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A B S T R A C T   

Coronaviruses (especially SARS-CoV-2) are characterized by rapid mutation and wide spread. As these charac-
teristics easily lead to global pandemics, studying the evolutionary relationship between viruses is essential for 
clinical diagnosis. DNA sequencing has played an important role in evolutionary analysis. Recent alignment-free 
methods can overcome the problems of traditional alignment-based methods, which consume both time and 
space. This paper proposes a novel alignment-free method called the correlation coefficient feature vector 
(CCFV), which defines a correlation measure of the L-step delay of a nucleotide location from its location in the 
original DNA sequence. The numerical feature is a 16 × L-dimensional numerical vector describing the distri-
bution characteristics of the nucleotide positions in a DNA sequence. The proposed L-step delay correlation 
measure is interestingly related to some types of L + 1 spaced mers. Unlike traditional gene comparison, our 
method avoids the computational complexity of multiple sequence alignment, and hence improves the speed of 
sequence comparison. Our method is applied to evolutionary analysis of the common human viruses including 
SARS-CoV-2, Dengue virus, Hepatitis B virus, and human rhinovirus and achieves the same or even better results 
than alignment-based methods. Especially for SARS-CoV-2, our method also confirms that bats are potential 
intermediate hosts of SARS-CoV-2.   

1. Introduction 

The worldwide outbreak of the SARS-CoV-2 virus has necessitated a 
deeper understanding of the transmission path, evolutionary process, 
and other dynamics of viruses. Since the first appearance of novel 
pneumonia (COVID-19) in Wuhan, Hubei province, China, there has 
been a lot of discussion on the origin of the causative virus, SARS-CoV-2 
(Sironi et al., 2020). SARS-CoV-2 is the seventh coronavirus known to 
infect humans: SARS-CoV, MERS-CoV and SARS-CoV-2 can cause severe 
disease. Hepatitis B virus (HBV) is another infectious virus that can 
establish a persistent and chronic infection in humans through immune 
energy. In 2016, worldwide estimates suggest that 257 million people 
are chronically infected with the Hepatitis B virus (HBV). About 15% to 
25% of them may die from cirrhosis or liver cancer (Nelson et al., 2016). 
HBV is a partially double-stranded DNA virus and a member of the 
hepadnaviridae family. Dengue viruses can also spread to people via the 
bite of an infected Aedes species mosquito. About 40% of the world’s 
population living in areas with a risk of dengue (Tsang et al., 2019). 

Human rhinoviruses is one of the most common viruses in humans and is 
the predominant cause of the common cold. Sequence analysis is a 
popular and effective technique for studying these viruses, and genetic 
sequence comparison has become a crucial procedure in many modern 
biological techniques. 

Sequence comparison is traditionally performed by alignment-based 
methods. These methods often attempt to maximize an alignment score 
calculated as the sum of substitution scores minus gap penalties. The 
popular algorithms include Smith-Waterman, Needleman-Wunch, 
Muscle, etc (Edgar, 2004; Chookajorn, 2020). However, 
alignment-based methods are burdened by large memory and time 
consumption, and may be affected by high mutation and recombination 
rates (Vinga, 2014). These problems can be overcome by alignment-free 
methods, which are gaining attraction in biological fields. 
Alignment-free methods quantify sequence similarity/dissimilarity that 
does not use or produce alignment at any step of algorithm application. 
Since alignment-free methods do not rely on dynamic programming, 
they are computationally less expensive and therefore suitable for whole 
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genome comparisons. 
An alignment-free method called Subsequence Natural Vector (SNV) 

was proposed to subtyping HIV-1 genomes and achieved very high 
sensitivity and specificity (He et al., 2020). The alignment-free method 
Natural Vector has achieved very high accuracy in classification of vi-
ruses including Ebola, Zika and HBV, etc. (Li et al., 2017; Deng et al., 
2011). The Chaos Game Representation has succeeded in species clas-
sification (Joel, 1990; Randhawa et al., 2020b). A machine learning 
method combined with digital signal processing was used for rapid 
classification of novel pathogens especially SARS-CoV-2 (Randhawa 
et al., 2020a). Among the alignment-free approaches, k− mer methods 
based on the frequencies of subsequences of a defined length k were 
widely used in sequence analysis (Kurtz et al., 2008). A new method to 
compute k-mer frequencies and its application to annotate large repet-
itive plant genomes (Zielezinski et al., 2019; Bernard et al., 2019). Such 
as, feature frequency profiles (FFP) is one popular k-mer based method 
that considers the frequencies, positions, and other properties of a k 
bp-length substring in a genome (Wu et al., 2009), and recently a new 
method which is based on k-mer is proposed, this method can be 
effectively used for sequence comparison (Sarkar et al., 2021). 

This paper proposes a numerical feature vector that describes the 
nucleotide distribution of viral gene sequences. A DNA sequence is first 
mapped to four binary vectors, whose elements are assigned 0 or 1 
depending on the locations of the four nucleotides along the sequence. 
Second, these four vectors are processed by our proposed correlation 
coefficient feature vector (CCFV) method, which calculates the corre-
lation coefficient and auto-correlation coefficient of an L-step delay from 
the original sequence. Third, from 1 to L-steps, these correlation co-
efficients are compiled into a 42 × L-dimensional vector. This method 
represents a sequence by a low-dimensional numerical vector, which 
greatly improves the construction speed of phylogenetic tree. The sim-
ilarity between two viruses is then determined by the Euclidean distance 
between their 42 × L-dimensional vectors. Finally, a detailed evolu-
tionary tree is drawn by the unweighted pair group method with 
arithmetic mean (UPGMA). Our method is shown to obtain the correct 
evolutionary relationship. According to biological features of bat and 
the very close evolutionary relationship between bat-nCoV and SARS- 
CoV-2 as shown in the phylogenetic tree constructed by our method, 
we demonstrate that bats seem to be the natural reservoir of SARS-CoV-2 
causing the recent COVID-19 outbreak. 

2. Methods 

2.1. Location correlation coefficient 

Let S = s1s2 ⋯ N be a DNA sequence with si ∈ {A, C, G, T}. To obtain 

the important information of a nucleotide t, t ∈ {A, C, G, T} in the 
sequence, we first convert the sequence into a indicator vector as fol-
lows: Let Xt = (xt(1), xt(2), ⋅ , xt(N)), t ∈ {A, C, G, T}, where 

xt =

{
1, when si = t
0, else (1)  

We define a L-step delay numerical sequence Xt+L of Xt as: 

Xt+L = (xt(L + 1), xt(L + 2),⋯, xt(L + N)) (2)  

where xt(N + 1) = ⋯ = xt(l + N) = 0, especially, Xt = Xt+0. Then we 
define the average occurrence number of t ∈ {A, C, G, T} as: 

ft =
1
N
(xt(1) + xt(2) + ⋯ + xt(N)). (3)  

The L-step delay correlation of locations in nucleotide, ρtt(L), is defined 
as: 

ρtt(L) =
1
N

∑N

i=1
(xt(i) − ft)(xt+L(i) − ft), (4)  

Example: Given a sequence=“ACTGTGAGT”, we have N=9, and sup-
pose that L = 2 and t is A and T, respectively. Then: 

XA = 1 0 0 0 0 0 1 0 0;XT = 0 0 1 0 1 0 0 0 1;

XA+2 = 0 0 0 0 1 0 0 0 0;XT+2 = 1 0 1 0 0 0 1 0 0;

fA =
1
9
(xA(1) + xA(2) + ⋯ + xA(9)) =

1
9
(1 + 1) =

2
9
;

fT =
1
9
(xT(1) + xT(2) + ⋯ + xT(9)) =

1
9
(1 + 1 + 1) =

3
9
;

The detailed calculation process is shown in as shown in Fig. 1. 
Similarly, we define the correlation ρst(L) of nucleotides s and t in a 

sequence as follows: 

ρst(L) =
1
N

∑N

i=1
(xs(i) − fs)(xt+L(i) − ft) (5)  

To normalize the above correlation, we finally define the correlation 
coefficient τst(L) between nucleotides s and t as: 

τst(L) =
ρst(L)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρss(0) ∗ ρtt(0)
√ (6)  

The auto-correlation coefficient τtt(l) of nucleotide t itself is defined as 

Fig. 1. The process of calculating the Xt, Xt+2 and ft when t is A and T, respectively.  
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Fig. 2. UPGMA phylogenetic tree constructed from the nucleotide sequences of 80 complete coronavirus genomes (L = 5). MHV: murine hepatitis virus; PEDV: 
porcine epidemic diarrhea virus; TGEV: porcine transmissible gastroenteritis virus, SARS-CoV-2 and bat CoV RaTG13 are shown in bold and in red. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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the normalized auto-correlation: 

τtt(L) =
ρtt(L)
ρtt(0)

(7)  

Finally, we get a 16 × L feature vector of nucleotides called the corre-
lation coefficient feature vector (CCFV): 

(τAA(1), τAA(2),⋯, τAA(L), τAC(1), τAC(2),⋯, τAC(L),

τAG(1), τAG(2),⋯, τAG(L), τAT(1), τAT(2),⋯, τAT(L),

⋯⋯⋯⋯⋯, τTT(1), τTT(2),⋯, τTT(L)).

Fig. 3. UPGMA phylogenetic tree of 37 SARS-CoV-2 based on the Muscle method.  
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Fig. 4. UPGMA phylogenetic tree of 37 SARS-CoV-2 based on the correlation coefficient feature vector (CCFV) method with L = 5.  
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Therefore, if there’re n genomes, a n × (16 × L) matrix can be construct. 
Meanwhile, Euclidean distance is used to get the similarity matrix. 
Example: Continue with the example above, for sequence-
=“ACTGTGAGT”, we have N=9, and suppose that L = 2 and t is A and T, 
respectively. Then: 

ρAA(0) =
1
9
∑9

i=1
(xA(i) − fA)(xA(i) − fA) =

1
9
[(1 −

2
9
) × 2] =

14
81

;

ρAA(2) =
1
9
∑9

i=1
(xA(i) − fA)(xA+2(i) − fA)

=
1
9
[(1 −

2
9
) × (0 −

2
9
) × 2 + (0 −

2
9
) × (0 −

2
9
) × 6 + (0 −

2
9
) × (1 −

2
9
)]

= −
2
81

;

ρTT(0) =
1
9
∑9

i=1
(xT(i) − fT)(xT(i) − fT) =

1
9
[(1 −

3
9
) × 3] =

2
9
;

ρTT(2) =
1
9
∑9

i=1
(xT(i) − fT)(xT+2(i) − fT) =

1
9
[(0 −

3
9
) × (1 −

3
9
) × 2  

+(0 −
3
9
) × (0 −

3
9
) × 4 + (1 −

3
9
) × (1 −

3
9
) + (1 −

3
9
) × (0 −

3
9
) × 2] = 0;

ρAT(2) =
1
9
∑9

i=1
(xA(i) − fA)(xT+2(i) − fT)

=
1
9
[(1 −

2
9
) × (1 −

3
9
) × 2 + (0 −

2
9
) × (0 −

3
9
) × 6 + (0 −

2
9
) × (1 −

3
9
)]

=
4
27
;

τAA(2) =
ρAA(2)
ρAA(0)

=
1
7
; τTT(2) =

ρTT(2)
ρTT(0)

= 0; τAT(2) =
ρAT(2)̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρAA(0)
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅

ρTT(0)
√

=
2̅
̅̅
7

√ .

3. Results 

The SARS-CoV-2 datasets were derived from GISAID (https://www. 
gisaid.org/) and NCBI (https://www.ncbi.nlm.nih.gov/). The Dengue 
virus, Hepatitis B virus (HBV) and Human rhinovirus virus (HRV) 
datasets were from NCBI. Our CCFV method was applied to the evolu-
tionary analysis for these viruses. L was determined as 5 in all datasets. 

Fig. 5. UPGMA phylogenetic tree of 330 Dengue viruses based on the 
NV method. 

Fig. 6. UPGMA phylogenetic tree of 330 Dengue viruses based on the CCFV 
method with L = 5. 
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Computations were performed on a personal computer with an Intel 
Core i5-10210U CPU @ 1.60 GHz and 16 GB RAM. 

3.1. SARS-CoV-2 

China’s first COVID-19 outbreak in Wuhan, Hubei Province, was 
reported in late 2019. The virus can cause severe pneumonia and has 
become a major global health threat (Chang et al., 2020; Benvenuto 
et al., 2020). The COVID-19 virus has been officially termed as 
SARS-CoV-2. The clinical symptoms of COVID-19 infection include (but 
are not limited to) dyspnea, fever, pneumonia, and renal failure. The 
SARS-CoV-2 virus rapidly mutates, has strong transmission ability, and 
produces similar symptoms to influenza. For these reasons, COVID-19 is 
difficult to control and diagnose. For example, COVID-19 recurred in 

Beijing’s Xinfadi Market in July of 2020. As of August 29 2021, more 
than 216 million cases have been diagnosed and 4.4 million deaths have 
been reported worldwide, and the data continue to rise according to 
Johns Hopkins Coronavirus Resource Center (CRC) (https://coronaviru 
s.jhu.edu/map.html). 

3.1.1. Coronaviruses 
According to epidemiological investigation and gene sequence 

comparisons, SARS-CoV-2 is 87.5% similar to Bat-SL-CoVZC45 and 
87.6% similar to Bat-SL-CoVZXC21. Both variants are coronaviruses 
found in bats. Previous studies have shown that SARS-CoV-2 infection is 
transmitted by an intermediate host (bats or the civet Paguma larvata) 
before mutating and spreading among humans (Zhou et al., 2020; Zhu 
et al., 2020). In the present study, 80 whole genomes of coronaviruses 

Fig. 7. UPGMA phylogenetic tree of 152 HBVs based on the CCFV method with L = 5.  
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were sourced from the GISAID and NCBI databases. The phylogenetic 
tree built from our CCFV using the UPGMA method is given in Fig. 2. 
Among the 73 BetaCoV and 7 AlphaCoV, 5 SARS-CoV-2 from Wuhan and 
the bat coronavirus BatCoV RaTG13 belong to sister branches (red 
branches in Fig. 2), indicating maximum similarity among these 6 ge-
nomes. (Zhou et al., 2020) found that SARS-CoV-2 in early patient 
samples shared 96.2% sequence identity with bat-coronavirus (bat-n-
CoV) RaTG13 at the whole-genome level. In their phylogenetic tree 
obtained by sequence homology comparison, seven SARS-CoV-2 viruses 
from seven patients clustered together with bat-coronavirus (bat-nCoV) 
RaTG1 (Zhou et al., 2020). According to biological features of bat and 
the high identity sequence between bat-nCoV and SARS-CoV-2 demon-
strated by a lot of additional research, bats are considered as the natural 
reservoir of SARS-CoV-2 (Wu et al., 2020). In our phylogenetic tree, the 

5 SARS-CoV-2 viruses from Wuhan cluster with RaTG13 as well. Thus 
we conclude that bats seems to be the natural reservoir of SARS-CoV-2 
by our method. 

3.1.2. SARS-CoV-2 variant 
With the emergence of SARS-CoV-2 mutants, people began to pay 

attention to its variants. On the one hand, for the development of vac-
cine, on the other hand, it can provide beneficial help for clinic. GISAID 
divided SARS-CoV-2 into nine clades: S, O, L, V, G, GH, GR, GV, and 
GRY. The S and L clades were around at the beginning of the pandemic. 
But then later there were other variants. 

We obtain 37 SARS-CoV-2 genomes from GISAID which include nine 
different clades. Using Muscle method, O,S,GR,SH are mixed with other 
clades, see Fig. 3. The variant of SARS-CoV-2 usually contain only a few 

Fig. 8. UPGMA phylogenetic tree of 152 HBVs based on Muscle method.  
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mutations, the model-based algorithm can not identify difference of 
variants in many cases. Our technique consider location correlation 
coefficient of the different nucleotide and achieve the better result 
shown in Fig. 4. 

3.2. Dengue virus 

DENV is transmitted to humans through the bite of an infected 
mosquito of the Aedes genus. Dengue fever infects humans in more than 
100 countries worldwide (https://www.cdc.gov/dengue/about/index. 
html) (Sirisena and Noordeen, 2014). Approximately three billion peo-
ple are at risk of contracting DENV, and 400 million people are infected 
with the virus each year. Huma infection is caused by four serotypes 
called DENV 1, 2, 3, and 4 (Tsang et al., 2019). Therefore, research on 
this virus is urgently demanded. To predict the serotypes of an unknown 
virus, the evolutionary analysis of this virus should be performed. The 
phylogenetic trees constructed from the genomes of 330 Dengue viruses 
by NV and our CCFV method are presented in Figs. 5 and 6, respectively. 
The viruses are correctly placed into four types, but the type 3 doesn’t 
come together by the NV method. Our method obviously outperformed 

Table 1 
Running time for Muscle, and CCFV method. “s”: seconds; “min”: minute.  

Method Muscle CCFV 

HBV (152) 11 min 0.93 s 
Dengue (330) Larger than 30 min 4.92 s 
HRV (116) Larger than 30 min 1.2 s  

Fig. 9. UPGMA phylogenetic tree of 116 HRVs based on the CCFV method with L = 5.  
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Fig. 10. UPGMA phylogenetic tree of 59 bacteria genome sequences based on the CCFV method with L = 5.  
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the NV method in prediction accuracy. 

3.3. Hepatitis B virus 

The HBV causes a persistent chronic infection in immunocompro-
mised humans (Lazarus et al., 2018). The HBV includes ten genotypes 
assigned A-J (Yuen et al., 2018; Juliette et al., 2013). Therefore, the 
rapid and accurate identification of HBV genotypes is a significant goal 
in clinical diagnosis. Here, we performed an evolutionary analysis of 
152 complete HBV genomes extracted from the Hepatitis B virus Data-
base (HBVdb). The phylogenetic tree by our CCFV method are shown in 
Fig. 7. CCFV clearly assigned each genotype to a correct branch. As 
comparison, the UPGMA trees built by the currently popular alignment 
method Muscle are shown in Fig. 8. Both methods give the same result, 
however, CCFV is much faster than Muscle, see Table 1. This result 
demonstrates that the CCFV is superior than Muscle in terms of runtime. 

3.4. Human rhinovirus 

Human rhinovirus (HRV) was first isolated in the 1950s from naso-
pharyngeal secretions of patients with the common cold. HRV belongs to 
the Picornaviridae family and genus Enterovirus. Past studies have 
shown that HRV consists of three genetically distinct groups: HRV-A, 
HRV-B, and HRV-C. In a previous study (Palmenberg et al., 2009), 116 
complete genomes including 113 HRV and 3 outgroup HEV-C genomes 
were studied. The result for the 116 genomes based on CCFV is shown in 
Fig. 9. The result based our technique is the same as the result in the 
previous study. However, our running time is only 1.20 seconds and the 
running time in the previous paper is very high because of usage of 
multiple sequence alignment for building the phylogenetic tree. 

4. Discussion and conclusion 

The proposed CCFV method maps a DNA sequence to four binary 
vectors, then determines the correlation coefficient and auto-correlation 
coefficient of an k step delay from the original sequence. The correlation 
coefficients after delaying the sequence by 1 to L steps are concatenated 
into a (16 × L)-dimensional vector. Describing each DNA sequence in 
this vector form, we measured the similarity between two sequences by 
calculating the Euclidean distance between the vectors representing 
those sequences. Using the UPGMA method, we finally constructed the 
phylogenetic trees of the genomes contained in two SARS-CoV-2 data-
sets, a DENV dataset, and a HBV dataset. Our method clustered together 
five SARS-CoV-2 variants from Wuhan. Moreover, this group formed 
two adjacent branches with the bat coronavirus suggesting that bats are 
an natural reservoir of SARS-CoV-2. The CCEV successfully established 

the evolutionary relationships for viruses SARS-CoV-2, DENV, HBV and 
HRV. In addition, we derive some interesting formulas to approximate 
the proposed correlation/auto-correlation coefficient. These formulas 
indicate the L step delay correlation coefficient is directly proportional 
to the frequency of some types of spaced L + 1-mers. We compare the 
approximate correlation coefficient with the true correlation coefficient 
in all datasets. The approximate error is very small and may be 
ignorable. 

To illustrate the effectiveness of our approach for larger genomes, we 
collect 59 bacterial genomes with length ranging from 0.8 to 5 million 
bp. Then we build a phylogenetic tree by the CCFV technique. As shown 
in Fig. 10, these bacterial genomes are separated into 14 families which 
are clearly separated from each other. 

For genome sequence S, NV method consider the number, the mean 
position and the mean position of nucleotide α ∈ A, C, G, T in S. For each 
nucleotide, our method considers not only the correlation of appearance 
of nucleotides, but also the correlation due to L-steps delay. Thus the NV 
method only contains the distribution of single nucleotide, but ignores 
the correlation of nucleotides. Therefore, we can extract more infor-
mation of nucleotides in a genome. 

Our correlation coefficient measure has some limitations as well. 
First, the defined delay step number L is a variable parameter, which 
must be determined in multiple trial-and-error tests. Second, some vi-
ruses in the same region do not form a branch in the evolutionary tree by 
our method, possibly because they have mutated from viruses in other 
regions, or the dimension of the numerical vector is insufficiently high to 
capture the information loss. These problems should be investigated in 
further study. 
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Appendix 

A.1. Location correlation coefficient approximate formula 

That is: 

ρtt(0) =
1
N

∑N

i=1
(xt(i) − ft)(xt(i) − ft)

=
1
N

∑N

i=1
x2

t (i) − f 2
t

=
1
N

∑N

i=1
xt(i) − f 2

t

= ft − f 2
t

(8) 

According to definition of the auto-correlation ρtt(L) of nucleotide t, we obtain 

L. He et al.                                                                                                                                                                                                                                       
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ρtt(L) =
1
N

∑N

i=1
(xt(i) − ft)(xt+L(i) − ft)

=
1
N

∑N

i=1
xt(i)xt+L(i) − f 2

t +
1
N

∑L

i=1
xt(i) ∗ ft.

When L = 1, 
∑N

i=1xt(i) ∗ xt+L(i) =
∑N

i=1xt(i) ∗ xt+L(i), and the following relationship holds: 

xt(i) ∗ xt+L(i) =
{

1, when xt(i) = 1 = xt+L(i)
0, else  

In this case, the value of 
∑N

i=1xt(i) ∗ xt+L(i) represents the number of “tt” (2-mer) present. For general L, the value of 
∑N

i=1xt(i) ∗ xt+L(i) represents the 
number of “t * ⋯ * t” Lþ1-mer present, denoted as nt*⋯*t. Here each t * ⋯ * t-mer has identical head and tail nucleotide t separated by L-1 unde-
termined nucleotides. In some studies, this kind of k-mer is called spaced k-mer. 

Let nt(L) be the number of t occurrences in the first L locations of a DNA sequence. Then 

ρtt(L) =
1
N

∑N

i=1
xt(i)xt+L(i) − f 2

t +
1
N

∑L

i=1
xt(i) ∗ ft

=
nt∗⋯∗t

N
− f 2

t +
nt(L)

N
∗ ft.

(9)  

Note that nt(L)
N is less than LN. Since L is very small and the genome length N is very large, for example in this paper L = 5 and N is more than 10000, the 

last term is ignorable. Therefore the approximate formula for ρtt(L) is as follows: 

ρtt(L) ≈
1
N

∑N

i=1
xt(i)xt+L(i) − f 2

t

=
nt∗⋯∗t

N
− f 2

t .

(10)  

The ρst(L) can be approximated as: 

ρst(L) ≈
1
N

∑N

i=1
xs(i)xt+L(i) − fs ∗ ft

=
ns∗⋯∗t

N
− fs ∗ ft.

(11)  

The l-step delay correlation coefficient τst(L) can be approximated as: 

τst(L) =
ρst(L)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρss(0)ρtt(0)
√

≈

ns∗⋯∗t

N
− fs ∗ ft

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fs(1 − fs) ∗ ft(1 − ft)

√ .

(12)  

The auto-correlation coefficient τtt(L) of nucleotide t can be approximated as: 

τtt(L) ≈
nt∗⋯∗t

N − f 2
t

ft(1 − ft)
. (13)  

According to above approximate formulas, we can see that the proposed correlation coefficient is directly proportional to the ratio ns∗⋯∗t
N , which is the 

frequency of spaced L + 1-mer s * ⋯ * t in a sequence. 
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