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ABSTRACT
Measures of genetic distance based on alignment methods are confined to studying sequences
that are conserved and identifiable in all organisms under study. A number of alignment-free
techniques based on either statistical linguistics or information theory have been developed to
overcome the limitations of alignment methods. We present a novel alignment-free approach
to measuring the similarity among genetic sequences that incorporates elements from both
word rank order-frequency statistics and information theory. We first validate this method
on the human influenza A viral genomes as well as on the human mitochondrial DNA
database. We then apply the method to study the origin of the SARS coronavirus. We find
that the majority of the SARS genome is most closely related to group 1 coronaviruses,
with smaller regions of matches to sequences from groups 2 and 3. The information based
similarity index provides a new tool to measure the similarity between datasets based on
their information content and may have a wide range of applications in the large-scale
analysis of genomic databases.
Key words: Shannon entropy, SARS coronavirus.

INTRODUCTION

G

enetic distance measures are indicators of similarity among species or populations and are useful
for reconstructing phylogenetic relationships (Graur and Li, 1999). Measures of genetic distance are
mainly derived from examining each pair of sequences aligned nucleotide-by-nucleotide and estimating
the number of substitutions. Since the mechanism of genome evolution relies not only on point-mutations
but recombination or horizontal gene transfer from other species, the heterogeneity of gene segments
will substantially degrade the accuracy of optimal sequence alignment methods, which are based on the
estimation of nucleotide substitution. Therefore, alignment methods are confined to studying sequences
that are conserved and identifiable in all organisms under study (Vinga and Almeida, 2003).
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An alternative approach is to develop alignment-free sequence comparison methods. Current alignmentfree sequence comparison methods can be classified into two categories (Vinga and Almeida, 2003):
information theory-based (Li et al., 2001) and word statistics-based measures (Campbell et al., 1999; Qi
et al., 2004; Chaudhuri and Das, 2002; Hao et al., 2003; Karlin and Burge, 1995; Qi et al., 2004; Stuart
et al., 2002). We have developed a new index adapted from linguistic analysis and information theory to
measure the similarity between symbolic sequences (Yang et al., 2003a, 2003b). Our approach is based
on the concept that the information content in any symbolic sequence is primarily determined by the
repetitive usage of its basic elements. The novelty of this information-based similarity index is that it
incorporates elements of both information-based and word statistics-based categories since the rank order
difference of each n-tuple (word statistics) is weighted by its information content using Shannon entropy
(information theory) (Shannon, 1948). Furthermore, the composition of these basic elements captures both
global information related to usage of repetitive elements in genetic sequences, as well as local sequence
order determined by the n-tuple nucleotides. Hence, our method provides a complementary approach to
overcoming limitations of alignment methods and is capable of exploring genetic sequences with heterogeneic origins. The resulting measurement has been validated with respect to generic information-carrying
symbolic sequences (Yang et al., 2003a, 2003b). Here we show the specific application of this method to
genomic sequences.

METHODS
We have recently developed and validated a generic information-based similarity index to quantify
the similarity between symbolic sequences. This method, which has been used for analysis of complex
physiologic signals (Yang et al., 2003a) and literary texts (Yang et al., 2003b), can be readily adapted to
genetic sequences by examining usages of n-tuple nucleotides (“words”). We first determine the frequencies
for each n-tuple by applying a sliding window (moving one nucleotide/step) across the entire genome, and
then rank each n-tuple according to its frequency in descending order. To compare the similarity between
genetic sequences, we plot the rank number of each n-tuple in the first sequence against that of the
second sequence. Figure 1 shows the comparison of 4-tuple nucleotide frequencies between the complete
mitochondrial genome of two human lineages and those of the human and gorilla. If two sequences
are similar in their rank order of n-tuples, the scattered points will be located near the diagonal line
(e.g., human versus human). Therefore, the average deviation of these scattered points away from the
diagonal line is a measure of the similarity index between these two sequences (Yang et al., 2003a, 2003b).

FIG. 1. Rank order comparison of 4-tuple nucleotides (DNA words) of complete mitochondrial DNA (mtDNA)
sequences for (a) two human lineages and (b) human and Gorilla gorilla. Words from the two human mtDNA
sequences fall close to the diagonal, indicating similar ranking in nucleotide usage. In contrast, the comparison map
of human versus gorilla mtDNA yields greater scatter of words around the diagonal. The pairwise distance matrix
of virus sequences is then determined (Equation (1)) and used to build a phylogenetic tree using standard distance
methods (Saitou and Nei, 1987; Fitch and Margoliash, 1967).
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We can define the similarity index (Dn ) using n-tuple nucleotides between two sequences, S1 and S2 , as
N

Dn (S1 , S2 ) =

1 
H1 (wk ) + H2 (wk )
|R1 (wk ) − R2 (wk )|
.
N
N −1

k=1
[H1 (wk ) + H2 (wk )]

(1)

k=1

Here R1 (wk ) and R2 (wk ) represent the rank of a specific n-tuple, wk , in sequences S1 and S2 , respectively, and N = 4n is the number of different n-tuple nucleotides. The absolute difference of ranks,
|R1 (wk ) − R2 (wk )|, is proportional to the euclidean distance from a given point to the diagonal line. This
term is then weighted by the sum of Shannon’s entropy H (Shannon, 1948) for wk in sequences S1 and S2 .
Shannon’s entropy measures the information richness of each n-tuple in both sequences. Thus, the more
frequently used n-tuples contribute more to measuring similarity among genetic sequences.
We note that this similarity measurement is an empirical index which does not fulfill the criteria of a
rigorous distance measure (Yang et al., 2004, 2003b). Therefore, the triangular inequality test is required
before generating a phylogenetic tree. When applied to the actual nucleotide sequences here, no violation
of the triangular inequality was observed. This similarity metric was then used to determine pairwise
distances among genetic sequences and to construct a phylogenetic tree (Felsenstein, 1993; Saitou and
Nei, 1987; Fitch and Margoliash, 1967).
To address the statistical reliability of the phylogenetic tree topology, we adapted the methodology of
bootstrap analysis (Felsenstein, 1985) and applied it to the information similarity index. Bootstrap analysis
is based on the creation of a series of surrogate datasets obtained by resampling the original dataset with
replacement. In the case of alignment methods, the surrogate datasets are obtained by resampling aligned
columns of nucleotides. To adapt the central concept of bootstrap analysis, we created surrogates by
resampling n-tuples from their original distribution in a given sequence. We then calculated the pairwise
similarity index between bootstrapped rank-order frequency lists and constructed the phylogenetic tree.
The bootstrapped values shown on branches represent the number of successful tests (i.e., those having
the same topology as the non-bootstrapped tree) for 1,000 repetitions of the bootstrap procedure.
To further investigate the effects of length of n-tuples on the tree topology, we constructed a mini-database
consisting of five known coronaviruses representing three groups. We then estimated the phylogenetic
trees based on different lengths of n-tuples (n = 3–6). Figure 2a shows the schematic illustration of three
established coronavirus groups. Figure 2b–e shows results of neighbor-joining phylogenetic trees based
on different lengths of n-tuples (n = 3–6). Bootstrapped values (number of successful tests in 1,000
experiments) are shown on the tree branches.
Qualitatively similar results are obtained for n in the range from 3 to 6. The tree with the highest
bootstrapped value is obtained by using 4-tuple words. Higher values of n require substantially longer
sequences (such that each n–tuple word will be sampled in a statistically meaningful way). As the possible
configurations of n-tuples increase exponentially with n, we found that for the coronavirus database (mean
sequence length: 29,069 ± 1,569 bp), n values greater than 6 reduce the reliability of the phylogenetic trees.

RESULTS AND DISCUSSION
We first validate the method on the human influenza A viral genomes (Fig. 3) and human mitochondrial
DNA database (Fig. 4). The results are comparable to previous reports (Buonagurio et al., 1986; Ingman
et al., 2000) addressing the phylogeny of these two databases. We then apply the method to address
the origin and classification of the newly identified coronavirus associated with severe acute respiratory
syndrome (SARS).

Phylogenetic analysis of the human influenza A virus nonstructural gene database
For initial validation of the information-based similarity index on genetic sequences, we apply this method
to the evolution of human influenza A virus from isolates of major outbreaks since 1933 (Buonagurio et al.,
1986; Levin et al., 2004). The gene coding for nonstructural (NS) proteins of human influenza A virus
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FIG. 2. Comparison of effect of different lengths of n-tuples on the topology and statistical significance of phylogenetic trees. Bootstrap values generated by testing 1,000 replicates of the dataset are shown on branches. (a) The
schematic illustration of three established coronavirus groups. Group 1 (G1): HCoV-229E and PEDV. Group 2 (G2):
BCoV and MHV. Group 3 (G3): IBV. (b–e) Results of neighbor-joining phylogenetic trees based on different lengths
of n-tuples (n = 3–6). Qualitatively similar results are obtained for n in the range of 3 to 6. The tree with the highest
bootstrapped value is obtained by using 4-tuple words.
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FIG. 3. Evolution of human influenza A virus nonstructural (NS) genes. (a) Phylogenetic tree of 16 human influenza A virus NS genes. The number in front of the geographical location indicates the year of the influenza
outbreak. Each virus isolate is coded by its hemagglutinin (H) and neuraminidase (N) serotype: H1N1 (solid line),
H2N2 (dashed line), and H3N2 (long-dashed line). Each NS gene was analyzed by the method described in the text
using 4-tuples as “words.” The tree structure is comparable to a prior alignment based study (Buonagurio et al., 1986)
showing a rapid and distinct evolutionary path of influenza virus spread during the past 60 years. Bootstrap values
generated by testing 100 replicates of the dataset are shown on branches. (b) Evolution of the NS gene of 16 human
influenza isolates. The graph shows a regression analysis of the year of isolation plotted against the branch length from
the common ancestor node at the main trunk of the phylogenetic tree. The figure shows two separated evolutionary
pathways (Buonagurio et al., 1986) with a linear correlation between the similarity index with respect to the year
of isolation. Furthermore, when analyzing isolates (filled circles) from the major branch of the phylogenetic tree, the
year of zero similarity index extrapolated by regression analysis is consistent with the proposed year in which genetic
material was introduced from the animal to the human influenza virus (Gammelin et al., 1990). An apparently distinct
evolutionary pathway consisting of four H1N1 influenza isolates (77/USSR, 80/Maryland, and 84/85/Houston) is also
shown (filled squares).
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has demonstrated a rapid and steady mutation rate, making it suitable for studying evolutionary patterns.
We collected 16 NS gene sequences which represent isolates from different regions over a span of 60
years (Buonagurio et al., 1986). Each sequence was analyzed by the information-based similarity index
using 4-tuples as “words.” The neighbor-joining phylogenetic tree is shown in Fig. 3a. By assigning the
WSN strain (1933) as the root, the tree shows a progressive evolutionary trend consistent with a previous
analysis (Buonagurio et al., 1986). Furthermore, the tree shows distinct evolutionary pathways after the
1947 outbreak. A group of H1N1 subtypes, including 1977 USSR, 1980 Maryland, and 1984/85 Houston
isolates, is closely related to the 1950 Fort Warren strain. The others evolved in a separate pathway and had
another major genetic shift in 1960 and 1972 which resulted in the H2N2 and H3N2 strains, respectively.
These findings are compatible with the consensus view of human influenza A virus evolution (Buonagurio
et al., 1986; Levin et al., 2004) and also confirm the unique epidemiology of the H1N1 virus isolated from
the USSR in 1977 (Buonagurio et al., 1986).
Since the similarity index proposed here is not based on the assumption that genetic sequences evolve
at a constant rate (“molecular clock model”) (Graur and Li, 1999), we further investigate the relationship
of our similarity measure with respect to the evolutionary time. We calculated the branch length of each
isolate from the common ancestor node of the phylogenetic tree shown in Fig. 3a, and plotted against
the year of isolation. Figure 3b shows regression analysis of two distinct evolutionary pathways which is
consistent with a prior study (Buonagurio et al., 1986). The similarity index of the branch length of each
isolate from the common ancestor node indeed linearly correlates with evolutionary time based on the year
of isolation. Furthermore, the year of zero similarity index extrapolated by regression analysis is consistent
with the proposed year in which genetic material was introduced from the animal to the human influenza
virus (Gammelin et al., 1990).

Phylogenetic analysis of the human mitochondrial DNA database
The second part of the validation involves the analysis of complete human mitochondrial DNA (mtDNA)
sequences (Cann et al., 1987; Horai et al., 1995; Ruvolo et al., 1993; Vigilant et al., 1991; Ingman et al.,
2000; Mishmar et al., 2003). Here we provide an independent analysis without sequence prealignment
based on 86 mtDNA sequences (see Appendix for accession numbers) (Ingman et al., 2000; Mishmar
et al., 2003). Each sequence was analyzed by the information-based similarity index using n-tuples as
“words” (n = 3–5). The neighbor-joining phylogenetic tree based on the information-based similarity
index is shown in Fig. 4 (n = 5). The branching order of each mtDNA sequence is comparable with prior
studies based on sequence alignment methods (Horai et al., 1995; Ruvolo et al., 1993; Vigilant et al.,
1991; Ingman et al., 2000). All of sub-Saharan African lineages are classified on the bottom of the tree
near the root, supporting the African origin of human evolution (Horai et al., 1995; Ruvolo et al., 1993;
Vigilant et al., 1991; Ingman et al., 2000). Furthermore, our classification scheme correctly classifies other
lineages according to their geographic distribution. For example, Mediterranean people, including Spanish,
Italian, and Moroccan lineages, are classified under the same branch and close to the branch of European
lineages.

Phylogenetic analysis of the SARS genome
The outbreak of SARS in 2003 has had a tremendous impact on worldwide health care systems (Lee
et al., 2003; Poutanen et al., 2003). A central question relevant to the prevention of the recurrence of
future SARS outbreak is to determine the virus’s origin. Several groups have contributed to identifying
and sequencing the complete genome of the newly recognized pathogen, SARS-associated coronavirus
(SARS-CoV) (Rota et al., 2003; Marra et al., 2003; Drosten et al., 2003; Peiris et al., 2003). A SARS-like

FIG. 4. The neighbor-joining phylogenetic tree (Saitou and Nei, 1987) based on complete mitochondrial DNA
sequences (mtDNA). Eighty-six human mtDNA sequences were available (see Appendix, accession number AF346963AF347015) (Ingman et al., 2000). We use 5-tuple (or five consecutive nucleotides) as “words.” The pairwise distance
matrix is calculated using the information-based similarity index. All of the sub-Saharan African lineages are classified
at the bottom of tree near the root, which is comparable to prior studies based on sequence alignment algorithms (Horai
et al., 1995; Ruvolo et al., 1993; Vigilant et al., 1991) supporting the African origin of human evolution. Bootstrap
values generated by testing 100 replicates of the dataset are shown on branches.
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FIG. 5. Neighbor-joining phylogenetic analysis (Saitou and Nei, 1987) of coronaviridae using an information-based
similarity index based on 4-tuple nucleotides as “RNA words.” (A comparable result is obtained by the Fitch-Margoliash
method (Fitch and Margoliash, 1967).) Bootstrap values generated by testing 1,000 replicates of the dataset are shown
on branches. (a) complete genomes; (b) spike glycoprotein; (c) membrane protein; and (d) nucleocapsid protein. SARSCoV (NC_00471) and SARS-like virus (AY304486) were compared to the following three major coronavirus groups.
Group 1 (G1): human coronavirus 229E (HCoV-229E); transmissible gastroenteritis virus (TGEV); porcine epidemic
diarrhea virus (PEDV); canine coronavirus (CCoV); feline infectious peritonitis virus (FCoV); porcine respiratory
coronavirus (PrCoV). Group 2 (G2): human coronavirus OC43 (HCoV-OC43); bovine coronavirus (BCoV); porcine
hemagglutinating encephalomyelitis virus (HEV); rat sialodacryoadenitis virus (RtCoV); murine hepatitis virus (MHV).
Group 3 (G3): avian infectious bronchitis virus (IBV). Comparable results are obtained using different lengths of n-tuple
words (n: 3–5 for the complete genome; n: 3–4 for structural protein genes).
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FIG. 6. Comparison of SARS-CoV with the entire genome of other known coronaviruses. The SARS genome is
decomposed into nonoverlapping 300 bp segments. Each segment is compared to entire genomes of known coronaviruses to find the best-fit sequence. Each segment is shown by the index of similarity where low values indicate
greater similarity to the most closely related coronavirus. To estimate the significance level of the similarity index,
we computed the similarity index of 105 pairs of randomly selected 300 bp segments from known coronaviruses.
We then determined the significance level by computing the 95 percentile rank value of the similarity index (0.165).
Only segments within a statistically significant level are color coded to their corresponding group. The white column
represents those sequences not significantly similar to any known group. We find that 30% of the entire genome is
dis-similar to any known groups. Of note, 41% of the entire SARS-CoV genome is related to group 1 coronaviruses,
while only 8% and 21% of the SARS genome are related to group 2 and 3 coronaviruses, respectively. Comparable
results are obtained by using a sliding window to decompose the SARS genome.

virus has also been isolated from wild animals such as the palm civet in southern China, indicating that
SARS-CoV may have originated from a previously unidentified animal coronavirus (Guan et al., 2003).
The relationship of the poorly conserved SARS genome to other coronaviruses, however, is still in question
(Vogel, 2003; Enserink and Normile, 2003; Enserink, 2003) since current studies are based on the small
portion of aligned sequences (Rota et al., 2003; Eickmann et al., 2003; Marra et al., 2003; Snijder, et al.,
2003; Stadler et al., 2003).
Our results based on analysis of available complete coronavirus genomes (Fig. 5a) have some notable
distinctions from these previous phylogenetic studies using sequence alignment (Rota et al., 2003; Eickmann et al., 2003; Marra et al., 2003; Stadler et al., 2003). In particular, our method indicates that the
SARS-CoV is not classified as a new group but is close to the group 1 coronaviruses. We further analyze the genes coding for structural proteins of SARS-CoV, including the spike glycoprotein (S), the
membrane glycoprotein (M), as well as the nucleocapsid protein (N). When examining the phylogeny

1112

YANG ET AL.
Table 1.

Homologies between SARS-CoV Genes Other Coronaviruses Using an
Information-Based Similarity Indexa

a Numbers indicate the similarity index between individual SARS-CoV genes and other coronaviruses (low value indicates greater
similarity). The values of the most closely related coronaviruses are in bold. Asterisks indicate a nonsignificant similarity index
(greater than 0.165). Nsp, nonstructral protein. RdRp, RNA-dependent RNA polymerase.

(Figs. 5b, 5c, and 5d) of these three genes, we find that all structural proteins consistently cluster with
two viruses: human coronavirus 229E (HCoV-229E) and porcine epidemic diarrhea virus (PEDV). This
finding also suggests that SARS-CoV and group 1 coronaviruses are closely related and are likely to share
a common ancestor.
Since the SARS genome likely has heterogeneous origins (Rota et al., 2003; Marra et al., 2003), analysis
based solely on the whole genome that mixes word distributions from these different sources may not
reveal details of segmentary origins. Therefore, we next systemically compare the similarity of individual
segments of SARS-CoV to representative coronaviruses from established groups, including HCoV-229E,
murine hepatitis virus (MHV), and avian infectious bronchitis virus (IBV). We first decompose the SARS
genome into nonoverlapping 300 bp segments. We then compare each segment to the entire genome of
other coronaviruses to find the best-fit sequences using the similarity index. Each segment is assigned to
the most closely related group (Fig. 6). Only those segments with similarity indexes within a statistically
significant range (see Fig. 6 caption) are color coded to the corresponding group. We find that 30% of
the entire genome is dissimilar to any known groups. Of note, 41% of the entire SARS-CoV genome is
related to group 1 coronaviruses, while only 8% and 21% of the SARS genome are related to group 2
and 3 coronaviruses, respectively. We test the consistency of the results using different segment lengths
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Top Ranked 4-Tuples of SARS-CoV Genome and Other Coronavirusesa

a Twenty top ranked 4-tuples of the entire genome of the SARS-CoV and other coronaviruses. We first determine the frequencies
for each 4-tuple by applying a sliding window (moving one nucleotide/step) across the entire genome and then rank each 4-tuple
according to its frequency in descending order. Four 4-tuple sequences (TGTT, TTGT, TTTG, and TTTT) shaded gray are common
to all viruses in the list. The number of 4-tuple sequences shared with the SARS-CoV (in bold) is higher in group 1 coronaviruses
than in other groups. Of interest, in contrast to other known coronaviruses, two 4-tuple sequences (TTTT and TTTG) are less frequent
than their complementary sequences (AAAA and CAAA) in the SARS-CoV genome, suggesting an evolutionary pattern that may
be related to replication mechanism.

(100, 500, and 1,000 bp). We find that the proportions of attributed origins from the three coronavirus
groups are consistent with the results using 300 bp segments.
We also observe that those segments with nonsignificant matches are associated with genes coding for
nonstructural proteins (Nsp) 1, 9, and 10, and for structural envelope (E) and N proteins (Table 1). This
finding is consistent with prior reports based on sequence alignment analysis (Rota et al., 2003; Marra
et al., 2003). However, other sequences including those coding for Nsp 3 and 12 and the S protein show
combined origins from other groups. For example, half of S1 domain of the S protein is partly related to
the MHV, whereas the remaining sequence is related to HCoV-229E.
Finally, we compare the rank order of specific 4-tuple sequences of the SARS genome with other known
coronaviruses (Table 2). Of interest, we find that two sequences—TTTT, and TTTG—are consistently in
the top six ranking “words” in non-SARS coronaviruses but in the 15th and 20th rankings in the SARS
genome, respectively. Further, in contrast to all other known coronaviruses, the frequencies of these two
words in the SARS genome are lower than their complementary sequences (AAAA and CAAA). Whether
this n-tuple “word” usage pattern is an incidental finding or is related to the viral evolutionary mechanism
remains to be determined.
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CONCLUSIONS
In summary, our information-based method provides a complementary approach to study the entire
genome as well as individual genes of the SARS coronavirus. The method was originally developed
for studying a wide range of symbolic sequences (Yang et al., 2003a, 2003b), and, therefore, assumes
minimal knowledge about sequence origin. The method is based on a simple assumption, namely, that
genetic sequences from different origins have a preference for certain n-tuples, which they use with higher
frequency. Using this method, we have revisited questions concerning the origin of SARS-CoV. Our findings
indicate the following key results: 1) the clustering of SARS-CoV, HCoV-229E, and PEDV suggests that
SARS-CoV shares a common ancestor with these two viruses which may have exchanged genetic material
at an earlier stage; 2) analysis of the entire SARS genome reveals that up to 30% of sequence cannot
be reliably attributed to any known coronavirus, in agreement with published studies; and 3) contrary to
previous reports (Rota et al., 2003; Marra et al., 2003; Eickmann et al., 2003; Snijder et al., 2003; Stadler
et al., 2003), the remainder of the SARS genome is closely related to group 1 coronaviruses, with smaller
intermixed segments from groups 2 and 3.
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APPENDIX
LIST OF ACCESSION NUMBERS

Coronavirus database
Avian Infectious Bronchitis Virus: NC_001451
Bovine Coronavirus: NC_003045
Canine Coronavirus: AF502583
Feline Infectious Peritonitis Virus: AB086904
Human Coronavirus 229E: NC_002645
Human Coronavirus OC43: M93390
Murine Hepatitis Virus: NC_001846
Porcine Epidemic Diarrhea Virus: NC_003436
Porcine Hemagglutinating Encephalomyelitis Virus: AY078417
Porcine Respiratory Coronavirus: Z24675
Rat Sialodacryoadenitis Virus: AF207551
SARS-CoV: NC_00471
SARS-like virus: AY304486
Transmissible Gastroenteritis Virus: NC_002306

Influenza database
33/WSN (H1N1): M12597
34/Puerto Rico (H1N1): J02150
42/Bellamy (H1N1): M12596
47/Fort Monmouth (H1N1): K00577
50/Fort Warren (H1N1): K0057
57/Denver (H1N1): M12592
60/Ann Arbor (H2N2): M12591
68/Berkeley (H2N2): M12590
72/Victoria (H3N2): AY210316
77/Alaska (H3N2): K01332
77/USSR (H1N1): K00578
80/Maryland (H1N1): M12595
84/Houston (H1N1): M12594
85/Houston (H1N1): M12593
85/Houston (H3N2): M17699
97/Hong Kong (H3N2): AF256183

Mitochondrial DNA database
Gorilla gorilla (Gorilla): X93347
Homo sapiens (Human): AF346963-AF347015
Pan troglodytes (Chimpanzee): X93335

