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ABSTRACT

The comparison of DNA sequences is of great significance in genomics analysis. Although
the traditional multiple sequence alignment (MSA) method is popularly used for evolu-
tionary analysis, optimally aligning k sequences becomes computationally intractable when
k increases due to the intrinsic computational complexity of MSA. Despite numerous k-mer
alignment-free methods being proposed, the existing k-mer alignment-free methods may not
truly capture the contextual structures of the sequences. In this study, we present a novel k-
mer contextual alignment-free method (called kmer2vec), in which the sequence k-mers are
semantically embedded to word2vec vectors, an essential technique in natural language
processing. Consequently, the method converts each DNA/RNA sequence into a point in the
word2vec high-dimensional space and compares DNA sequences in the space. Because
the word2vec vectors are trained from the contextual relationship of k-mers in the genomes,
the method may extract valuable structural information from the sequences and reflect the
relationship among them properly. The proposed method is optimized on the parameters
from word2vec training and verified in the phylogenetic analysis of large whole genomes,
including coronavirus and bacterial genomes. The results demonstrate the effectiveness of
the method on phylogenetic tree construction and species clustering. The method running
speed is much faster than that of the MSA method, especially the phylogenetic relationships
constructed by the kmer2vec method are more accurate than the conventional k-mer
alignment-free method. Therefore, this approach can provide new perspectives for phy-
logeny and evolution and make it possible to analyze large genomes. In addition, we discuss
special parameterization in the k-mer word2vec embedding construction. An effective tool
for rapid SARS-CoV-2 typing can also be derived when combining kmer2vec with clustering
methods.
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1. INTRODUCTION

NA SEQUENCE COMPARISON is fundamental in bioinformatics, for example, phylogenetic analysis, species
clustering, and homologous gene searching. DNA sequence comparison can be performed by alignment
methods and alignment-free methods. Generally, multiple sequence alignment (MSA) method is accurate in
sequence comparison, such as Clustal W (Thompson et al., 1994), multiple sequence alignment based on fast
Fourier transform (MAFFT) (Katoh et al., 2002), and multiple sequence comparison by log-expectation
(MUSCLE) (Edgar, 2004). However, MSA has a computational challenge when analyzing large and long se-
quence datasets. In recent years, alignment-free methods have developed rapidly, such as Feature Frequency
Profile (k-mer) method (Sims et al., 2009), the k-mismatch average common substring (kmacs) method (Leimeister
and Morgenstern, 2014), and Natural Vector method (Deng et al., 2011). The alignment-free methods transform
biological sequences into numerical representations and then analyze them quantitatively; therefore, alignment-
free methods can greatly improve the speed of sequence comparison and especially interpret sequence information.
The k-mer method is one of the best developed among alignment-free methods and it is used and
improved by Blaisdell (1986), Wu et al. (1997), and Kantorovitz et al. (2007) among others. It has a large
number of advantages and is widely used in genomics analysis. However, there are also some uncertainties
in the traditional k-mer method. For example, the traditional k-mer method only counts the number and
frequency of different k-mers and loses k-mer context relationship in a sequence.

Biological sequences can be regarded as an article and each k-mer is equivalent to a word in the article.
Therefore, natural language processing (NLP) techniques can be used for processing biological sequences.
In NLP, word2vec is the state-of-the-art method to embed a word into a numerical vector (Mikolov et al.,
2013a,b). Word2vec gives specific vector representations to different words according to context infor-
mation in a text corpus. Importantly, similar words with semantics have similar vector representations in
word2vec embedding. Using the word2vec method for training, we can get the vector representations of
different k-mers, and then we can study the relationship among biological sequences.

Word2vec method has been used to study protein sequences and has achieved good results in protein
classification and disordered protein research (Asgari and Mofrad, 2015). In addition, it has also been used
to analyze DNA sequences as dna2vec, which focuses on the relationship between summing of dna2vec
vectors and nucleotides concatenation (Ng, 2017).

In this study, we propose a new alignment-free method based on word2vec embedding of k-mers in DNA
sequences, focusing on phylogenetic analysis and species clustering, different from the application of
dna2vec. The method is named as kmer2vec. The kmer2vec can truly reflect the original information and
capture the k-mer contexts in the sequences. We also seek out appropriate parameters or strategies of the
overall method construction process through control experiments. The test results show that kmer2vec
performs well on coronavirus phylogeny, influenza virus clustering, and bacterial genomes clustering.

In addition, when combining kmer2vec with k-means methods, an effective tool for coronavirus typing
can be derived, which also has an important role in the resolution of the coronavirus problem in today’s
world. Therefore, this method can provide new insights for the study of phylogeny and evolution, and make
the comparison between large genomes possible. In addition, some interesting phenomena are also found in
the process of constructing the method, which can be explained by biological theories.

2. METHODS

A genome and DNA sequence can be considered as text documents, and the k-mers of a DNA sequence
are words. Accordingly, we may use word embedding in NLP to numerically represent the k-mers in the
DNA sequence. The k-mer embedding method of a DNA sequence is at the k-mer layer and sequence layer.
Section 2 describes the transforming sequences in the two embedding layers.

2.1. word2vec word embedding

The word2vec method, proposed by Google (Mikolov et al., 2013a,b), embeds words into meaningful
high-dimensional numerical vectors. The basic principle of the word2vec embedding is that words with
similar contexts have similar semantics. Through the shallow neural network training on large text data, the
word2vec method generates word embedding vectors in the hidden layer of the neural network. The
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architecture of the neural network includes the continuous bag-of-word (CBOW) model or the skip-gram
model. In the training process, CBOW mainly predicts the word from the context words, while skip-gram
mainly predicts the context words through a certain word. In the training process, the vector representation
of each word is affected by its context vocabulary. If the context vocabulary of the two words is similar, the
word vectors of the two words will also be similar. In this study, we use the open-source Gensim library
(Rehifek and Sojka, 2010) for training word2vec.

2.2. DNA sequence comparison using the k-mer word2vec vectors

We propose the following overall construction process of the genome comparison method, named
kmer2vec method (Fig. 1).

(1) Divide the training DNA sequences into a series of k-mers words. (2) Use the word2vec method to
train the k-mer word2vec vectors. (3) Divide the sequences under study into a series of k-mer words, note
that if a k-mer of the DNA sequences under study does not appear in the training dataset, its vector contains
all zeros. (4) Take the average and variance of all the k-mer word vectors of each sequence to form the
sequence vector. (5) Calculate the pairwise distance of the corresponding sequence vectors to quantify the
difference among the sequences.

2.3. Optimization of method parameters and strategies

The optimal results of the kmer2vec method depend heavily on parameters or strategies of constructing
the method. The parameters and strategies in the kmer2vec method are studied and selected as a stable
procedure as follows.

1. Training dataset: Both the size and the species source of the training dataset may affect the final
comparison result. When comparing DNA sequences, the candidate sequences shall be included in the
word2vec training.

2. k-mer: Different k values are likely to lead to different results. According to result of the method
optimization, the optimal k value is 4.

3. Division method of overlapping/nonoverlapping: When dividing sequences into k-mers, either
overlapping or nonoverlapping can be selected. Given a DNA sequence, for example, AGGTAACAA
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training: study:
Seq(a):ATTCTC... same or not Seq(1):ATGGGC...
Seq(b):ATGCCC... Seq(2):ATTTCG...
divided divided
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word2vec FIG. 1. The overall construction process of the
training kmer2vec method.
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(n=9, length), using overlapping division, it can be decomposed into (n — k+ 1) k-mers (k=3), AGG
GGT GTA TAA AAC ACA CAA. After a k-mer is taken, the starting position changes from i to i + 1
(i is the present position), and then the next k-mer will be taken. If the nonoverlapping method is used,
the sequence is divided into AGG TAA CAA, a total of [n/k] k-mers, where “‘[]”’ means rounding to
an integer. After a k-mer is taken, the starting position changes from i to i + k and then we can take
another k-mer. If k=4, the sequence is then divided into two 4-mers: AGGT AACA. Note that if the
number of the last remaining bases is less than k, the incomplete k-mer is excluded.

4. Parameters of word2vec model training: The following parameters are changed to adapt to our
research. The first parameter (min count) is the minimum number of occurrences of a word. If a word
appears few times, it may be misspelled, and it could be ignored in training. However, k-mers do not
have spelling mistakes, and the smaller the ‘““min count” is, the more likely it is that the training
dataset contains all the k-mers from the nucleic acid sequences to be studied. Therefore, here, we set
the ““min count™ to 1, although its default value is 5. The second parameter is “‘sg’’: Its default value
is 0, which means the CBOW algorithm is used.

From the research of Mikolov et al. (2013a), when using the skip-gram algorithm, the training speed is relatively
slow, but the accuracy of the trained word vectors is relatively high. According to our datasets, we choose the skip-
gram algorithm here, that is, let “‘sg”” = 1. In particular, according to previous studies, the parameter *‘vector size”
in general datasets has little effect on the accuracy of word vectors. After a simple attempt, it is found that the
training results of 100-, 200-, and 300-dimensional vectors have no significant difference.

From our result analysis, a 100-dimensional vector is sufficient for training, so we choose the default
100-dimensional vectors. In addition, it should be noted that there is a very important parameter in the
selection of training parameters that may have a great impact on the results, that is, the ““window size,”
which indicates how to use the information of the text context. We mainly focus on the ‘““window size’” in
the training parameters of the word2vec model.

5. Numerical representation of a DNA sequence by its kmer2vec vectors: After obtaining the k-mer
word vectors of a sequence, to further represent the sentence with these k-mer vectors, we directly
take the average of each vector to construct a 100-dimensional vector, or combine the average
and the variance of k-mer vectors as a 200-dimensional vector. If a DNA sequence can be di-
vided into n k-mers of m—dimensional, the kmer2vec vectors of the sequence are as follows:
V1= (X11X1250 -0 X1m)sV2 = (X21,X025- - o X2m) 5o o5 - Ve = (Xnl s Xn2s- - osXnm). L€t Vo= (Xa1,Xa2,-..»Xam) be  the
average of the k-mer [Eq. (1)].

1 n
ai = — ji > 1 <i< 1
X ”12:1 X i<m ()
Let v, =(x,1,%2,...,Xy,) be the variance of the k-mer vectors [Eq. (2)].

l n )
i = — i—Xa), 1 <i< 2
X ”J-:ZI(XJ Xai) i<m 2)

Therefore, when choosing the average of vectors to construct a 100-dimensional vector, the sequence
vector is vigp = (X41,Xa25- - - »Xq100)- However, when choosing taking the average and the variance of vectors to
construct a 200-dimensional vector, the sequence vector is vagg = (X41:Xa2s- - - 2Xa1005Xp1sXp25- - - sXp100)-

6. Distance metrics: To compare DNA sequences, we measure the distance between the corresponding
vectors to indicate the difference between the sequences. We mainly investigate the pros and cons
between commonly used distance metrics: the cosine distance and the Euclidean distance in com-
paring the sequence vectors.

The reasons why we choose the two distance metrics are as follows. First, the reason for choosing
Euclidean distance is that it is the most intuitive and widely used distance formula for the calculation. Its
effectiveness has been demonstrated in a lot of important application areas, for example, clustering
problems (Madhulatha, 2012). In addition, Euclidean distance is thought as the primary metric in many
specific methods such as K-means algorithm (Hartigan and Wong, 1979), Natural Vector method (Deng
et al., 2011), and so on. As a result, in our method, we take Euclidean distance into consideration. Second,
the reason for choosing cosine distance is related to word2vec. In the word2vec model, the similarity between
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word vectors is often measured by cosine similarity such as the Gensim library (Rehtfek and Sojka, 2010).
Correspondence with, we also choose cosine distance as a possibly more appropriate distance formula.

For two vectors: vi=(x11,X12,....X11),V2 = (X21,X22,...,X2,), the cosine distance between them is described
in Equation (3).

Z X1iX2i
. . Vi-V2 i=1
distance(cosine)=1—cos(0)=1 =1- 3)

|V1 ||V2‘ n n
Z X1iX1i Z X2iX2i
i=1 i=1
where 0 is the angle formed by the two vectors.

The Euclidean distance between two vectors is defined in Equation (4).
distance(Euclidean) = Z (1 = x2:)? @)
V i=1

The genome datasets for method construction used in this study are dataset 1 (whole genomes of 16
coronaviruses for phylogenetic analysis, about 500 kb), dataset 2 (whole genomes of the 16 coronaviruses
and some other coronaviruses in National Center for Biotechnology Information [NCBI], about 2.5 Mb),
and dataset 3 (whole genomes of the 16 coronaviruses for phylogenetic analysis and the sequence of
Streptococcus agalactiae strain NGBS128 chromosome, about 2.5 Mb).

The species clustering test datasets used in this study are bacterial genome dataset and influenza virus
neuraminidase (NA) gene dataset.

The genome GenBank/GISAID access numbers of the datasets are provided in the Supplementary Materials.

What’s more, to further demonstrate the universality of the method in a larger scale, we use 18,698 sequences
of SARS-CoV-2, which contains 8456 early sequences, 9250 Delta mutants and 992 Omicron mutants.

2.4. Data source

2.5. IRB waiver statement

This study does not collect animal samples and patient information, and therefore the IRB approval is not
required.

3. RESULTS

To investigate the stability of the method and determine the optimal parameters or strategies in the
method construction process, we use 16 coronavirus genomes in the test study. Because the phylogenetic
tree of the 16 coronavirus genomes obtained by the MSA MUSCLE method conforms to biological
properties, the phylogenetic trees constructed by kmer2vec under different parameters or strategies are
compared with the MSA phylogenetic tree to determine the suitable parameter or strategy combination. The
accuracy is measured by the Pearson correlation coefficient (PCC) (Lee Rodgers and Nicewander, 1988) of
the two genetic distance matrices obtained by our kmer2vec method and the MSA MUSCLE method. The
higher the PCC is, the more similar the two genetic distance matrices are.

Because the number of combinations of parameters or strategies is large, it is impractical to test all
parameter combinations. In addition, the mutual influence among different parameters or strategies can be
small, it is also unnecessary to conduct all the experiments. We mainly use the following ways to study
according to the order of logic or importance, the influence of the parameters or strategies on the method
effect is studied one by one. In the overall exploring process, we mainly adopt the method of control
experiments. When studying a certain parameter or strategy, randomly determine several groups of other
parameters or strategies, and then change the parameter or strategy to be studied to determine how to
choose. After a certain parameter or strategy is determined, the determined parameter value or strategy
selection is used when studying other parameters or strategies.

3.1. Process and results of exploring appropriate parameters or strategies

3.1.1. Verifying training stability. Because the initialization of the word vectors in each training
is determined by random seeds in the word2vec model, we first verify the stability of each training with the same
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parameter combination. Five groups of combinations of parameters or strategies are randomly determined,
followed by three training. Each training seeks a pairwise distance matrix of the word vectors of different k-mers.
Then, we compared the PCC between the two and two of the three distance matrices to verify the stability of the
word vectors formed by each training (Table 1). Three more pieces of training and subsequent calculations are then
carried out to verify the stability of the tree results by inspecting the PCC between the genetic distance matrix
obtained by our method and the genetic distance matrix obtained by MSA MUSCLE method (Table 2).

Under the five randomly selected parameter or strategy combinations, PCCs of k-mer distance matrices
are all above 0.85, and most of them are above 0.95, which means that the word vectors obtained in each
training are strongly correlated and very stable. Table 2 shows that for each combination of the test, the
final accuracy difference of the three pieces of training is within 0.01. The final result of each training is
very stable as well. In particular, from subsequent trials, we find that occasionally the difference of the
results is greater than 0.01. However, it occurs very few times and the impact on the final tree or clustering
results is negligible. So it does not influence the overall stability of training. In general, this experiment
verifies the stability of each training under the same parameter or strategy combination and lays the
foundation for the subsequent construction of this method.

3.1.2. Determining the window size. Since the word2vec model training is the core part of the
method, we first determine the parameters of the word2vec model. To investigate the impact of window
size on the method accuracy, we select six window sizes: 5, 6, 12, 18, 24, and 30. Among them, the default
value is 5 and other window sizes are multiples of 3 to better explore its biology significance. We determine
the optimal window size as follows: First, randomly determine five groups of combinations of parameters
or strategies, and change the value of window size in each group to obtain the genetic distance matrices.
After that, we can compare the PCCs between each genetic distance matrix obtained by our method and the
matrix obtained by the MSA MUSCLE method (Fig. 2).

Moreover, Table 2 shows that although the results of each training under the same parameter or strategy
combination are stable, there are still very small differences. Therefore, the PCCs obtained here are the
median of three pieces of training. Moreover, PCCs obtained in our other trials below are all the median of
three pieces of training and we will not repeat the instruction.

The results show that in most cases, when the value of window size is 24, the correlation coefficient
reaches the highest value. Although the differences of each training, other parameters or strategies, and
other factors may have an impact on it, in general, it is more appropriate to set the window size to 24.

3.1.3. Determining overlapping/nonoverlapping. The k-mer segmentation in DNA sequences has

a significant impact on the accuracy of the method. After determining the parameters of the word2vec
model, we explore the choice of two segmentation approaches, overlapping/nonoverlapping. We determine

TABLE 1. PEARSON CORRELATION COEFFICIENT RESULTS OF THE FIRST THREE PIECES OF TRAINING

PCC of k-mer PCC of k-mer PCC of k-mer
distance distance distance
Cases of parameter combination matrices (1-2) matrices (1-3) matrices (2-3)
Dataset 1; k=3; overlapping; window =5; 0.9664 0.9731 0.9692
average+variance; Euclidean
Dataset 2; k=3; overlapping; window =18; 0.9532 0.9550 0.9988
average+variance; Euclidean
Dataset 2; k=4; non-overlapping; 0.9795 0.8607 0.8663
window =24; average; cosine
Dataset 1; k=5; overlapping; window =24; 0.9749 0.9733 0.9756
average+variance; Euclidean
Dataset 3; k=5; nonoverlapping; 0.9379 0.9550 0.9357

window = 6; average; Euclidean

“Cases of parameter combination” show the combination of parameters or strategies in each group. “PCC of k-mer distance
matrices (1-2)”” means the results of PCC between k-mer distance matrices obtained by the first training and the second training. ““PCC
of k-mer distance matrices (1-3)” and “PCC of k-mer distance matrices (2-3)” are analogous to “PCC of k-mer distance matrices (1-2).”

PCC, Pearson correlation coefficient.
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TABLE 2. PEARSON CORRELATION COEFFICIENT RESULTS OF THE SECOND THREE PIECES OF TRAINING

PCC of genetic PCC of genetic PCC of genetic
distance distance distance

Cases of parameter combination matrices (4) matrices (5) matrices (6)

Dataset 1; k=3; overlap; window =5; 0.7853 0.7784 0.7874
average+variance; Euclidean

Dataset 2; k=3; overlap; window =18; 0.7923 0.7904 0.7966
average+variance; Euclidean

Dataset 2; k=4; nonoverlap; window =24; 0.5306 0.5359 0.5310
average; cosine

Dataset 1; k=5; overlap; window =24; 0.8252 0.8307 0.8258
average+variance; Euclidean

Dataset 3; k=5; nonoverlap; window =6; 0.5661 0.5754 0.5696

average; Euclidean

“Cases of parameter combination” show the combination of parameters or strategies in each group. “PCC of genetic distance
matrices (4)”” means the results of PCC between genetic distance matrices obtained by kmer2vec and multiple sequence alignment
MUSCLE method under the fourth training. “PCC of genetic distance matrices (5)” and “PCC of genetic distance matrices (6)” are
analogous to “PCC of genetic distance matrices (4).”” MUSCLE, multiple sequence comparison by log-expectation.

the optimal segmentation strategy as follows: First, randomly determine five groups of combinations of
parameters or strategies, and then change the strategies of overlapping/nonoverlapping in each group to
obtain the genetic distance matrices. After that, we get the PCCs between each genetic distance matrix
obtained by our method and the matrix obtained by the MSA method MUSCLE. According to the test
results, we can determine the choice of overlapping/nonoverlapping. The test results are shown in Table 3.

In all cases of the experiment, the accuracy of the method using overlapping is significantly higher than
using nonoverlapping. It is likely because that when using overlapping, after taking the ‘‘average’ or the

0.9
| | ' ' B vindow=5
B vindow=6
08k o I window=12
B window=18
) vindow=24
07 [ window=30
06 1
g- 05 -
=0
Q
Q
< 04 -
03} -
02 -
01+ E
1 2 3 4 5

Cases

FIG. 2. The accuracy of our methods with different window sizes in five groups. “Cases’’ show the combination of
parameters or strategies except window size in each group. Specifically, case 1 is the combination of dataset 1, k=5,
overlapping, average+variance, and Euclidean distance. Case 2 is the combination of dataset 2, k=4, overlapping,
average, and Euclidean distance. Case 3 is the combination of dataset 1, k=3, nonoverlapping, average, and cosine
distance. Case 4 is the combination of dataset 3, k=3, overlapping, average+variance, and cosine distance. Case 5 is the
combination of dataset 2, k=6, nonoverlapping, average, and Euclidean distance.
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TABLE 3. THE ACCURACY OF OUR METHODS WITH DIFFERENT CHOICES
OF OVERLAPPING/NONOVERLAPPING IN FIVE GROUPS

PCC of genetic PCC of genetic

distance matrices distance matrices
Cases of parameter combination (overlapping) (non-overlapping)
Dataset 2; k=3; window =24; average+variance; Euclidean 0.7929 0.2269
Dataset 1; k=4; window =24; average+variance; cosine 0.7239 0.5289
Dataset 1; k=6; window =24; average; Euclidean 0.7768 0.0335
Dataset 3; k=2; window =24; average+variance; cosine 0.6030 0.5617
Dataset 1; k=7; window =24; average; Euclidean 0.7738 0.2352

*“Cases of parameter combination” show the combination of parameters or strategies except for overlapping/nonoverlapping in each
group. “PCC of genetic distance matrices (overlapping)” means the results of PCCs when choosing overlapping. “PCC of genetic
distance matrices (nonoverlapping)”” means the results of PCCs when choosing nonoverlapping.

‘“‘average+variance,”’ the different starting positions will not have significant impact on the accuracy.
However, when using nonoverlapping, the different starting positions will have a negative influence on the
accuracy just like the “‘“frame-shift mutation” effect (Ripley, 1990) in biology significance, resulting in the
accuracy that nonoverlapping is poor.

3.1.4. Choices of DNA sequence vector representation. We then explore the choice of DNA
sequence vector representation, focusing on the pros and cons of the two options: ‘‘average” and ‘‘average+
variance.”” We determine the strategy by the following method: First, randomly determine five groups of
combinations of parameters or strategies, and then change the strategies of ‘‘average” and ‘‘average+
variance’’ in each group to obtain the genetic distance matrices. After that, we can get the PCCs between
each genetic distance matrix obtained by our method and the matrix obtained by the MSA method
MUSCLE. According to the test results, we can determine the choice of ‘“‘average’ and ‘‘average+
variance.”” The test results are shown in Table 4.

The two strategies of “‘average’ and ‘‘average+variance’ have similar effects on the whole, but the
effect of “‘average+variance” is slightly better than that of “‘average.”” This may be because ‘‘average+
variance’’ leverages more information in the genome and variance can amplify the differences of genomes,
making the method more accurate and more stable. Therefore, we choose the ‘‘average+variance’ strategy.

3.1.5. Determining the distance metric. Different distance formulas may lead to different results.
After determining the choice of nucleic acid sequence vector representation, we then explore the choice of
vector distance, focusing on the pros and cons of cosine distance and Euclidean distance. We determine the
strategy by the following method: First, randomly determine five groups of combinations of parameters or
strategies, and then change the distance formula in each group to obtain the genetic distance matrices. After
that, we can get the PCCs between each genetic distance matrix obtained by our method and the matrix
obtained by the MSA method MUSCLE. According to the test results, we can determine the choice of
cosine distance and Euclidean distance. The results are in Table 5.

TABLE 4. THE ACCURACY OF KMER2VEC WITH DIFFERENT CHOICES
OF ‘““AVERAGE”’/‘“AVERAGE+VARIANCE’’ IN FIVE GROUPS

PCC of genetic PCC of genetic

distance matrices distance matrices
Cases of parameter combination (average) (average+variance)
Dataset 1; k=4; overlapping; window =24; cosine 0.7181 0.7277
Dataset 2; k=5; overlapping; window =24; Euclidean 0.7734 0.7773
Dataset 3; k=6; overlapping; window =24; Euclidean 0.8301 0.8261
Dataset 1; k=2; overlapping; window =24; cosine 0.5758 0.6077
Dataset 3; k=3; overlapping; window =24; Euclidean 0.7795 0.7930

“Cases of parameter combination” show the combination of parameters or strategies except “‘average’/*‘average+variance” in each
group. “PCC of genetic distance matrices (average)’” means the results of PCCs when choosing “‘average.” ““PCC of genetic distance
matrices (average+variance)” means the results of PCCs when choosing ‘‘average+variance.”
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TABLE 5. THE ACCURACY OF KMER2VEC WITH DIFFERENT CHOICES OF COSINE DISTANCE
AND EUCLIDEAN DISTANCE IN FIVE GROUPS

PCC of genetic PCC of genetic
distance matrices distance matrices
Cases of parameter combination (Cosine) (Euclidean)
Dataset 2; k=3; overlapping; window =24; average+variance 0.6585 0.7974
Dataset 1; k=2; overlapping; window =24; average+variance 0.6001 0.7395
Dataset 1; k=5; overlapping; window =24; average+variance 0.7155 0.8285
Dataset 3; k=4; overlapping; window =24; average+variance 0.6779 0.8147
Dataset 2; k=35; overlapping; window =24; average+variance 0.6343 0.7788

“Cases of parameter combination’” show the combination of parameters or strategies except for the distance formula in each
group. “PCC of genetic distance matrices (Cosine)” means the results of PCCs when choosing cosine distance. “PCC of genetic
distance matrices (Euclidean)” means the results of PCCs when choosing Euclidean distance.

Although cosine similarity is often used to express the similarity of word vectors, the experimental
results show that the effect of using Euclidean distance is significantly better than using cosine distance.
Considering the overall situation, the Euclidean distance is more appropriate. From our point of view, it
may be because Euclidean distance measures both the dissimilarity of k-mers and also the frequency of
k-mers (content), while cosine distance only compares the dissimilarity.

3.1.6. Determining the k value and exploring the impact of the training dataset on the
results. Now, we determine the two parameters, the training dataset and the k value, on the impacts of the
method accuracy. We conduct a comprehensive study of the two factors as follows: Other parameters or
strategies are determined based on the previous research, and there are three choices of training dataset:
dataset 1, dataset 2, and dataset 3. Therefore, we can determine three groups of combinations of parameters
or strategies, and then change the k value in each group to obtain the genetic distance matrices. After that,
we can get the PCCs between each genetic distance matrix obtained by our method and the matrix obtained
by MUSCLE. According to the test results, we can determine the k value and consider the influence of the
training dataset. The test results are shown in Figure 3.

It can be seen from the results that in terms of the influence of the k value, the final results are relatively
not accurate when k=2 and k= 3. It is probably because there are few kinds of k-mers when k=2 and k=3,
which have limitations when distinguishing different nucleic acid sequences. In general, the difference

Accuracy

1 2 ' 3
Cases

FIG. 3. The accuracy of kmer2vec with different k values in three groups. ‘““‘Cases” show the combination of
parameters or strategies except for the k value in each group. Specifically, case 1 is the combination of dataset 1,
overlapping, window =24, average+variance, and Euclidean distance. Case 2 is the combination of dataset 2, over-
lapping, window = 24, average+variance, and Euclidean distance. Case 3 is the combination of dataset 3, overlapping,
window =24, average+variance, and Euclidean distance.
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among k=4-7 is not much. So when k value is higher than 4, increasing the k value will not make the
accuracy improving significantly. Considering the results of the three groups, it is appropriate to choose 4
as the k value.

As for the training dataset, the species sources of dataset 1 and dataset 2 are very similar, but the sizes of
the two datasets are quite different. Therefore, this experiment ignores the difference in the species source
and compares the two to explore the influence of the size of the training dataset on the final result. In the
case of dataset 1, the training has basically reached saturation, and then increasing the size of the dataset
will not have a large gain on the training effect. When k=4, k=5, and k=7, the effect of dataset 2 is
slightly lower than that of dataset 1, which may be caused by the difference in species source that is
originally tried to be ignored.

Dataset 2 and dataset 3 have similar sizes, but their species sources are different. The test results of the
two are not much different, and the species source has little effect on the accuracy of the final result. This
may be because the difference between the word vectors obtained by the two datasets is not large. Or it may
be because the word vectors trained by the two are quite different, but due to the stability of the method, as
long as the word vectors have a discriminatory power, the final effect can be guaranteed.

We explore the reason in the following way: In the cases of k=2-7 (other parameters or strategies are
determined by the previous experiments), the difference in the word vectors obtained from dataset 2 and
dataset 3 is measured by comparing the PCCs between the two distance matrices of corresponding k-mers
in each training. In addition, we also use k=3 (other parameters or strategies are determined by the
previous experiments) as an example. We use the T-distributed stochastic neighbor embedding (T-SNE)
method (Van der Maaten and Hinton, 2008) to perform dimensionality reduction clustering on the word
vectors trained from dataset 2 and dataset 3 to display the results intuitively. The test results are shown in
Table 6 and the results of T-SNE are shown in Figure 4.

From the test results of Section 3.1.1, the correlation of the corresponding distance matrices trained
from the same dataset in the overlapping case is above 0.95. When choosing different k values, the PCCs
of the corresponding k-mer distance matrices trained from dataset 2 and dataset 3 are significantly
lower than the results obtained from the same training datasets. This result indicates that the source of the
species influences the trained word vectors. When k=7, due to different training datasets, the types of 7-
mers are not the same, so we do not calculate the PCCs between their corresponding distances. Although
the source of the species influences the result of the word vectors trained, since the correlation is basically
around 0.7-0.8 when k=3-6, the distance between word vectors trained by different species has basic
similarity.

In a word, there is both commonality and characteristics between the k-mer distances trained by different
source species. Commonality may be the editing distances between word vectors because the editing
distance can represent the evolutionary relationship between k-mers (evolutionary process includes point
mutations, insertions, and deletions). This part of the information is common in the biological world, so the
distance between word vectors has some basic similarities. The characteristics should be information
specific to different species, which leads to a decrease in relevance. Simply, word vector distance can be
understood as the difference between k-mers in the comprehensive lexical information, which includes both
evolutionary information and biologically specific information.

TABLE 6. THE PEARSON CORRELATION COEFFICIENTS BETWEEN THE TwO DISTANCE MATRICES
OF CORRESPONDING K-MERS IN TRAINING FROM DATASET 2 AND DATASET 3

Cases Test (dataset 2—dataset 3)
1 (k=2; overlapping; window =24; average+variance; Euclidean) 0.3098
2 (k=3; overlapping; window =24; average+variance; Euclidean) 0.7928
3 (k=4; overlapping; window = 24; average+variance; Euclidean) 0.8278
4 (k=35; overlapping; window =24; average+variance; Euclidean) 0.7917
5 (k=6; overlapping; window =24; average+variance; Euclidean) 0.6850
6 (k="7; overlapping; window =24; average+variance; Euclidean) Nope

“Cases” show the combination of parameters or strategies in each group. “Test (dataset 2—dataset 3)”” means the PCCs between the
two distance matrices obtained from dataset 2 and dataset 3.
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Therefore, the distance matrices of the corresponding word vectors trained by different species correlate
but the correlation cannot reach particularly high. For instance, we use k=3 to make T-SNE dimensionality
reduction clustering figures and they can also visually show the result above. The 3-mers trained by dataset
2 and dataset 3 are mainly clustered according to base differences, and generally the fewer base differences,
the easier it is to get together. The two clustering figures are similar but clearly show some differences,
which are derived from information specific to different species sources.

When k=2, the correlation between the k-mer distances trained by different species is extremely low.
This may be because there are few vocabulary types formed when k=2, which leads to the impact of the
training dataset on the word vector becoming large. However, although the correlation between the k-mer
distances trained by different species is low when k=2, the overall effect of nucleic acid sequence
comparison is not much different. As long as the word vector has a degree of differentiation, the final effect
can be guaranteed, which also verifies the stability of the method from another aspect.

3.2. Phylogenetic tree test

The above experiment shows that the optimal parameters in kmer2vec for accurately comparing DNA
sequences are k-mer size k=4, overlapping, window =24, ‘“‘average+variance,” and Euclidean distance.
Moreover, the size and the species source of the training dataset will also have a minor impact on the results
but can be mitigated by adding the DNA sequence under study into the training dataset. In the following
test, we use the previously determined parameters or strategies to study the 16 nucleic acid sequences and
obtain the distance matrix. Then we use the Unweighted Pair-group Method with Arithmetic Mean (UP-
GMA) (Sokal, 1958) method to build the phylogenetic tree. For comparison purposes, we also use the
conventional k-mer method and the MSA method MUSCLE to obtain the distance matrices of the 16
nucleic acid sequences and then use the UPGMA method to build the trees.

The traditional k-mer method has been described in different forms (Sims et al., 2009; Yu et al., 2013).
However, the key points are the same, that is, using the k-mer frequencies to indicate the sequences.

The details about the traditional k-mer method we used for comparison here are as follows. (1) De-
termining the k value and dividing the sequences: We should first determine the k value. For our datasets,
after experiments, we find that k=6 and k=7 are all good choices. Then, we divide the sequences into a
series of k-mers using the overlapping strategy. (2) Calculating the frequencies of different k-mers: For
comparison, we determine the order of different k-mers according to their letters. Then, we calculate the
frequencies of different k-mers and use them to form a vector of the sequence according to their orders. (3)
Calculating the distance: We calculate the distances among different sequences through their vectors. The
distance formula chosen here is the Jensen-Shannon Divergence (Sims et al., 2009), which is commonly
used in the k-mer method.

Figure 5 is the results obtained by kmer2vec, traditional k-mer method (k =6, which shows the best result
among k=2-7) and MUSCLE. We build the phylogenetic trees using Molecular Evolutionary Genetics
Analysis X (Kumar et al., 2018).

These results show that the proposed kmer2vec alignment-free method may achieve the same phylo-
genetic trees built by the MSA method. The evolutionary tree based on the kmer2vec method conforms to
the biological properties of the coronaviruses, and its main issue is the classification of human-CoV/229E.
Both human-CoV/229E and human-CoV/NL63 belong to the « genus coronavirus, however, human-CoV/
229E is clustered with human-CoV/HKUL1 of the  genus (Liu et al., 2020). This may be because the
overall genomic structure of human-CoV/229E is similar to that of human-CoV/HKU1. When we cluster
them using S gene sequences, human-CoV/229E and human-CoV/NL63 are clustered together. This is also
consistent with the fact that coronaviruses are classified by S protein.

In addition, such outliers also may be due to the similarity of the overall periodic structure of human-
CoV/HKU1 and human-CoV/NL63, which leads to the incorrect separation of human-CoV/229E
and human-CoV/NL63. But in any case, on the whole, the evolutionary tree that our approach has
made is basically proper in biological significance. For instance, bat-CoV/HKU2 and swine-CoV/
SADS are clustered together, which conforms to the biological properties well (Yu et al., 2020).
In addition, Figure 5 demonstrates that kmer2vec is better than the traditional k-mer method as well,
due to the fact that the human-CoVs are separated in the phylogenetic tree obtained by the traditional
k-mer method. Therefore, the kmer2vec method based on word2vec can be used for DNA sequence
comparison.
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SARSr-CoV/RaTG13
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SARSr-CoV/Shaanxi2011
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human-CoV/229E
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swine-CoV/SADS

SARS-CoV-2
SARSr-CoV/RaTG13
SARSr-CoV/RmYNO02
pangolin-CoV/MP789
SARSr-CoV/ZC21
SARSr-CoV/ZC45
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FIG. 5. The phylogenetic trees of the 16 coronaviruses using (a) kmer2vec, (b) traditional k-mer method (k=6), and

(c) the MSA method MUSCLE (multiple sequence comparison by log-expectation).
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FIG. 5. (Continued).

3.3. Clustering test

3.3.1. Clustering effect test of bacteria. To further verify the effectiveness of kmer2vec, we test the
method for clustering whole bacterial genomes. For comparison, we cluster the bacterial genomes by
the traditional k-mer method as well. As shown in Figure 6, the dots of the same color indicate that these
bacteria belong to the same taxa. If the dots of the same color are all clustered together, it means that the
clustering effect is good. It can be seen from Figure 6 that, overall, the clustering effect of kmer2vec is
pretty good. However, the traditional k-mer method (k=6, which shows the best result among k=2-7)
cannot distinguish Thermoplasma and Archaeoglobus, which both contain similar species living in high
temperature and acid environments.

Kmer2vec has a good effect for separating them, which may be because kmer2vec considers the k-mer
context information and can better analyze similar whole genomes. What’s more, the clustering test of
bacterial genomes can also show the advantage of kmer2vec in time using compared with the MSA method.
The test can be finished within 1 hour using kmer2vec (when setting the parameter “‘epoch’ to ““1”’ in the
word2vec model), however, it cannot be finished within 1 day using the MSA method on the same
computing platform.

3.3.2. Clustering effect test of influenza viruses. Next, we use the NA gene dataset of influenza
viruses to test the clustering effect of viruses by both kmer2vec and the traditional k-mer method (k=6,
which shows the best result among k=2-7). From the results in Figure 7, we can see that the clustering
effects of kmer2vec and the traditional k-mer method are both good, making all the species of the same taxa
clustered together, which fully meets our expectations. However, the H3N2 influenza viruses have a closer
relationship with H7N3 and H5N1 viruses by kmer2vec, while using the traditional k-mer method, the
H3N2 influenza viruses are closer to HIN1 viruses. According to the results obtained by MSA method and
the biological properties of influenza viruses, kmer2vec is more accurate than the traditional k-mer method.
In addition, this test proves that kmer2vec can also be used for specific gene comparison.
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FIG. 6. The clustering results of bacteria by kmer2vec/traditional k-mer method. (a) kmer2vec and (b) traditional
k-mer method (k=06).

The above experiments have proved that the method constructed based on word2vec is reliable and
robust in DNA sequence comparison and has very bright applications.

3.4. Classification test of coronaviruses in a larger scale

The above experiments show the effectiveness of kmer2vec on phylogeny and clustering in small
datasets. To further demonstrate the universality of the method in a larger scale, we want to do some other
experiments. Combined with the coronavirus problem in today’s world, we hope to verify the effect of
kmer2vec on coronavirus typing. When in a large scale, it is impossible to show the phylogenetic tree.
Therefore, we choose to show the classification results. We use 18,698 sequences of SARS-CoV-2, which
contains 8456 early SARS-CoV-2 sequences, 9250 Delta mutants, and 992 Omicron mutants.

As there are many ‘“N’’s in the sequences except ““A’’s, “T”’s, ““C”’s and ““G’’s, which will have a bad
influence on the accuracy, we remove only “N’’s from each genome. Because of the overlapping strategy,
the removal of ““N’’s is practicable and will not have too much bad influence. We first use kmer2vec to get
the vector of each sequence and then use the k-means method (Hartigan and Wong, 1979) to classify the
sequences according to their corresponding vectors. Finally, we use the T-SNE method for dimension
reduction and visualization of the clusters (Fig. 8).
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FIG. 6. (Continued).

The final accuracy of the classification experiment is over 99.6% and the running speed is much faster
than MSA methods. The results prove the effectiveness of our method (k=4) in a large scale. In addition,
the results also show that kmer2vec can be a good tool for rapid coronavirus classification.

3.5. An interesting phenomenon

We find an interesting phenomenon during the experiment using the 16 coronaviruses. When choosing
the nonoverlapping strategy, under the three kinds of datasets, when k=3 and k=6, there is a trough in the
accuracy. However, this phenomenon does not occur under the overlapping strategy shown in Figure 3. The
specific situation of the interesting phenomenon is shown in Figure 9.

It can be seen from the figure that there is a trough in the accuracy of genetic distance in the three groups
when k=3 and k=6. When using dataset 1 for training, although the accuracy rate of k=7 is also low, from
the comparison of dataset 2 and dataset 1 we can know that this is mainly because the size of the training
dataset is not enough. The reason for the low accuracy of genetic distance when k=3 and k=6 may be due
to the triplet codon theory (Crick et al., 1961). When k is a multiple of 3, the change of the starting position
has the greatest impact on the accuracy of genetic distance, similar to the impact of frame-shift (Ripley,
1990), resulting in a trough in the accuracy.
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FIG. 7. The clustering result of influenza viruses by kmer2vec/traditional k-mer method. (a) kmer2vec and (b)
traditional k-mer method (k=6).

4. DISCUSSION

The computational experiments and results demonstrate that the proposed kmer2vec method performs
well in the comparison of DNA sequences, such as phylogeny and species classification of whole genomes.
The kmer2vec method can extract the semantic information of k-mers through the context of DNA se-
quences. The k-mer word segmentation method and vector representation of DNA sequences also con-
tribute to the accuracy and performance of the method. However, our method also has limitations, which
lead to the small deviation of the phylogenetic tree of coronaviruses and abnormal result that Staphylo-
coccus/carTM is clustered with Bacillus bacteria in bacterial genomes clustering test.

After obtaining the kmer2vec vectors, our method represents a DNA sequence by taking the average and
variance of the k-mer word vectors. This approach can normalize and avoid the large proportion of the
length information of DNA sequences. However, this process ignores the length information of nucleic acid
sequences. In addition, different k-mer words occupy different positions in the segmentation, and their
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FIG. 7. (Continued).

position information is not well considered in the average and variance of k-mer word vectors. Therefore,
our method compares DNA sequences mainly through the similarity of the overall pattern of the sequences.
Although our method has good performance in DNA sequence comparison in most cases, the method can
be greatly improved if we can find a suitable method considering length information and location infor-
mation in a proper way, which will also be the focus of our future work.

In addition, an interesting phenomenon is discovered during the process of determining parameters,
which coincides with corresponding biological theories. We find that when choosing the nonoverlapping
strategy, under the three kinds of datasets, when k=3 and k=06, there is a trough in the accuracy. However,
this phenomenon does not occur under the overlapping strategy. Specifically speaking, the interesting
aspects of this phenomenon are as follows. To begin with, this phenomenon demonstrates again that
word2vec can indeed extract information on the biological significance of sequences from another per-
spective. In addition, it implies that word vector information extracted from biological sequences is mainly
carried through triplet codons, which means that the triplet codons are the bridge between numerical
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FIG. 8. Classification test of SARS-CoV-2 variants in a larger scale. Each point represents a genome sequence.
Center-area points represent the early SARS-CoV-2 sequences from January 1, 2020 to May 20, 2020, left-area points
represent Delta variants (December 22, 2021-January 22, 2022, USA) and lower-right-area points represent Omicron
variants (December 1, 2021-January 22, 2022). The red stars show the cluster centers.

information and biological properties. Another interesting point is that this phenomenon reminds us when
designing and using computational methods, it is necessary for us to integrate them with biological
meaning, and only then can we more effectively extract the biological information we need from our data.
What’s more, when combining kmer2vec with k-means methods, an effective tool for coronavirus typing
can be derived, which also has an important role in the resolution of the coronavirus problem in today’s
world.
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FIG. 9. The accuracy of our methods with different k values in three groups using the nonoverlapping method.
“Cases” show the combination of parameters or strategies except for the k value in each group. Specifically, case 1 is
the combination of dataset 1, nonoverlapping, window =24, average+variance, and Euclidean distance. Case 2 is the
combination of dataset 2, nonoverlapping, window =24, average+variance, and Euclidean distance. Case 3 is the
combination of dataset 3, nonoverlapping, window =24, average+variance, and Euclidean distance.
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Word2vec embedding also has other significance. Genomes and protein sequences are information texts,
the texts are the results of life genetic information and biochemical properties. There is much effort in the
research community for finding effective (and scientific) numerical embeddings of gene (Kwan and
Arniker, 2009) and protein information (Kawashima et al., 2007) because only numerical representation
can be operated by most mathematical and computer science algorithms except direct string comparisons.
Word2vec can be a successful solution to the numerical representations of genome and protein sequences
although there are still many theoretical problems and different understandings of the algorithm. Our
experiments on phylogeny and clustering can demonstrate that the trained word2vec contains both con-
textual (positional) information of the sequences, and very importantly, the content information of the
sequence.

Thus, the word2vec can be an effective numerical k-mer, but more than k-mers because word2vec
contains both contextual and composition information. This word2vec vectors of genomes or protein
sequences are the result of the global and local genetic information (in DNA sequences) and biochemical
properties (in protein sequences).
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