissue–derived sequences against
the human genome. We demonstrate the potential of this method by identifying
sequences from known pathogens in established expressed–sequence tag libraries.

Many human diseases are likely to be caused
by unknown pathogens1. A variety of molecular methods have been used successfully
to discover new microbes. Among these,
amplification of conserved sequences using
PCR identified new bacteria that cause
bacillary angiomatosis2 and Whipple syndrome3, and representational difference
analysis4 revealed the herpesvirus causing
Kaposi sarcoma5. Each of these methods has
limitations: PCR amplification requires
homology to known organisms, and representational difference analysis requires that
the infectious agent is absent in control tissue from the same individual.
We have developed an in silico approach
that uses the draft sequence of the human
genome6,7 to identify nonhuman DNA
sequence in expressed-sequence tag (EST)
libraries of human origin. In this
approach, called computational subtraction, sequences with significant similarity
to the human genome are subtracted from
the libraries. The remaining set is enriched
for sequences of nonhuman origin. The
potential power of sequence-based computational subtraction lies in its ability to
identify new nonhuman sequences in a
comprehensive and unbiased manner.
We tested computational subtraction on
more than 3.2 million sequences from the
GenBank human EST database8,9. We
used the MEGABLAST program10,11 to
screen transcript sequences for similarity
to a panel of human and mouse sequence
databases, followed by a crude sequence
quality filter. Sequences with BLAST
alignment scores of 60 bits or higher, corresponding to an expectation value of 10–7
or less, were subtracted (Web Note A).
Subtraction with seven database filters left
a set of 65,839 ESTs, roughly 2.0% of the
3,287,578 sequences analyzed (Fig. 1).
Fig. 1 Computational subtraction of the human
transcriptome. Sequential subtractions were carried out on 3,287,578 ESTs in the NCBI human EST
database using the MEGABLAST algorithm. Each
circle represents the relative input number of ESTs
at a given filtering step. The ESTs subtracted at
each step are shown in light gray; the ESTs remaining after each step are shown in dark gray.
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We compared subtracted ESTs with the
GenBank nucleotide database using
MEGABLAST. Our analysis showed that the
subtracted ESTs include: (i) sequences from
known pathogenic and commensal organisms (Web Tables A–C and Web Notes B–E)
(ii) microbial sequences likely to represent
experimental contamination from sources
such as Escherichia coli genomic DNA, PCR
amplification and non-sterile reagents
(Web Note F and Web Table D) (iii) transcripts from unsequenced regions of the
human genome (Web Note G) and (iv)
poor-quality sequences (Web Note H). In
addition, more than 51,000 subtracted ESTs

have no detectable homology to database
sequences; these are likely to include
sequences in the latter three categories
above, as well as new microbial sequences
without homologs in the current databases.
Subtracted ESTs match several pathogenic virus genomes, including hepatitis B
and C viruses, human papillomavirus
types 16 and 18 (HPV-16 and -18),
cytomegalovirus, Kaposi sarcoma herpesvirus, and Epstein-Barr virus (Table 1).
We found 18 ESTs matching hepatitis B
virus in a library of 16,743 sequences
derived from non-cancerous liver of an
individual with hepatocellular carcinoma.
Hepatitis B virus is a major cause of both
hepatitis and liver carcinoma12. We also
found sequence alignments between subtracted ESTs and bacterial, fungal, and
protozoan genomes (Web Notes C–E).
As a proof-of-principle exercise for the
feasibility of computational subtraction, we
analyzed an EST library from HeLa cervical
carcinoma cells, which harbor HPV-18, a
viral agent of cervical cancer13. Using the filters described above (Fig. 1), we reduced
7,073 sequences from a HeLa EST library
(UniGene #271) to 44, and further filtered
these to 22 by eliminating matches to

filters
reference human
RNA sequences
(RefSeq)

ESTs
subtracted

3,287,578
1,848,611
1,438,967

remaining

mitochodrial, vector
and repeat element
sequences

1,438,967
70,072
1,368,895

human genome
sequences

1,368,895
1,224,397
144,498

mouse genome
sequences

144,498
7,487
137,011

all above filters
repeated at higher
stringency

137,011
35,002
102,009

minimum sequence
length and quality
thresholds

102,009
36,170
65,839
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Table 1 • Sequences in human EST libraries matching known viral genomes
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Species
Hepatitis B virus
Human cytomegalovirus
Human adenovirus type 2
Human spumaretrovirus
Squirrel monkey retrovirus
Human papillomavirus type 18
Human papillomavirus type 16
Kaposi sarcoma herpesvirus
Autographa californica
nucleopolyhedrovirus
(baculovirus)
Hepatitis C virus
Epstein-Barr virus

Total
NT hits

Unique
NT hits

Unique
libraries

Length

Best NT hit by score
Alignment
E value

18
9
7
7
6
4
3
2
1

7
4
1
1
1
4
3
2
1

1
3
6
1
5
3
2
2
1

699
248
531
299
587
621
519
140
352

97.42%
97.98%
99.06%
99.00%
99.15%
98.55%
98.65%
100.00%
99.43%

< 10–180
10–122
< 10–180
50–159
< 10–180
< 10–180
< 10–180
85–73
< 10–180

1243.4
444.5
1017.4
565.5
1108.6
1132.4
963.9
278.0
682.4

1
1

1
1

1
1

286
617

92.66%
97.73%

40–108
< 10–180

397.0
1112.6

Score

ESTs passing all seven filters were compared to the nucleotide (NT) database with the MEGABLAST algorithm. Alignments to viral sequences in the NT database
with a bit score of greater than 250 (equivalent to an expectation value (E value) of ∼10–64) are reported above.

known human or E. coli sequences. Two of
these 22 ESTs are derived from HPV-18.
To determine whether nonspecific subtracted sequences can be eliminated
experimentally, we amplified by PCR the
22 non-matching sequences from
genomic DNA samples, including HeLa
and negative human controls (Web Note I
and Web Fig. A). As predicted, the 20 nonspecific sequences were excluded, as 11
primer pairs amplified all samples and 9
amplified no samples. In contrast, the two
HPV-18 primer pairs specifically amplified only HeLa cell DNA. If HPV-18 were a
new candidate infectious agent, we would
need to verify its association with cervical
carcinoma further. However, HPV-18 is
already a known cervical carcinoma agent,
present in 20% of cases14.
Here we show that sequence-based
computational subtraction is able to identify known viral pathogens in infected tissues using existing EST libraries.
However, these libraries are not ideal for
microbial discovery, for two reasons: (i)
they are focused on normal tissues and the
most common cancers and (ii) the methods used for library generation often lead
to sequence contamination.
We therefore propose to generate,
sequence and filter cDNA libraries from
tissues of diseases such as systemic lupus
erythematosus and extraintestinal Crohn
disease, which are candidates for infectious
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etiology1. In light of the imminent completion of the human genome sequence and
measures to limit microbial and molecular
contamination, the filtered sequences
should contain almost exclusively foreign
genes. The percentages of pathogenic
sequences in hepatitis B virus–infected
liver (0.1%) and in HPV-18–infected cervical carcinoma cell (0.03%) libraries suggest
that sampling fewer than 10,000 sequences
should be sufficient to discover viral genes.
Further experiments could then distinguish sequences of benign commensal
organisms from pathogen sequences by
assessing the strength of their association
with disease.
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URL. A searchable database of the 65,839 subtracted ESTs and corresponding alignments is
available at http://research.dfci.harvard.edu/
meyersonlab/compsub.html.

Note: Supplementary information is available on the Nature Genetics web site (http://
genetics.nature.com/supplementary_info/).
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