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Explanation:

The objective of the study is to develop an Alignment-free tool for sequence clustering. To
illustrate the effectiveness of our method we compared the distance matrices and the
phylogenetic trees generated by our method with the other freely available recent alignment-
free tools [1]. The clustering efficiency of our tool can be noticed across all the benchmark
datasets. The phylogenetic trees generated by our method and the other freely available recent
methods shows superiority of our method over the other methods in terms of sequence
clustering. The consistency can also be seen from the statistical analysis such as AUC (area
under the ROC) values calculated from ROC (Receiver operating characteristic) curves.
AUC values are often used to explain the accuracy of models and not to compare them.
Accuracy classification of AUC is summarised in Table 1, which is given below.

AUC Range Classification
AUC=>0.9 high accuracy
0.7<AUC<0.9 moderate accuracy
0.5 <AUC<0.7 Low accuracy

Table 1: Accuracy classification of AUC [2, 3, 4, 5, 6].

A low AUC value does not necessarily imply a bad or poor model; rather it simply suggests
that, besides the accounted predictors, other factors also exercise influence on the response



variable. It is evident from the ROC plots below that our method's performance is in good
agreement with other methods.

ROC calculation:-

The phylogenetic tree is generated by a distance matrix using PHYLIP package [7] which is
equal to (1-similarity matrix) from equation (12) in our manuscript. We used similarity
matrix for ROC analysis. We follow sonego et al.’s method [8] for calculating the ROC. In
the similarity matrix, we put positive sign, if the two sequences belong to same class (i.e.,
genus level classification, phylum level classification, family level classification, etc.,)
otherwise we put negative sign. We plotted the ROC curve by changing the decision
threshold in either strictly increasing or strictly decreasing pattern lies between the minimum
and maximum values of the similarity matrix. We plotted the FPR (false positive rate) on X-
axis and TPR (true positive rate) on Y-axis. Every point in the ROC curve corresponds to a
discrete classifier that can be calculated using a decision threshold (Figure 3 in [8]). After
plotting ROC curve, we calculated the area under the ROC curve (AUC).

Phylogenetic tree on 11 AMF sequences.
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Figure 1: Our method.
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Figure 2 : CV method using string length 3.
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Figure 3: FFP method using string length 7.
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Figure 4: RTD method using string length 1.
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Figure 5: BBC method.
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Figure 6: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on
11 AMF sequences.

The phylogenetic tree (Figure 1) generated by our method successfully clustered all glomus
genera (cluster (b)) belonging to family glomeraceae, all gigaspora genera (cluster (c))
belonging to family gigasporaceae and all rhizophagus genera (cluster (a)) belonging to
family glomeraceae except 15 Rhizophagus intraradice (cluster (d)) in separate clades. While
comparing the tree prepared by our method (Figure 1) with the tree prepared by other freely
available tools [1] (Figures 2, 3, 4 and 5). We found that, all glomus genera were not properly
clustered together in Figures 2, 3, 4 and 5. Similarly, all gigaspora genera were not clustered
together in Figure 5. This shows the advantage of our method over others in terms of
sequence clustering. Moreover, the AUC of our method is 0.88 (Figure 6), which indicates
that our method has moderate accuracy (Table 1).




Phylogenetic tree on 41 mammalian sequences.
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Figure 7: Our method.

(Primates (red), Cetacea (green), Artiodactyla (pink), Perissodactyla (light green), Rodentia
(black), Lagomorpha (dark red), Carnivore (blue), and Erinaceomorpha (grey)).
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Figure 8: CV method using string length 3.

(1 — Primates, 2 — Cetacea, 3 — Artiodactyla, 4 — Perissodactyla, 5 — Rodentia, 6 —
Lagomorpha, 7 — Carnivore, and 8 — Erinaceomorpha).
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Figure 9: FFP method using string length 7.

(1 — Primates, 2 — Cetacea, 3 — Artiodactyla, 4 — Perissodactyla, 5 — Rodentia, 6 —
Lagomorpha, 7 — Carnivore, and 8 — Erinaceomorpha).



1V00662.1
1Y18001.1
1D38113.1
1D38114.1
1D38115.1
1NC 00208
1X99256.1
3AJ002189
3NC 00883
2NC 00132
3NC 01064
3 AF010406
{3AF533441
3NC 00744
4Y07726.1
2X72204.1
2NC 00526
2NC 00693
2NC 00527
| 3 v00654.1
3 AY488491
6 AJ001588
4NC 00178
4 NC 00164
1D38116.1
1NC 00276
4 X97336.1
2NC 00527
5 AJ238588
5 AJ001562
7 U20753.1
7 U96639.2
7 EF551003
7 EF551002
7DQ402478
7 AF303110
7 AF303111
7 EF212882
8 X88898.2
1AY863426
7

Figure 10: RTD method using string length 1.

(1 — Primates, 2 — Cetacea, 3 — Artiodactyla, 4 — Perissodactyla, 5 — Rodentia, 6 —
Lagomorpha, 7 — Carnivore, and 8 — Erinaceomorpha).
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Figure 11: BBC method.

1— Primates, 2 — Cetacea, 3 — Artiodactyla, 4 — Perissodactyla, 5 — Rodentia,
6 — Lagomorpha, 7 — Carnivore, and 8 — Erinaceomorpha).
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Figure 12: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on
41 mammalian sequences.

41 species in the phylogenetic tree (Figure 7) generated by our approach, were correctly
divided into eight groups: Primates (red), Cetacea (green), Artiodactyla (pink), Perissodactyla
(light green), Rodentia (black), Lagomorpha (dark red), Carnivore (blue), and
Erinaceomorpha (grey). The cat species in our approach was clustered with the Artiodactyla
group. We compared the phylogenetic tree (Figure 7) generated by our approach with the
phylogenetic tree (Figures 8, 9, 10 and 11) prepared by other freely available tools [1]. In
Figure 8, eight groups were not properly clustered. In Figures 10 and 11, Primates (1),
Cetacea (2), Artiodactyla (3), Perissodactyla (4) were all divided into more than one group.
Figure 9 has similarity with our result (Figure 7). This shows the advantage of our method
over other methods (Figures 8, 10 and 11) in terms of sequence clustering. Moreover, the
AUC of our method is 0.94 (Figure 12), which indicates that our method has high accuracy
(Table 1).



Phylogenetic tree on 59 ebolavirus sequences.
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Figure 13: Our method.
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Figure 14: CV method using string length 3.

( 1 —Bundibugyo virus (BDBV), 2 —Tai Forest virus (TAFV)), 3 —Reston virus (RESTV),
4 —Sudan virus (SUDV), 51,51,53,54,55 and 56 —Ebola virus ( EBOV)).
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Figure 15: FFP method using string length 7.

( 1 —Bundibugyo virus (BDBV), 2 —Tai Forest virus (TAFV)), 3 —Reston virus (RESTV),
4 —Sudan virus (SUDV), 51,51,53,54,55 and 56 —Ebola virus ( EBOV)).
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Figure 16: RTD method using string length 1.

( 1 —Bundibugyo virus (BDBV), 2 —Tai Forest virus (TAFV)), 3 —Reston virus (RESTV),
4 —Sudan virus (SUDV), 51,51,53,54,55 and 56 —Ebola virus ( EBOV)).
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Figure 17: BBC method.

( 1 —Bundibugyo virus (BDBV), 2 —Tai Forest virus (TAFV)), 3 —Reston virus (RESTV),
4 —Sudan virus (SUDV), 51,51,53,54,55 and 56 —Ebola virus ( EBOV)).
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Figure 18: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on

59 ebolavirus sequences.

The Ebolavirus genus includes five species: Bundibugyo virus (BDBV), Reston virus

(RESTV), Ebola virus ( EBOV), Sudan virus (SUDV), and Tai Forest virus (TAFV). As

shown in Figure 13 generated by our method, the five species were correctly separated. We
compared the phylogenetic tree (Figure 13) generated by our approach with the phylogenetic
trees (Figures 14, 15, 16 and 17) prepared by other freely available tools [1]. In Figure 14,
five species were not properly clustered. Similarly, our result (Figure 13) was in consensus
with Figures 15, 16 and 17. Moreover, the AUC of our method is 0.96 (Figure 18), which

indicates that our method has high accuracy (Table 1).




Phylogenetic tree on 30 coronavirus sequences.
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Figure 19: Our method.
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Figure 20: CV method using string length 3.
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Figure 21: FFP method using string length 6.
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Figure 22: RTD method using string length 1.
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Figure 23: BBC method.
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Figure 24: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on
30 coronavirus sequences.

We employed our method to analyse the 30 coronavirus whole genome sequences along
with 4 non-coronaviruses as outgroups. The 30 coronavirus were classified into five groups
according to their host type. As shown in Figure 19 generated by our approach, we can
observe that the 30 coronavirus along with 4 non-coronaviruses were correctly grouped
according to their host type except group 1. We compared Figure 19 generated by our
approach with Figures 20, 21, 22 and 23 prepared by other freely available tools [1]. Figure
20 did not cluster any group according to their host type. In Figures 22 and 23, the four non-
coronaviruses were not clustered together. None of the methods (Figures 20, 21, 22 and 23)
including our method (Figure 19) put group 1 sequences in separate clade. This shows the
efficiency of our method in terms of sequence clustering. Moreover, the AUC of our method
is 0.95 (Figure 24), which indicates that our method has high accuracy (Table 1).




Phylogenetic tree on 30 bacterial sequences.
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Figure 25: Our method.
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Figure 26: CV method using string length 3.
( 1—Bacilleceae, 2—Borreliaceae, 3—Clostridiaceae, 4—Desulfovibrionaceae,

5—Burkholderiaceae, 6—Rhodobacteriaceae, 7— Staphylococcaceae, 8— Yersiniaceae,
and 9—Enterobacteriaceae).
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Figure 27: FFP method using string length 7.
( 1—Bacilleceae, 2—Borreliaceae, 3—Clostridiaceae, 4—Desulfovibrionaceae,

5—Burkholderiaceae, 6—Rhodobacteriaceae, 7— Staphylococcaceae, 8— Yersiniaceae,
and 9—Enterobacteriaceae).
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Figure 28: RTD method using string length 1.

( 1—>Bacilleceae, 2—Borreliaceae, 3—Clostridiaceae, 4— Desulfovibrionaceae,
5—Burkholderiaceae, 6—Rhodobacteriaceae, 7— Staphylococcaceae , 8— Yersiniaceae,
and 9—Enterobacteriaceae).
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Figure 29: BBC method.
( 1—>Bacilleceae, 2—Borreliaceae, 3—Clostridiaceae, 4— Desulfovibrionaceae,

5—Burkholderiaceae, 6—Rhodobacteriaceae, 7— Staphylococcaceae , 8— Yersiniaceae,
and 9—Enterobacteriaceae).
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Figure 30: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on
30 bacterial sequences.

The phylogenetic tree (Figure 25) generated by our method successfully clustered
sequences based on taxnomic families such as, Burkholderiaceae, Rhodobacteriaceae,
Enterobacteriaceae, Borreliaceae, Bacilleceae, Clostridiaceae, Desulfovibrionaceae,
Yersiniaceae and Staphylococcaceae, which is lacking in Figures 26 and 28. However, our
phylogenetic tree (Figure 25) has advantages at the phylum level over Figures 26, 27, 28 and
29. Our method (Figure 25) successfully clustered phylum Proteobacteria in a separate
clade which were lacking in Figures 26, 27, 28 and 29. Moreover, the AUC of our method is
0.99 (Figure 30), which indicates that our method has high accuracy (Table 1).



Phylogenetic tree on 48 HEV sequences.
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Figure 31: Our method.

|
T [

]

M73218.1 H
L08816.1H
M94177.1 H
D10330.1H
M80581.1 H
AF459438.1
L25595.1 H
AF185822.1
AF076239.3
D11092.1 H
X98292.1 H
AF051830.1
D11093.1 H
X99441.1H
AY204877.1
AY230202.1
M74506.1 H
AF082843.1
AY115488.1
AP003430.1
AB189070.1
AB189071.1
AB189072.1
AB189074.1
AB189075.1
AB189073.1
AF455784.1
AB089824.1
AB074920.3
AB074918.2
AF060669.1
AB091394.1
AF060668.1
AB074915.3
AB091395.1
AB200239.1
AB097811.1
AB099347.1
AB080575.1
AB097812.1
AB108537.1
AB074917.3
AB161717.1
AB161719.1
AB161718.1
AJ272108.1
AY594199.1
AB073912.1

Bl (1)

()
ChinaHeiBei (1)
B2 (1)

P1(1)

Yam-67 (1)
[Xe))

P2 (1)

B3(1)

ci(y

Q)

NP1 (1)

c4(1)

12 (1)

Q)
Morocco (1)

M1 (2)

SWUSt (3)
ARKELL (3)
JRAL (3)
JBOAR1-HYO04 (3)
IDEER-HYOO3L (3)
IMO-HYOO3L (3)
ITH-HYOO3L (3)
JYO-HYOO3L (3)
JS0-HYOO3L (3)
KYRGYZ (3)
HE-JALO (3)
IMY-HAW (3)
IKN-Sap (3)
us2 (3)
JIT-KAN (3)
ust (3)

IAK-Sai (4)
ISN-SAP-FH  (4)
ISN-SAP-FHO2C (4)
SWII3-1 (4)
HE-JK4 (4)
HE-JI4 (4)
HE-JAL (4)
€CC220 (4)
IKK-SAP (4)
ISM-SAP95 (4)
IYW-SAPO2 (4)
ITS-SAP02 (4)
T (4)

SWCH25 (4)
SWI570 (3)



1M73218.1
1 AF459438
1AF051830
1D11092.1
1L08816.1
1M94177.1
1X98292.1
1AY204877
1L25595.1
1AY230202
L 2 M74506.1
3 AB089824
3 AB074918
3 AB074920
3AY115488
3 AP003430
3 AB189070
3 AB189071
3 AB073912
4 AB097812
4AB097811
4 AB080575
4 AB099347
— 4 AB074915
L4 AY594199
4 AB074917
4 AB091395
% 4 AB200239
L 3AB091394
3 AF455784
3 AF
1D10330.1
1AF185822
1X99441.1
t 1AF076239
1D11093.1
4AJ272108
— 1M80581.1
T 3 AB189072
3 AB189073
3 AB189074
3 AB189075
4 AB108537
# 3 AF082843

4AB161717
4AB161718
4AB161719
3AF

0.050

Figure 32: CV method using string length 3.
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Figure 33: FFP method using string length 7.
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Figure 34: RTD method using string length 1.
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Figure 35: BBC method.
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Figure 36: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on
48 HEV sequences.




As shown in Figure 31 generated by our approach, the HEV genomes were divided into
separate clades based on four genotypic categories (1(red),2(grey), 3(green) and 4(blue))
except few sequences. We compared the phylogenetic tree (Figure 31) generated by our
approach with the phylogenetic trees (Figures 32, 33, 34 and 35) prepared by other freely
available tools [1]. In Figure 32, four genotypic classes were not properly clustered. In
Figures 34 and 35, four genotypic categories were separately clustered except few
sequences. In Figure 33, all HEV genomes were correctly divided into separate clades based
on four genotypic categories. Above performance shows the advantage of our method over
other methods (Figures 32, 34 and 35) in terms of sequence clustering. Moreover, the AUC
of our method is 0.93 (Figure 36), which indicates that our method has high accuracy (Table
1).



Phylogenetic tree on 58 mixed sequences.
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Figure 37: Our method.

(1— primates, 2 — ebolavirus, 3— SARS coronavirus, 4— HEV, 5— eutherian, 6 —AMF
and 7— bacterial isolates.)
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Figure 38: CV method using string length 3.

(1— primates, 2 — ebolavirus, 3— SARS coronavirus, 4— HEV, 5— eutherian, 6 —AMF
and 7— bacterial isolates.)
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Figure 39: FFP method using string length 7.

(1— primates, 2 — ebolavirus, 3— SARS coronavirus, 4— HEV, 5— eutherian, 6 —AMF
and 7— bacterial isolates.)
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Figure 40: RTD method using string length 1.

(1— primates, 2 — ebolavirus, 3— SARS coronavirus, 4— HEV, 5— eutherian, 6 —AMF
and 7— bacterial isolates.)
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Figure 41: BBC method.

(1— primates, 2 — ebolavirus, 3— SARS coronavirus, 4— HEV, 5— eutherian, 6 —AMF
and 7— bacterial isolates.)
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Figure 42: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on
58 mixed sequences.

We collected 58 genome dataset from different species, which includes nine primates
mammalian mitochondrial genomes, ten ebolavirus (five reston virus (RESTV), five
bundibugyo virus (BDBV)) complete genomes, ten SARS coronavirus, eleven hepatitis E
virus, eight eutherian mammal, four arbuscular mycorrhizal fungi and six bacterial isolates.
As shown in Figure 37 generated by our method, we observed that all the different species
genome datasets were clustered separately. We compared the phylogenetic tree (Figure 37)
generated by our approach with the phylogenetic trees (Figures 38, 39, 40 and 41) prepared
by other freely available tools [1]. In Figure 38, 58 genome datasets from different species
were not properly clustered. In Figures 39, 40 and 41, eight eutherian mammals were divided
into more than one clades. . In addition to the superior phylogenetic tree, the AUC of our
method is 0.99 (Figure 42), which indicates that our method has high accuracy (Table 1).




Phylogenetic tree on 29 escherichia/shigella sequences.
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Figure 43: Our method.
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Figure 44: CV method using string length 3.

(1— E.coli, 4—S.flexneri, 3—S.boydii, 2—S.sonnei and 5—S.dysenteriae).
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Figure 45: FFP method using string length 7.
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Figure 46: RTD method using string length 1.
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(1— E.coli, 4—S.flexneri, 3—S.boydii, 2—S.sonnei and 5—S.dysenteriae).
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Figure 47: BBC method.
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Figure 48: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on

29 Escherichia/Shigella sequences.

The phylogenetic tree (Figure 43) generated by our method successfully clustered all
organisms belongs to Escherichia coli, Shigella flexneri and Shigella boydii in separate clades.
While comparing the tree prepared by our method (Figure 43) with the tree prepared by
other freely available tools [1] (Figures 44, 45, 46 and 47 ). We found that, all organisms
belong to Escherichia coli were not properly clustered in Figures 44, 45 and 46. However,
Figure 47 has similarity with our result. However, the AUC of our method is 0.84 (Figure 48),

which indicates that our method has moderate accuracy (Table 1).




Phylogenetic tree on 24 eutherian sequences.
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Figure 49: Our method.
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Figure 50: CV method using string length 3.
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Figure 51: FFP method using string length 7.
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Figure 52: RTD method using string length 1.
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Figure 53: BBC method.
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Figure 54: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on

24 Eutherian mammal sequences.

As shown in Figure 49 generated by our method, we can observe that all transferrin
sequences (red) were clustered into two distinct clades, except rabbit transferrin sequence
which was grouped with lactoferrin class. Similarly, all lactoferrin sequences (green) were
clustered together, except mouse lactoferrin sequence which was grouped with transferrin
class. However, the trees (Figures 50, 51, 52 and 53) generated by other methods could not

cluster the sequences properly as our method. Moreover, the AUC of our method is 0.63

(Figure 54).




Phylogenetic tree on 40 bacterial isolates sequences.
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Figure 55: Our method.
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Figure 56: CV method using string length 3.



1 —Bacillales, 2—Enterobacteriales, 3— Actinomycetales, 4—Pseudomonadales,
5—Xanthomonadales, 6—Rhizobiales.
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Figure 57: FFP method using string length 7.



1 —Bacillales, 2—Enterobacteriales, 3— Actinomycetales, 4—Pseudomonadales,
5—Xanthomonadales, 6—Rhizobiales.
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Figure 58: RTD method using string length 1.



1 —Bacillales, 2—Enterobacteriales, 3— Actinomycetales, 4—Pseudomonadales,
5—Xanthomonadales, 6—Rhizobiales.
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Figure 59: BBC method.
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1 —Bacillales, 2—Enterobacteriales, 3— Actinomycetales, 4—Pseudomonadales,
5—Xanthomonadales, 6—Rhizobiales.
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Figure 60: Receiver operating characteristic curve (ROC) and Area under the ROC Curve on

40 bacterial isolates sequences.

Our 40 bacterial sequences belong to 11 genera and 16 species. We compared our method

with four different techniques and observed little variation in their clustering pattern (Fig. 55-

60) except CV method. The 40 bacterial species for AUC were numbered at order level and

all the methods except CV, clustered order Enterobacteriales alike. AUC values from the five

approaches range from 0.618 to 0.756 with the lowest for method CV and highest for BBC.

Although BBC method has the highest AUC value but its clustering pattern to similar to our

method (AUC=0.653).
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