The Open Bioinformatics Journal ISSN: 1875-0362
DOI: 10.2174/0118750362401268250715144626, 2025, 18, e18750362401268 1

RESEARCH ARTICLE OPEN ACCESS
SV

7.
o

Tool FindCrispr: An Accurate Identification of
Crisprs

P
/)
an

¢

Chunmei Wang"”’

'School of Mathematics and Computer Science, Xinyu College, Xinyu, Jiangxi, 338004, China

Abstract:

Introduction: The accurate identification of repeats and Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) has a profound impact on studying and understanding prokaryotic immune systems.

Methods: A model with feature extraction and scoring is trained, solved made as a tool. The Welch’s t-test is
conducted.

Results: The length of the repeater, the copy number of the repeater, the starting position sequence of the repeater,
and the repeater sequence as the features. The scoring formula The sequence with overlapping starting points and
the highest score among the absolutely repeat sequences is selected as CRISPR, which is used as a tool to find
CRISPR. Among 302 archaea, 199 obtained the same results as pilerCR using findCrispr; 86 obtained more CRISPRs
than pilerCR. The Welch’s t-test shows that the count of Crisprs recognized by the findCrispr tool is significantly
different, with t-stat > 0.

Discussion: The feature extraction is effective. The model performs well, and the tool findCrispr is inclined to find
more repeaters. The algorithm is a specialized algorithm that is sensitive to finding CRISPR with a small number of
duplicates and has low tolerance for long, scattered repeats.

Conclusion: Features are extracted, and a scoring system is established using the tool findCrisprrealized, which
performs superiorly to pilerCR in the identification of CRISPRs with multiple calibration repeaters. The tool
findCrispr is of great significance for studying the biological function and mechanism of CRISPR.
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1. INTRODUCTION found in 1987 in Escherichia [1]. Crispr-Cas defense systems
exist in half of the bacteria and most of the archaea as a
unique prokaryotic defense [2-5]. 2137 base pairs constitute
repeats that have almost nothing different and are separated

Clustered regularly interspaced short palindromic
repeats (Crisprs) are sequences that lend themselves to

impo_rtant biologicgl processes and are cha_racterized by their by different spacer sequences [6]. Clusters of direct repeats
special and relatively fixed sequence signature [1]. The and spacers, unique sequences that separate repeats,
exploration of the identification of repeats and Crisprs has compose Crispr loci, viewed as the genetic memory of

been an investigation of great significance. Crisprs were first prokaryotes [7]. Clustered regularly interspaced short
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palindromic repeats (Crisprs) are DNA repeats that exists in
most archaea and a lot of bacteria gene sequences [6].
Crispr/Cas systems furnish prokaryotes with a sequence-
specific defense reaction against encroachment by
extraneous nucleic acids of a kind that like phages or
plasmids [8-10].

Crispr/Cas systems are used in many varied genome
engineering [11-14]. Crispr-Cas systems in prokaryotes,
including Crispr and Crispr associated genes contain lots
of adaptive immune ways. Crispr/Cas systems are
promising to become the next-generation diagnostic [6].

Crispr, consists of repeats (approximately 10-100 bp)
and spacers (approximately 10-100 bp), is distributed in
40% of sequenced bacteria and 90% of sequenced
archaea. Sequences of spacers, foreign DNA fragments
captured by bacteria or archaea, are different, while
sequences of repeaters (often with the same length as the
spacer of Crispr) are almost the same and have the
minimum number of repetitions of 3 [10, 15-17].

Actually, there have been many utilities for analyzing
Crispr repeats. pilerCR and CrisprFinder are prevalent
tools for searching Crispr repeats nowadays. They are all
so user-friendly that when the users provide their
sequences, several minutes later, the result report will be
presented in front of them containing the repeat start
points and repeat as well as spacer sequences accordingly.
CrisprFinder employs an algorithm to screen sequences
based on error rate [18-20]. pilerCR has both high
sensitivity and high specificity, which is making piles
through local alignments to itself that satisfy the Crispr
requirement and can be quickly finished searching tasks.
Nonetheless, pilerCR on certain occasions identifies the
boundaries incorrectly, especially when they have an end
or point cut [21-23].

To develop an accurate method to identify repeats and
Crisprs, an algorithm and tool is therefore proposed and
made based on the properties of Crisprs. We build a model
through analysis of Crisprs’ properties and transfer the
identification of Crisprs to finding the best parameters of

Table 1. Range definitions and notations.

Aspects

Minimum of length of spacer
Maximum of length of spacer
Minimum of length of repeater
Maximum of length of repeater
Minimum of crossing criterion
Maximum of crossing criterion
Maximum of isometric attribute criterion
Minimum of copies of repeater
KNN points

Sequence decided by a repeater and its separating spacers

Repeater of a Crispr sequence
Spacers of a Crispr sequence
Start point of a repeater of a Crispr sequence
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the scoring formula constructed by features extracted
from Crispr’s properties. Experiments using the complete
genome of archaea determined the parameters and
showed that this algorithm was inclined to find more
Crispr repeats than pilerCR. Besides, the Crisprs found by
the tool findCrispr of our algorithm can be clearly
visualized as figures. Our tool findCrispr would help
biologists obtain more information about Crispr repeats
and find out whether there exist more possible repeats.

2. MATERIAL AND METHODS

First, the scientific question this study aims to explore
is to identify an accurate method and tool for Crispr
recognition. Therefore, this research focuses on
establishing a Crispr identification model. To achieve this,
the paper constructs a theoretical framework using
descriptive and analytical approaches based on the
conceptual understanding of Crispr. Building upon this
theoretical framework, we adopt a mixed-methods model
combining qualitative and quantitative elements. While the
parameter determination during model training employs
qualitative-like methods through parameter pairing, all
other processes remain strictly quantitative. Therefore,
methods include 2 parts. The theoretical basis and
framework for analysis of the model (descriptive and
analytical) were established. The algorithm (a mixed-
methods model combining qualitative and quantitative
elements) was proposed, and the algorithm flow was
described. Table 1 shows several range definitions and
notations of the method in this article.

2.1. Theoretical basis and framework for further
analysis of the model

The sketch map of Crispr sequences is shown in Fig.
(1). In Fig. (1), the dark green and light green areas
represent two Crispr, the rectangle and diamond
represent the repeater and spacer respectively, and
STPT,, STPT,,*++,STPT,, represents the start points of

the repeater respectively.

Notation Default Value

spm 20

spM 120

rem 30

reM 300

crm 0

crM 3.5X (mean length)
rangediff 10

rnm 3

nknn 5

Crispr (Crispr seq)
repeater
spacer
STPT
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Aspects Notation Default Value
Start points of repeaters of a Crispr sequence stpt={STPT}
Start points of Crispr sequences of a genomic sequence {stpt}
A CRISPR SEQUENCE(stpt) ANOTHER CRISPR
SEQUENCE

< R > <
4 A A 4 4 A

STPT1 | .STPTm-1  STPTm ~STPT1 - STPTm'

‘STPT2 _
lenth is |

A GENOMIC SEQUENCE

Fig. (1). Sketch map of Crispr sequences.

2.1.1. Analysis of the proposed problem

Crisprs properties include basic location requirements
viewed as primary properties and resemblance to a Crispr
repeat viewed as senior properties. To screen Crispr
sequences, it is divided into two categories for Crisprs
properties. Crisprs properties include basic location
requirements viewed as primary properties and
resemblance to a Crispr repeat viewed as senior
properties.

2.1.1.1. Primary Properties

Primary properties are independent of each other. The
characteristic of the primary property is that once these
primary properties condition is not met, the repeater
sequence will be removed from the Crispr candidate list.
Besides, primary properties are absolute characteristics of
the repeater sequence itself and have nothing to do with
other repeater sequences.

So, they are independent of each other. Crispr
sequence’s locations should satisfy to the Crisprs basic
requirements such as the repeater’s length section, the
spacers length section, the number of repeaters copies,
the similarity of repeaters and the uniqueness of spacers
and so on, among which the similarity of repeaters is the
foremost primary property of Crispr while the repeaters
length section, the spacers length section, the number of
repeaters copies, the uniqueness of spacers are subsidiary
primary properties. They can be described in detail as
follows.

(A) The similarity of repeaters (Foremost Primary
property). The similarity of repeaters has been guaranteed
by searching for complete repeats. The rule of finding
complete repeats (completely identical sequences) is that
repeats are sequences where the next bases of the same
base are the same.

(B) The length of the spacer (Subsidiary Primary
property). The length of the spacer should be between the
maximum (spM) and minimum (spm). Here we set the
maximum to 120 and the minimum to 20.

(C) The length of the repeater (Subsidiary Primary
property). The length of the repeater should be between
the maximum (reM) and minimum (rem). Here we set the
maximum to 300 and the minimum to 30.

(D) The number of repeater copies (Subsidiary Primary
property). The number of repeater copies should be
between the maximum (rmM) and minimum (rnm). Here
we set the maximum to NAN and the minimum to 3.

(E) The uniqueness of spacers (Subsidiary Primary
property). The uniqueness of spacers means that spacers
following repeats with different start points should be
different from each other.

2.1.1.2. Senior Properties

Senior properties make up the resemblance of the
sequence segments to Crispr repeaters together. The
characteristic of the senior property is that if these senior
properties condition is met to a greater degree, the
repeater sequence will be more likely added to the Crispr
candidate list. It’s remarkable that the senior property is a
relative characteristic, which is reflected by comparing it
with other repeater sequences. They therefore make up
the resemblance of the sequence segments to Crispr
repeaters together. In addition, the sequence segments
with greater resemblance to Crispr repeaters are inclined
to be Crispr repeaters, where the resemblance of the
sequence segments to Crispr repeaters include the length
of repeaters, the number of repeaters copies, the
arithmetic attribute and the distance to be a Crispr
repeater. They can be described in detail as follows.

(A) The length of repeaters (Senior property). The
longer the length of the repeaters is, the greater the
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resemblance of the sequence segments to Crispr repeaters
is.

(B) The number of repeaters copies (Senior property).
The larger the number of repeaters copies is, the greater
the resemblance of the sequence segments to Crispr
repeaters is.

(C) The arithmetic attribute (Senior property). All the
start points of repeaters should be arithmetic sequences in
an ideal condition. The greater the arithmetic attribute is,
the greater the resemblance of the sequence segments to
Crispr repeaters is.

(D) The distance to be a Crispr repeater (Senior
property). The shorter the distance to be a Crispr repeater
is, the greater the resemblance of the sequence segments
to Crispr repeaters is.

Because they are relative, this involves taking out two
sequences for comparison. There is no need to compare
two sequences that do not overlap or are not likely to
overlap. Criteria for judging whether two sequences
overlap should be defined. The crossing criterion should
be between maximum (crM) and minimum (crm). Here we
set the maximum to 3.5 times of the mean length of the
two repeat sequences and the minimum to 0. Judging the
value of the isometric attribute that start points of
repeater sequences are an arithmetic sequence. At some
time, the value of the attribute is too large so that the
repeater sequences should not appear in the candidate
list. This is like a primary property. Based on this, the
isometric attribute standard should be defined. The
isometric criterion should be between maximum
(rangediff) and minimum (/). Here we set the maximum to
10 and the minimum to 0. However, considering that in
Crispr sequences, because of one or two or a small
number of base mismatches (shift, loss, increase),
sometimes requirements for isometric properties are not
absolute, and it is not a strong criterion that must be
followed. Based on this, they should be regarded as
relatively senior property.

The so-called k-nearest neighbor algorithm is that
given a training data set, for a new input instance, find K
instances closest to the instance in the training data set
[24, 25]. Most of these K instances belong to a certain
class, so the input instances are classified into this class.
KNN (k-nearest neighbor) algorithm is also used to pick up
the sequences that belong to the Crispr repeat group in
calculating the distance to be a Crispr repeater. The
algorithm requires the number of KNN points to be
defined. The number of KNN points nknn should be
between the maximum (total number of all known points)
and minimum (0). Here we set the default value to 5.
Because the four senior properties make up resemblance
to Crispr repeaters together, it is reasonable to establish a
comprehensive scoring method of four characteristics.

2.2. Dataset

The complete gene sequences of 302 archaea were
downloaded from the National Center for Biotechnology
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Information (NCBI) database in March 2020
(Supplementary File 1). The samples used in this study
comprised all archaea available in the database at the time
of data acquisition. This sampling strategy was adopted
because Crispr systems are most widely distributed among
archaea, while also referencing the sample size employed
during the development of the pilerCR method. According
to the description of the sequence data of archaea in
NCBI's FTP on May 22nd, 2025, there are 5626 pieces of
sequence data (ftp://ftp.ncbi.nlm.nih.gov/genomes/
ASSEMBLY REPORTS/assembly summary genbank.txt).

According to the “assembly level”, it can be divided
into four types: Chromosome, Complete Genome, Contig,
and Scaffold, in which the Complete Genome is completely
closed and spliced without gap; However, the
Chromosome genome is assembled to the chromosome
level, but it may contain a few unlocated fragments or
small gaps (GAPs). The Scaffold group is assembled into a
plurality of Scaffolds with unknown gaps; Contig (contig
level) genome is assembled into discontinuous short
fragments (Contigs), and there are a lot of unknown gaps
between fragments. That is to say, there are gaps in the
sequences with “assembly level” of Chromosome, Contig,
and Scaffold, but only Complete Genome has no gaps
[26-29]. Because the Crispr of the sequence we are
looking for is directly related to the base arrangement
order in the sequence, in order to ensure the accuracy of
the data, we select the sequence data with the
“assembly level” of Complete Genome. By May 22nd,
2025, there will be 400 sequences available for download.
Because the sequence data in the database have been
added, deleted, and revised with time, 273 of the 302-
sequence data used in this study remain unchanged, so it
can be approximately considered that the data used is
effective, generalizable, and time-free, and will not change
due to the newly discovered or revised sequences. Two
ways were used to deal with the influence of sample size
on our research. The first is to analyze the data source,
and apply our model tool to more than 400 archaea
genome sequences, 169 randomly selected bacterial
genome sequences, and 26 archaea chromosome gene
sequences, besides 302 gene data to verify the accuracy of
the identified Crispr. Secondly, the number of copies,
length, length of spacer, and number of Crispr of repeater
calculated by our tools on the above data are compared
with the results of pilerCR (control group) using Welch's t-
test [30, 311.

2.3. Feature extraction and Machine learning
methods

The purpose of this study is to find Crisprs from a
given gene sequence S with length n, noted as S,. Assume
that there is a Crispr repeater has a length of I and a copy
count of m. The start points of repeaters in this Crispr,
that is, the location of Crispr repeaters on the complete
genomic sequence is STPT,, STPT,,ess, STPT,, STPT,,

STPT,,+++ ,STPT,, constitute a set, noted as stpt in Fig. (1).
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stpt={STPT,, STPT,,+++,STPT,};
I=length of repeater decided by stpt;
m= the copies of STPT in stpt

(€Y

Because repeat are sequences that the next base of the
same base is the same, the index of the same base and the
same base sequences can be given by recursion. In this
way, we obtain all absolute repeats based on alignment.
stpt is calculated by finding absolute repeat sequences.

A

Our next goal is stated as judgment on Problem A for ease
of expression.

Problem A: Whether an absolute repeat would appear
in the Crispr result list of our method or not.

For an absolute repeat, we can certainly judge the
problem stated below.

CRISPR1
CRISPR2

\, scored with

Y parameters

Sn CRISPRm
find
absolute
Repeats |f iS max
{(stpt1,s1), {score(stpt1,s1)==max(score(j(stpt1,51))),
(stpt2,52), score(stpt2,s2)==max(score(j(stpt2,s2))),
(stpta,sa)} score(stpta,sa)==max(score(j(stpta,sa)))}
A
cr:)hsi:;g Get highest score
repeats e Ut
v
{j(stpt1,s1) {score(j(stpt1,s1))={score((stpt1,51)),.......score((stptA1,sA1))},
j(stpt2 '52)' ccore score(j(stpt2,s2))={score((stpt1,s1)),......score((stptA1,sA1))},
j(str;'ééhsa)} score(j(stpta,sa)}) ={score((stpta,sa)),.......score((stptAa,sAa))}}
B C
—
Evaluation |
i T3 s [ oo RN
| )
Problem A Problem C ) ale the wvalud
: ,t’ﬁ'e }:IMTE\
| ~ ingroup !
l N AP N ! composed of its \'
: '\frossing repeats j
: ....HX\__‘,\_\._.,._'\,./
[ | those N
Problem E : // absolute
! | repeats
|
I
I

\\—_‘\—_—4

W1 ,a2 a3 a4

4
A IPREN

J~=7
s

Fig. (2). Diagram of our method about problems transformation. A. The processing path of transforming Problem A into Problem D. B.
The transformation of our objectives and evaluation, from Problem A to Problem E. C. The computational layers of the goal of our model

maxQ(a,, a,,a;, a,).
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Problem B: Whether an absolute repeat appears in the
Crispr result list of pilerCR.

Similarly, our assessment of the correctness of our
method is stated as a judgment on Problem C, or judgment
on the consistency of Problems A and B.

Problem C: Whether an absolute repeat appears or
does not appear in the Crispr result list of both our
method and pilerCR together.

Through the processing path shown in Fig. (2A), we
turned the goal problem into the judgment on Problem D.

Problem D: Whether an absolute repeat scored with
parameters get the highest score in a group composed of
its crossing repeats. Therefore, the evaluation of the
correctness of our method is transformed into the
judgement on the consistency of Problem Band D, or
stated as below, Problem E.

Problem E: Whether an absolute repeat scored with
parameters get the highest score in a group composed of
its crossing repeats coincides with this absolute repeat
appearing in the Crispr result list of pilerCR. The
transformation of our objectives and evaluation is shown
in the Fig. (2B). As can be seen from Fig. (2A), our goal
has changed from Problem A to Problem D; As can be seen
from Fig. (2B), our goals are Problem A and Problem D.
By virtue of Problem B, the bridge between goals and
evaluation is built, and thus Problem C and Problem E
appear. From Fig. (2C), we can see that the computational
layers of the mathematical expression max Q(al, a2, a3,
a4) of the Problem E. Scoring those absolute repeats with
parameters al, a2, a3, a4 is the innermost layer.
Calculating the highest score in a group composed of its
crossing repeats is the middle layer. And the outermost
layer is judging whether the count of those absolute
repeats with the highest score in a group composed of its
crossing repeats, also in the Crispr result list of pilerCR
takes the maximum value.

With the above analysis of the model and Crispr
properties, we use the following scoring method.

We creatively introduce a concept of KNN distance to
be a Crispr repeater, noted as dis, is the total distance
from a sequence to the reference sequences among the K
neighbors mentioned above.

dis = KNN distance to be a Crispr repeater;

The reference sequences include the ’repeater’
sequences and ‘non repeater’ sequences. The ‘repeater’
sequences were known repeats [32], and the ’'non
repeater’ data were simply constituted using AAAAA or
GGGGG, and so on (Supplementary File 2). Represent
the sequences, such as S, with arrays such as AR of
dimensionality of 60 as follows. Here, R takes values of A,
G, C, T, AA, AG, AC, AT, GA, GG, GC, GT, CA, CG, CC, CT,

TA, TG, TC, TT. Then, AR =[ N, pta D3, ng, li,
2
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2 2 2 2 2

Dg,n¢, e, D¢, g, g, DTy Maa, Raas Daa Magy Bagr Dac)
2 2 2

Nac, lacr Dacr Mar, thars Dir Ngar bear Déar nge, tge,

2 2 2
Dgg,nges teer Dger et Hers Dt Meas Bea D2y, e, e
2 2 2

2 2 2 2
Dée,ees beer Décr ers Bers D ras ras Dias nipg, thrg,

Drg,nre, re, Dres rrs e Drr]s in which
ng ,yR,Dﬁ is defined in the study by Li et al. [33].

Under this representation of reference sequences
(Supplementary File 3), the 'repeater’ sequences and
‘non repeater’ sequences can be well separated on the
whole and in 20 three-dimensional vector spaces
(Supplementary File 4 A-T). In Supplementary File 4
A-T, the blue and yellow dots represent known ‘repeater’
sequences and 'non repeater’ sequences respectively, with
3 dimensions separately representing number, average
number, variance of A, G, C, T, AA, AG, AC, AT, GA, GG,
GC, GT, CA, CG, CC, CT, TA, TG, TC, TT. The smaller the
value of KNN distance to be a Crispr repeater dis, the
more it resembles the Crispr repeats. Similarly, we
introduce a concept of location attribute, noted as Attri
(stpt), to characterize whether these starting points meet
the most basic (the most basic but also the most stringent)
location requirements (i.e., the length of repeat segments
should be equal, and the length of blank segments should
be equal). Its formulation is as below. For a start points
set stpt with m start points,

{STPT,, STPT,,*++,STPT,} should be an arithmetic
sequence. One extreme scenario is, Attri (stpt) = 0. This
shows that {STPT,, STPT,,+++,STPT,} is an arithmetic
sequence. That is, repeaters and spacers of the sequence
segment with a start point set stpt are the same
respectively. The sequence segment is therefore satisfying
to the locationrequirement to the greatest extent. On the
contrary, if Attri (stpt) is a very large number, it is likely
that the conditions will not be met for the sequence
segment. The smaller the value of the isometric attribute
Attri (stpt), the more it resembles the Crispr repeats.
Finally, for a sequence segment with a start point set of
stpt, we use score (stpt) to characterize the degree of
satisfaction of a sequence segment to be a Crispr repeat.
From the analysis above, it’s can be easily seen that

score(stpt) x- Attri(stpt), score(stpt) «-dis
score(stpt) «m, score(stpt)« 1

Then we have reasons to believe and assume that
™ (STPT; + STPT;,, — 2STPT;,,)

Attri(stpt) = — — ;

dis
score(stpt) = a;m + a,l — a; -~ a,Attri(stpt).
dis
The formula aym + al - a; 1 - a, Attri with
parameters (a;,, @, a; a,) (stpt) can be used for

comparison of the resemblance to Crispr repeaters after
screening based on primary properties(basic location
requirements)in the process of identification of Crisprs.
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Among which (a,, a,, a;, @,) is a positive rational number
dis

pair. We view m [, - 7|, - Attri(stpt) as four features of an

absolute repeat.

2.4. Run Models

With the above analysis of the model and scoring
method, the goal of our model is stated as below. The
count of those absolute repeats scored with parameters a;,
a,, a5, a, get the highest score in a group composed of its
crossing repeats, also appears in the Crispr result list of
pilerCR take the maximum value. And this count takes a;,,
a,, @, a, as parameters. It is thus noted as Q(a;, a,, a;, a,).
Therefore, the goal is equivalent to

maxQ(a;, a,, az a,)

It can be seen from Fig. (2C) that Q (a,, a,, a, a,) is not
a simple linear combination of four features of an absolute
repeat.

The direct data used for model training is the absolute
repeat obtained after the processing of the 302 archaea
genomic sequences. The features used for model training

dis
are the four features of absolute repeats m I, - ;| , -
Attri(stpt). Adjustment of parameters of model training is
adjusting one parameter to five different values
0.1,0.9,1,1.1,3 respectively, and fixing the other three
parameters with a; = 1 remain unchanged. The training

strategy is maxQ(a,, a,, s, Q).

After many times of different times (a;, o, a; o,)
values assignment, we finally got the best a,, a,, a;, a,
assembly is (1,1,1,1). Therefore, its formulation is as

dis

below. score (stpt) = aym + a,l - a; | - a,Attri ( stpt).
From this formula, we can see that the score is positively
related to the length of repeaters and the number of
repeaters copies, but negatively related to the isometric
attribute and the distance to be a Crispr repeater. q,, a,,
a; 0, = 1 show that the length of repeaters and the
number of repeaters copies, as well as the isometric
attribute and the distance to be a Crispr repeater, have
the same weight or contribution rate on the final score.

The screening process after finding the absolute
repeats is designed as the following steps. To start the
next filtering, we begin with stepl.

stepl: Build a new start points set {newstpt}. To start
the next screening, we first build a new start points set
{newstpt} tostore start points sets that meet all conditions
to be an acceptable Crispr repeat in {stpt} = {stpt,, stpt,,
eee, stpt.}.

step2: Judge whether stpt is not the last string in set

{stpt}, if not, terminate the program, else, go to the next
step. To find all start points sets that meet all conditions to

be an acceptable Crispr repeat in {stpt} and store them
into {newstpt}, we have to start a cycle to pick up start
points set from set {stpt} one by one. This step is to
determine the condition of the loop. If it is already the last
set of start points, the loop will be terminated. If it is not
the last set of start points, start filtering.

step 3: Pick up one {stpt}, go to next step. To start the
next filtering, we firstly pick up one stpt in set {stpt}.

step 4: Judge whether or not all STPT in stpt satisfy
reM = | STPT 1-STPT2|< reM. If yes, go to the next step,
else, go to step2.

This step is to check whether stpt meets the
requirements of Subsidiary Primary property: the length of
the repeater.

step 5: Judge whether or not the length of all space of
s, are all satisfying spm < len(space)< spM. If yes, go to
next step, else, go to step2. This step is to check whether
it stpt meets the requirements of Subsidiary Primary
property: the length of spacer.

step 6: Judge whether for any spacers of s, they are
different from each other. If yes, go to next step, else, go
to step2. This step is to check whether it stpt meets the
requirements of Subsidiary Primary property: the
uniqueness of spacers.

step 7: Judge whether there is stptl in {stpt} besides
stpt, and related s1, STPT, are in stpt, STPT,; in stpt 1,
satisfying crm <| STPT,,-STPT, |< crM. If yes, go to next
step, else, go to stepll. This step is to judge whether
other s, overlappingwith s besides s. This step is to
traverse all the elements in the set {stpt} to judge one by
one. If there is no sequence crossing with s, s will be in
the Crispr candidate list.

step 8: Put stptl into a subset {stpt}, go to next step.

This step is to pick out all other sequences overlapping
with stpt besides stpt and put them into a new set {stpt
11}.

step 9: Calculate the score of stpt and related s,
calculate scores of stpt and stpt! and sl in subset
{stpt11}, go to next step.

This step is to calculate the score of the other
sequence sl in {stpt 11} (sequences overlapping with s).

step 10: Judge whether there is stptl in {stptl1},
satisfying score(stpt) < score(stptl). If not, go to next
step, else, go to step2. This step is to judge whether there
is other sequence s1 in {stptl1} (sequences overlapping
with s) with a higher score than s. If there is other
sequence sl in {stpt11} (sequences overlapping with s)
with a higher score than s, it shows that s is not in the
Crispr candidate list.

step 11: Put stpt into {newstpt}, go to step2.

This shows that s is in the Crispr candidate list, so the
start points of s are put into {newstpt}. These steps were
drawn in flow chart in Fig. (3).
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obtain repeat section startpoints
set{stpt} and related repeat set{s}

build a new startpoints
set{newstpt}

stpt is the last string in set {stpt}

Y

pick up one stpt in set {stpt}

pick up the s decided by stpt

of all space of s, length of them are™a
satisfy spm<len(space)<spM

of all spaces of s, they are differe
from each other

are related s1, STPTs in stpt and STPTsI1
satisfying Crm<=|STPTs1-STPTs|<=CrM,
stptlisin {stpt} besides stpt

no operation

| put stpt into {newstpt}

Fig.3. Flow chart of the algorithm.
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no operation
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{stptih

hreTe is stptl in (stpt}, satisfting score(Stp

<score(stptl)

no operation
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dis

The formula score (stpt) = aym + a, I, - a3 ;| , -

o Attri(stpt). with parameters (1,1,1,1), that is, score (stpt)
dis

=m+ - -Attri (stpt). is a good choice for comparison of
the resemblance to Crispr repeaters after screening based
on primary properties (basic location requirements)in the
process of identification of Crisprs. Our algorithm is
written in Python and named findCrispr.

The tool findCrispr and a sequence file for testing can
be found on the website
https://github.com/ganymedesm/findCrispr. git. The usage
of the program is as follows. Put the sequence data to be
analyzed into a separate directory, which only supports
“fna” suffix sequence file; Type the address of the
directory, and the program will automatically start
analyzing. Three files are obtained after the analysis. File
with “result! ” at the beginning of filename: indicates the
Crisprs containing score information found by findCrispr.
Each line represents a Crispr, includes the starting
position of the repeater followed by “, “, “#####”,
score,”:”, repeater sequence, “@”, the copy count of
repeater sequence, “$”, the length of repeater sequence,
“ 7, the spacer sequences separated by “". File with “-
show.txt”at the end of filename: indicates that the Crisprs
found by findCrispr are displayed in a more readable
format. All Crisprs are marked with Crisprl, Crispr2, ...
And Crisprl, for example, is marked with the starting
position, sequences, and lengths of the repeaters and
spacers. The “png” image file: indicates that the Crisprs
found by findCrispr are displayed in pictures. A rectangle
and a diamond represent a Crispr. The number +"X”
marked on the top of the rectangle represents the number
of copies of the repeater. The number on the left of the
rectangle represents the length of the repeater sequence.
The number below the rectangle represents the starting
position of the Crispr. The number on the right of the
diamond represents the ending position of the Crispr The
rectangle and diamond of each Crispr are represented by
different colors and connected by a straight line according
to their orders in the gene sequences.

3. RESULT AND DISCUSSION

3.1. Performance
Existing Tools

Advantages Compared with

The evaluation of the model of our algorithm is mainly
based on the comparison with pilerCR. The results of
Crisprs obtained from find Crispr and pilerCR can be
found in Supplementary Files 5 and 6. The data used in
the evaluation is 302 archaea genomic sequences. All
results are reviewed by manual curation. The total results
from our method findCrispr and pilerCR on 302 archaea
sequences, and the total results from our method
compared with pilerCR (Supplementary File 7).

suggest that the overwhelming large majority of
results of 302 archaea is that the algorithm finds more
Crispr repeats than pilerCR, while the minority is that the
algorithm finds fewer Crispr repeats. Among 302 archaea,

199 obtained the same results as pilerCR using our
algorithm; 86 obtained more Crisprs than pilerCR; and 17
obtained fewer Crisprs than pilerCR. The numbers of
repeaters of all archaea are obtained after running
program of the algorithm (findCrispr) and pilerCR.

3.1.1. The Algorithm is Inclined to Find more
Repeaters

Crispr analysis of the complete genome of 302 archaea
with our algorithm and detailed Crispr analysis of the
complete genome of 302 archaea with our algorithm
comparing with pilerCR shows that the algorithm is
inclined to find more repeaters. For example, for
Methanothermobacter thermautotrophicus str. Delta H,
both methods obtained three Crisprs (Fig. 4A, A'");
although one of the small duplicate copies is not the same,
the length and number of copies of the other two are the
same with pilerCR. For Archaeoglobus fulgidus DSM 4304,
both obtained three Crisprs (Fig. 4B, B'); except that one
of the repeats is slightly shorter in length, the rest are the
same. For Aeropyrum pernix K1 DNA, both obtained three
Crisprs (Fig. 4C, C'); except that one of the repeats is
shorter in length, the rest are the same with pilerCR. For
Methanosphaera sp. BMS, if the other ones are not
considered Crispr due to the too long spacer (within a
reasonable range), at least 2, 11, 6, 10, 17, 19, 23, 24, 26
can be regarded as Crisprs with small duplicate numbers
(Fig. 4D), while no Crispr was identified by pilerCR. For
Candidatus  Nitrosocosmicus  exaquarestrain  G61
chromosome, if the other ones are not considered Crispr
due to the too long spacer (within a reasonable range), at
least, 2, 4, 7, 10, 12, 8, 16, 17 can be regarded as Crisprs
with small duplicate number (Fig. 4E, E'). For
Methanoplanus limicolaDSM 2279 chromosome, if the
other ones are not considered Crispr due to the too long
spacer (within a reasonable range), at least 1, 2, 3, 6, 11,
12, 13, 19 can be regarded as Crisprs with small duplicate
number (Fig. 4F), while no Crispr was identified by
pilerCR. The algorithm is an accurate identification of
repeats and Crispr repeaters. As a result, the algorithm
can be used as an effective tool to find Crispr repeats,
supplemental to pilerCR and Crisprfinder. It can be
visualized and has stronger expansibility. The tool output
shows Crispr report file and a visual picture file, which is
clear and easy to read. Written in Python language, Crispr
and statistical Crispr can be displayed in different ways.

3.1.2. The Algorithm is a Very Special Algorithm in
Finding Crispr.

Taking the existing software pilerCR as an example, its
algorithm and program are not independent. Our
algorithm is a very special algorithm as its original
intention was based on the most fundamental
characteristics of Crispr. Our analysis of Crispr’s
properties is complete as it’s not only an analysis of
sequence characteristics, but also a general analysis of
classification and object relevance in a philosophical
sense. Our comparison of scoring fits the Crispr property
very well.
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Methanothermobacter thermautotrophicus str. Delta H(findCrispr:GCA_000008645.1_ASM864v1_genomicg.fna)

A
124X 991616 X 992473 47X 1475547
983373 992280 1472442

A' Methanothermobacter thermautotrophicus str. Delta H(PilerCR:GCA_000008645.1_ASM864v1_genomic.fna)
124x 991594 X 1277841 47X 1475523
983372 1277707 1472441

B Archaeoglobus fulgidus DSM 4304(findCrispr:GCA_000008665.1_ASM866v1_genomicg.fna)
47X 42X
1694143

60X
4255 401625
1690931

148 398369

Archaeoglobus fulgidus DSM 4304 (PilerCR:GCA_000008665.1_ASM866v1_genomic.fna)
43X
1694128

° 60X 4223 48X 401600
1690929

147 398368
C Aeropyrum pernix K1 DNA(findCrispr:GCA_000011125.1_ASM1112v1_genomicg.fna)
13X 718104 42X 789398 17X 1278525
1277425

, 717252 786657
. Aeropyrum pernix K1 DNA(PilerCR:GCA_000011125.1_ASM1112v1_genomic.fna)
19X

27X 719007 42X 789365
<P 2 ‘R

24
1277298

1278495

717247 786656
Methanoplanus limicola DSM 2279 chromosome(findCrispr:GCA_000243255.1_ASM24325v1_genomicg.fna)
3X

[)\
. 122935 x 329558 * 444723
> g <

920456

32! 21
122761 329416 444497 919855
X 1047357 X 1120912 X 1353197 8X 1356022
40
- LB <> N
1046876 1120509 1352690 1355451
3X 3X 5X 3X 3X
1360225 1911576 2034611 2034472 2130809
2034247 2034348 2130447
3X
2662318

1360101 1911284
- 2175959 - 2370991 = 2390102 . 2501947
2662068

2
2389897 2501729

2175523 2370821
E Candidatus Nitrosocosmicus exaquare strain G61 chromosome(findCrispr:GCA_001870125.1_ASM187012v1_genomicg.fna)
3X

X 100323 3X 198325 - 221902 228352
“I e IR 3
221514 227877
3X

99812 197976
x 502012 X 508330 X 530691 655015
501870 508140 530063 654592
X 893631 3 893637 . 906557 X 1081810
892799 893135 906187 1080996
3X 3X 3X 3X
1081813 1110604 1112465 1255548
&2 2 40 & e B
1081335 1110210 1112161 1255244
Bt 1524104 - 1673501 - 1745072 6% 2384754
e “ S . .
1523902 1673080 1744872 2383742
. 2384743 X 2658943 X 2760055 % 284
2759799 2842839

2383920 2658543
E'candidatus Nitrosocosmicus exaquare strain G61 chromosome(PilerCR:GCA_001870125.1_ASM187012v1_genomic.fna)

Fig. 4 contd.....
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77X
1745287
— 28
F Methanosphaera sp. BMS(findCrispr:GCA_003268005.1_ASM326800v1_genomicg.fna) 1744809
ax 154866 o 208776 . 212830 . 248439
2 = R
154546 208314 212604 248198
o 381702 . 384659 - 385623 0 387217
= s | - I 2
381440 384355 385271 386853
3X 3X 3X 3X
406122 430166 608297 621060
405815 429790 608065 620876
. 695321 8K 695483 & 705977 & 727924
= o e ‘R
694966 695359 705589 727644
- 728714 - 741384 - 1048206 s 1048926
“ - . 3
728083 741125 1047851 1048385
% 1411581 - 1599608 i 1696608 - 1697291
= R ‘e —
1411304 1599190 1696412 1696834
o 2028555 . 2367411 . 2639903 3X 2742838
e x4 i
2028402 2367122 2639438 2742630

Fig. (4). Diagram of some example results of findCrispr obtaining more Crisprs than pilerCR. A. Crisprs got by find Crispr in
Methanothermobacter thermautotrophicus str. Delta H; A' Crisprs got by pilerCR in Methanothermobacter thermautotrophicus str. Delta
H; B. Crisprs got by findCrispr in Archaeoglobus fulgidus DSM 4304; B'. Crisprs got by pilerCR in Archaeoglobus fulgidus DSM 4304; C.
Crisprs got by findCrispr in Aeropyrum pernix K1 DNA; C'. Crisprs got by pilerCR in Aeropyrum pernix K1 DNA; D. Crisprs got by
findCrispr in Methanoplanus limicola DSM 2279 chromosome; E. Crisprs got by findCrispr in Candidatus Nitrosocosmicus exaquare strain
G61 chromosom; E'. Crisprs got by pilerCR in Candidatus Nitrosocosmicus exaquare strain G61 chromosom; F. Crisprs got by findCrispr

in Methanosphaera sp. BMS.

3.1.3. The Algorithm is Low in Tolerance for Long
Scattered Repeats

The fact that long scattered repeats will be deleted in
the initial screening stands a good chance. But this kind of
sequence can be adjusted and improved in the later
version to eliminate this problem.

3.1.4. The Algorithm is Sensitive in Finding Crispr
with Small Duplicate Number

In this way, many new Crispr sequences may be found.
The new Crispr sequence means many new immune
mechanisms, Crispr associated proteins, gene editing
methods, and gene editing tools. Moreover, the research
on the function of Crispr with a small duplicate number
and the study of evolutionary origin have far-reaching and
important significance. Nowadays, the main Crispr
recognition tools are pilerCR and Crisprfinder. For
biologists, many discoveries from data mining rely heavily
on these tools. And inventing a good algorithm essentially
makes new discovery possible.

3.2. Outlier Detection

After reviewing and comparing all the results with the
results of pilerCR one by one, we found that for some
sequences, the number of Crisprs found by findCrispr was
inconsistent with pilerCR. For Pyrobaculum islandicum
DSM 4184, findCrispr got two (Fig. 5A) but pilerCR got six
(Fig. 5A'); among the six Crispr obtained by pilerCR,
Crispr2, 3, 4 have the same repeater, Crispr 1, 5, 6 have
the same repeater; this is because our algorithm thinks
that those with the same repeater will be regarded as
scattered repeats and will be eliminated if they do not
meet the position requirements; in addition, other Crispr
are basically consistent. For Methanocaldococcus infernus
ME, findCrispr got 5 (Fig. 5B) and pilerCR got 15 (Fig.
5B'); among the 15 Crispr obtained by pilerCR, Crispr7, 9,
10, 14 have the same repeater, Crisprll, 12, 13 have the
same repeater, Crisprl and 15 have the same repeater;
this is because those with the same repeater will be
regarded as scattered repeats and will be eliminated if
they do not meet the position requirements in our
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algorithm. Data on which the algorithm obtains more or
the same Crispr than pilerCR with the maximal pvalue are
as follows. For Thermofilum adornatus 1505 chromosome,
findCrispr got 2 (Fig. 5C) but pilerCR got 9 (Fig. 5C');
among the 9 Crisprs obtained by pilerCR, Crispr4, 5, 7
have the same repeater, Crispr2, 3, 6, 8 are rejected
because they are considered to belong to longer scattered
repeats but do not meet the location requirements;in
addition, other Crisprs are basically consistent. For
sequences of Thermococcus thioreducens strain OGL-20P
(Fig. 5D, D'), Thermococcus sp. SY113 chromosome (Fig.
5E, E') Sulfolobus solfataricus strain P1 genome assembly
(Fig. 5F, F'), Methanothermobacter wolfeii isolate SIV6
genome assembly (Fig. 5G, G'), the results of Crisprs got
by findCrispr are basically consistent with pilerCR, except
that some of them are considered as scattered repetitive
sequences in our algorithm.

3.3. Feature Extraction System Based on Crispr
Concept Theory

According to the concept of Crispr, Crispr is a special
gene sequence formed by separating almost identical
repeaters by different spacers, in which spacers and
repeaters meet certain length requirements respectively,
with the typical length of spacers being 30-40 bp and the
typical length of repeaters being 21-37 bp [34]; Because of
the above-mentioned base arrangement characteristics,
the length of repeater, the length of Spacer, the number of
copies of repeater, the difference of Spacer and the
similarity of repeater in Crispr meet certain requirements.
In this study, the characteristics of Crispr are divided into
primary attributes and secondary attributes. The primary
attribute is an independent attribute of a sequence, which
has nothing to do with other sequences, including the
length interval of repeater, the length interval of Spacer,
the copy number interval of repeater, the difference of
Spacer, and the similarity of repeater. The secondary
attribute is the similarity between a sequence and Crispr
repeated sequence, which is related to other sequences,
not independent attributes; The similarity between a
sequence and Crispr repeat sequence is determined by the
length of the repeater regarded as a secondary attribute,
the number of copies of the repeater, the arithmetic
property of the starting position of the repeater (the
starting point of the repeater should be equally spaced)
and the distance between the repeater and Crispr repeat
sequence; There are different ways for a sequence to
become a Crispr sequence, and it is necessary to compare
the similarity between this sequence and the repeated
Crispr sequence in different ways to determine various
indexes of Crispr. The above comparison takes place
under the condition that the repeater cross each other (the
starting points are close). At the same time, the starting
point position of repeater is initially determined based on
the fact that repeater has exactly the same base sequence
(repeater is absolute repetition). To sum up, the length I of
the repeater, the copy number m of the repeater, the
starting position sequence stpt of the repeater and the
repeater sequence are used as the features of the
algorithm. That is to say, based on the concept theory of
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Crispr, this study constructs and designs a feature
extraction method. A gene sequence contains millions of
bases, and the uniqueness of a gene sequence is
determined by four bases in these millions of positions, so
the order of magnitude of the features contained in a gene
sequence is very large. Our goal is to identify Crispr from
a gene sequence. Based on the concept theory of Crispr,
the feature extraction method determines this effective
feature from such limited features as the length I of
repeater, the copy number m of repeater, the starting
position sequence stpt of repeater, repeater sequence and
so on, which greatly reduces the number of extracted
features. The feature extraction method based on the
concept theory of Crispr is determined after the deep
excavation of Crispr features. Although the number of
features is greatly reduced, it covers most of the
information about Crispr. And the final result of the article
also shows that these features are enough to accurately
identify Crispr.

3.4. The Machine Learning Algorithm and Model of
Crispr Recognition Based on Score

The primary attribute of Crispr is a definite index, that
is, once a sequence fragment does not meet this index, it
will not become Crispr. As a relative attribute, the
secondary attribute of Crispr is suitable for comparing
how a sequence fragment becomes Crispr under different
division methods. Therefore, a machine learning algorithm
of Crispr recognition based on score is proposed. The
above-mentioned scoring process takes place under the
condition that the starting position sequence st pt of the
repeater with exactly the same base sequence is found to
be similar to an arithmetic progression, and the repeaters
cross each other (the starting positions are similar). The
length | of different repeaters, the copy number m of
repeaters, the starting position sequence stpt of repeaters,
and the KNN distance between different repeater
sequences and known Crispr repeat sequences are the
scoring indicators. The KNN distance used refers to the
average of the distances between the repeater and the five
nearest known Crispr repeats and non-Crispr repeats after
a sequence is represented by a 60-dimensional vector.
After establishing the above scoring system, the next step
of the study is the establishment and solution of the
model. In this study, a model with parameters is
established through problem transformation, and the
objective function max Q (a,, a,, a,;, a,) of the model is
determined. The training set of the model uses all 302
archaea data. Model training is completed in Python
language. Model training, that is, the determination of
parameters, is realized by fixing three parameters and
changing one parameter to five different values. Finally,
the values of the four parameters are determined to be 1,
1, 1, 1. After the parameters are determined, the model is

dis
solved and the scoring formula score (stpt)y m +1,- 71 , -
Attri(stpt) is determined in response. The model performs
well on 302 archaea data. 302 pieces of data are also
regarded as test sets. The model algorithm in this study is
more accurate. From the statistical data, 199 sequences
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Pyrobaculum islandicum DSM 4184(findCrispr:GCA_000015205.1_ASM1520v1_genomicg.fna)
A 15X 4x

1193 39136
15 ’ 25
39 38866
Pyrobaculum islandicum DSM 4184 (PilerCR:GCA_000015205.1_ASM1520v1_genomic.fna)
A' e 1234 10X 39504 X 39851 * 1404202 X 1414037 bt 1759465
S 2 “ ‘e 5 & ‘e e
102 38865 39539 1404031 1413796 1757116

Methanocaldococcus infernus ME(findCrispr:GCA_000092305.1_ASM9230v1_genomicg.fna)

B e 236356 22X 247599 11X 532193 17X 605799 X 768460
235897 245952 531383 604543 767940
Methanocaldococcus infernus ME(PilerCR:GCA_000092305.1_ASM9230v1_genomic.fna)
B' 3 110059 X 236393 X 246203 1ax 247624 11X 532168
109859 235819 245938 246614 531382
17X 605774 X 716378 X 768456 12X 826814 X 835021
604542 715925 767939 826018 834709
7X 6X 6X 15X 4X
1083246 1111472 1112009 1120915 1295984
1082728 1111055 1111599 1119925 1295744

C Thermofilum adornatus 1505 chromosome(findCrispr:GCA_000813245.1_ASM81324v1_genomicg.fna)

19X 312271 39% 1577393
25 ’ 25

311023 1574813

C Thermofilum adornatus 1505 chromosome(PilerCR:GCA_000813245.1_ASM81324v1_genomic.fna)

19X 312240 X 1320667 X 1354208 12x 1368046 X 1371909
311022 1320433 1354040 1367277 1371490

3 1408212 10X 1420625 10X 1523383 40X 1577363

1408044 1419992 1522762 1574748

Thermococcus thioreducens strain OGL-20P(findCrispr:GCA_002214545.1_ASM221454v1_genomicg.fna)

11X 685248 11X 685314 25X 1557258
D SR = < & 1 =
684435 684575 1555586
Thermococcus thioreducens strain OGL-20P(PilerCR:GCA_002214545.1_ASM221454v1_genomic.fna)
X 685288 25X 1557232
' 30 30
D >
684574 1555585
Thermococcus sp. SY113 chromosome(findCrispr:GCA_008152015.1_ASM815201v1_genomicg.fna)
22X 83625 32X 854326
30 ’ 30
E
82135 852193

Thermococcus sp. SY113 chromosome(PilerCR:GCA_008152015.1_ASM815201v1_genomic.fna)

X 82576 . 83332 b 854368
E ’ ’
82134 82688 852192

Sulfolobus solfataricus strain P1 genome assembly(findCrispr:GCA_900079115.1_SSOP1_genomicg.fna)

Fig. 5 contd.....
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85X 24X 38X 34X

1327012 1345400 1347790 1386624
F
1321621 1343873 1345400 1384460
1% 1394022 X 1680307 X 1817935 89X 1889081
15 ’ 39 ’ 24 ’ 2
1393074 1679973 1817488 1883253
Sulfolobus solfataricus strain P1 genome assembly(PilerCR:GCA_900079115.1_SSOP1_genomic.fna)
28x 1323341 >7X 1326962 63X 1347740 3% 1386570
1321596 1323365 1343786 1384435
16X 142X 7X 22X 66X
1394027 1403860 1817884 1884625 1889025
‘R I B @ >
1393045 1394918 1817462 1883228 1884785
Methanothermobacter wolfeii isolate SIV6 genome assembly(findCrispr:GCA_900095815.1_SIV6_genomicg.fna)
G 32X 620074 * 811322 3X 1208534 8X 1209028 * 1641684
617965 811045 1208089 1208310 1641528

Methanothermobacter wolfeii isolate SIV6 genome assembly(PilerCR:GCA_900095815.1_SIV6_genomic.fna)

33X 74X
G' 620094

29 ’ 30

617940 1014114

1019003

Fig. (5). Diagram of some outlier results of findCrispr obtaining less Crisprs than pilerCR. A. Crisprs got by findCrispr in Pyrobaculum
islandicum DSM 4184; A'. Crisprs got by pilerCR in Pyrobaculum islandicum DSM 4184; B. Crisprs got by findCrispr in
Methanocaldococcus infernus ME; B'. Crisprs got by pilerCR in Methanocaldococcus infernus ME; C. Crisprs got by findCrispr in
Thermofilum adornatus 1505 chromosome; C'. Crisprs got by pilerCR in Thermofilum adornatus 1505 chromosome; D. Crisprs got by
findCrispr in Thermococcus thioreducens strain OGL-20P; D'. Crisprs got by pilerCR in Thermococcus thioreducens strain OGL-20P . E.
Crisprs got by findCrispr in Thermococcus sp. SY113 chromosome; E'. Crisprs got by pilerCR in Thermococcus sp. SY113 chromosome; F.
Crisprs got by findCrispr in Sulfolobus solfataricus strain P1 genome assembly; F'. Crisprs got by pilerCR in Sulfolobus solfataricus strain
P1 genome assembly; G. Crisprs got by findCrispr in Methanothermobacter wolfeii isolate SIV6 genome assembly; G'. Crisprs got by
pilerCR in Methanothermobacter wolfeii isolate SIV6 genome assembly.

Halorhabdus utahensis DSM 12940(findCrispr:GCA_000023945.1_ASM2394v1_genomic.fna)

X 396482 X 653467 * 1326689 51 1419155 X 1841127 > 1841126 x 2339878 3X 2793227 x 2859870

396150 652995 1326243 1415805 1840677 1840774 2339381 2793066 2859385

Fig. (6). The result of Crispr identification using tool findCrispr on Halorhabdus utahensis DSM 12940 (CP 001687. 1) gene

obtained the same results as pilerCR, 86 sequences were
more than pilerCR, and 17 sequences were less than
pilerCR. Taking a gene sequence such as Halorhabdus
utahensis DSM 12940 (CP 001687. 1) as an example, the
model algorithm in this study identified that it has 9
Crispr. The starting sites are 2859385, 1326243, 652995,
2339381, 396150, 1840677, 1840774, 2793066 and
1415805 respectively, and the length of the repeat is 21,
21, 22, 22, 24, and 24 respectively. The results of other
sequences are similar. Therefore, the model algorithm in
this study can accurately identify Crispr.

3.5. The Realization of the Identification Tool
FindCrispr

The tool findCrispr is a tool based on the scoring-based
machine learning model algorithm established and solved

in this study, and implemented in Python programming
language. The implementation flow of the tool is shown in

Fig. 3. The basic idea of the process is that, among the
absolutely repeat sequences, the sequence with
overlapping starting points with the highest score is
selected as Crispr. Excellent performance on 302 archaea
data. From the statistical data, 199 sequences obtained
the same results as pilerCR, 86 sequences were more than
pilerCR, and 17 sequences were less than pilerCR. Take a
gene sequence such as Halorhabdus utahensis DSM 12940
(CP 001687. 1) as an example, the tool findCrispr
recognizes that it has 9 Crispr. The starting site is, the
length of repeat is, the number of copies is, and the length
of spacer is. The results of other sequences are similar.
The tool findCrispr can successfully identify Crispr.

3.6. Outputting the Report File Showing Crisprs

The tool findCrispr is easy to use. Just enter the
directory where the gene sequence data stored in “fna”
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Fig. (7). The Welch's t-test results on genome sequences. A. The Welch's t-test results on 302 gene sequences for training the model. B.
The Welch'’s t-test results on 400 archaea complete genome sequences. C. The Welch’s t-test results on 26 archaea chromosome gene
sequences. D. The Welch’s t-test results on 169 bacterial genome sequences. The Welch’s t-test results above contain the value of tstat
and pvalue of the sequence with repeater length pvalue<0.05, the value of tstat and pvalue of the sequence with spacer length
pvalue<0.05, the value of tstat and pvalue of the sequence with repeater copy count pvalue<0.05, the value of tstat and pvalue of Crispr
count, the percentages of sequences with pvalue<0.05 of repeater length, spacer length, repeater copy count, respectively.

format is located after running the tool, and the tool will
automatically output the report file showing Crisprs. The
tool findCrispr is easy to use, and the report file is clear
and easy to read. Take a gene sequence as an example.
For example, the first line of the report file shows
information similar to the header, before the next blank
line, it shows the information of Crisprl, the sec-ond line
is marked with “Crisprl”, and every line from the third
line to the first blank line starts with a number, followedby
the sequence of repeater, followed by the sequence of
spacer, and the length of repeater and spacer are marked
at the end of the line. Taking a gene sequence such as
Halorhabdus utahensis DSM 12940 (CP 001687. 1) as an
example, the report file showing Crisprs (the file name

ends with “-show. txt”) has labels such as Crisprl and
Crispr9. The four lines of text above Crispr2 under Crisprl
begin with numbers, which indicate that the starting site
of the first repeater in Crisprl is 2859385, and the
sequence of the first repeater is “TAGCGGGAGGTGGAT
TTGAAC”. The sequence of the spacer behind the first
repeater is “CGCGGTCGTTCCTTCCTCCCCTTCCTTCAAAT
CCGCGACAGGGAGGATGGCGGATACCCT-GCGCCGTAATT
CGGGGAAA”, the length of the first repeater is 21, and the
length of the spacer behind it is 105. It can be seen that
the report file showing Crispr accurately shows Crispr
information.
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3.7. Outputting a Visual Picture File Showing Crisprs

After running the tool, enter the directory where the
gene sequence data stored in “fna” format is located, and the
tool will automatically output a visual picture file showing
Crisprs. Picture file the tool findCrispr is simple to use, and
the picture file is highly explanatory. In the visual picture file
showing Crisprs, the rectangle represents repeater, the
diamond represents spacer, the number on the left of the
rectangle represents the length of repeater, the “number X”
on the top of the rectangle represents the number of copies
of repeater, the number on the bottom of the rectangle
represents the starting position of repeater, and the number
on the right of the diamond represents the ending position of
the Crispr (Supplementary File 8). Taking a gene sequence
such as Halorhabdus utahensis DSM 12940 (CP 001687. 1)
as an example, in the visual picture file (Fig. 6) showing
Crisprs, nine rectangular diamonds represent nine Crispr.
The length of the repeater in the first Crisprl is 24, “3X”
means that the number of copies of the repeater in Crisprl is
3, the starting position of the repeater in Crisprl is 396150,
and the ending position of Crisprl is 396482. It can be seen
that the visual image file showing Crisprs accurately shows
Crispr information.

3.8. Generalizability and Statistical Results of
Welch’s t-test

The results of applying the model tool to 400 archaea
complete genome sequences, 169 randomly selected
bacterial genome sequences and 26 archaea chromosome
gene sequences besides 302 gene data are identified
Crisprs to verify the accuracy. The results of Welch'’s t-test
on the repeater copy counts, the length of repeater, the
length of spacer and the count of Crisprs calculated by
findCrispr on the above data are compared with the
results of pilerCR (control group) and are shown in Fig. 7
and Table 2. The Welch's t-test results on 302 gene data,
400 archaea complete genome sequences, 26 archaea
chromosome gene sequences, 169 randomly selected
bacterial genome sequences are separately shown in Fig.
(7A-D). In Figure A, in the data set, the four bar charts in
the upper part respectively represent the tstat value and
pvalue value of the sequence with pvalue<0.05 of repeater
length; Tstat value and pvalue value of sequences with
spacer length pvalue<0.05; The tstat value and
pvalue<0.05 value of the sequence with the number of
copies of repeater < 0.05; Tstat value of Crisor number;
The three pie charts in the lower part respectively show
the proportions of sequences with repeater length of
pvalue<0.05 (significant difference, red) and
pvalue>=0.05 (insignificant difference, green), and the
last column chart represents the pvalue of Crispr number.

In Fig. (7A), in the data set of 302 gene data for
training the model, the four bar charts in the upper part
respectively represent the value of tstat and P-value of the
sequence with repeater length P-value<0.05; The value of
tstat and pvalue of sequences with spacer length P-
value<0.05; The value of tstat and pvalue of the sequence
with the number of copies of repeater P-value<0.05; Tstat
value of Crisor number; The three pie charts in the lower
part respectively show the proportions of sequences with
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repeater length of P-value<0.05 (significant difference,
red) and P-value>=0.05 (no significant difference, green),
and the last column chart represents the pvalue of Crispr
number. Fig. (7B-D) are the results above on the data set
of 400 archaea complete genome sequences, 26 archaea
chromosome gene sequences, 169 bacterial genome
sequences respectively.

Table 2. The Welch’s t-test results on genome
sequences.

Comparison (findCrispr vs

PilerCR) T-statistic | P-value Significance
302 gene data for training the
model 7.354546 |1.226292e-12 True
400 archaea complete genome
sequences 7.500877 |3.020874e-13 True
26 archaea chromosome gene
sequences 1.734823 0.091742 False

169 bacterial genome
sequences

11.280271 |1.355567e-22 True

From the results on 302 gene data for training the
model, 400 archaea complete genome sequences, 169
bacterial genome sequences, although the count of Crisprs
recognized by the tools findCrispr is significantly different
with tstat>0, it shows that the tools findCrispr can identify
more Crisprs. There is no significant difference in the
number of Crispr recognized on 26 archaea chromosome
gene sequences. For the count of repeater copies, the
length of repeater and the length of spacer, the proportion
of no significant difference in each type of data accounts
for more than 85 percent, which shows that the tool
findCrispr maintains robust correctness in each type of
data.

4. STUDY LIMITATIONS

The proposed model and algorithm in this study have
several limitations:

4.1. Parameter Optimization

During training, fixed parameters were assigned
specific values, and alternative parameters were explored
using a qualitative-like optimization approach, which may
not guarantee global optimality.

4.2. Model Linearity Assumption

The model employs a linear framework for the four
selected features, without investigating whether nonlinear
relationships could improve prediction accuracy.

Evaluation was restricted to comparison with pilerCR,
the current most widely used tool. While our model
outperformed pilerCR in recognition performance, the
study did not explore whether further optimization could
yield even better solutions. The model algorithm in this
study is more accurate, but the identification process
takes more time. Optimization of program code is a
direction. Therefore, it is necessary to use more efficient
computers and time to process data.
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CONCLUSION

In this study, we established a score-based machine
learning method to identify Crispr4 from prokaryotic gene
sequences. Specifically, the characteristics of Crispr are
divided into primary attributes and secondary attributes,
and a feature extraction system based on Crispr concept
theory is established. Taking the length I of different
repeaters, the copy number m of repeaters, and the
starting position sequence stpt of repeaters, and the KNN
distance between different repeater sequences and known
Crispr repetitive sequences as scoring indexes, a machine
learning algorithm for Crispr recognition based on scoring
is established. Through training, the model with four
parameters whose objective function is MaxQ is solved,
and Python programming is completed, and the realization
of the Crispr identification tool findCrispr is completed.
The tool findCrispr can output report files and visual
picture files showing Crispr. The data used in this study is
archaea sequence data. The length [ of repeater, the copy
number m of the repeater, and the starting position
sequence stpt of repeater, repeater sequence, and so on
are extracted as features. A scoring system based on score

(stpt) aym + ol - a ? , O -Attri(stpt) formula is
established, and a recognition tool findCrispr is realized.
The tool findCrispr is superior to the commonly used
Crispr analysis software pilerCR in the identification of
archaea Crispr, which is more sensitive to the repeater
with multiple calibration, and so on. Therefore, the
algorithm and tool findCrispr in this study can accurately
identify Crisprs.

The tool findCrispr, the model and tool of this study, is
of great significance for studying the biological function
and mechanism of Crispr. (1) As an adaptive immune
system of bacteria and archaea, Crispr can capture and
store foreign nucleic acids and use related proteins to
achieve immunity to foreign nucleic acids. The biological
function of Crispr system can be divided into three stages:
Adaptation (Spacer Acquisition), Expression (crRNA
Biogenesis), and Interference (Target Cleavage). Pre-
crRNA (precursor crRNA, including multiple repeaters and
spacers) of Crispr array needs to be processed into crRNA
(including stem-loop formed by a single spacer and some
repeaters) by Cas protein (such as Cas6 of I/III system) or
RNase III (type II system), so as to guide Cas protein to
target the cleavage of foreign nucleic acids. TracrRNA
(trans-activated Crispr RNA, containing a stem loop and
repetitive sequence binding region) and the repetitive
sequence of pre-crRNA complement each other to mediate
its processing and stabilize Cas9-crRNA complex. Accurate
identification of Crispr and its repeat and spacer
sequences is of great significance for exploring the
biological mechanism of Crispr adaptive immune system.
For example, knowing the spacer sequence of crRNA can
help us to know the foreign nucleic acid sequence that can
be targeted for cleavage, knowing the repeater of pre-
crRNA can help us to know the binding region between
tractRNA and repeater, and knowing the repeater of
crRNA can help us to know the stem-loop of crRNA. In
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addition, accurate identification of Crispr and its repeat
and spacer sequences are also beneficial to understand
the biological evolution significance of repeat and spacer
[35-37]. (2) Because of the biological mechanism, Crispr
has many functions, such as gene therapy to repair mutant
genes, RNA editing, regulation of Cas protein activity to
achieve gene expression regulation, targeted clearance to
achieve immune defense, and so on. Accurate
identification of Crispr and its sequence and location
provides data support for accurate prediction of gene
therapy, gene editing, gene expression regulation and
targeted clearance [38-40]. (3) The Crispr/Cas system is
divided into two types: classl and class2 and seven types:
TYPE I, II, III, 1V, V, VI, and VII. Class1 (TYPE I, III, IV,
VII) has a protein complex and class2 (TYPE II, V, VI) has
a single-effect protein, both of which can target DNA or
RNA. Among them, cas9 and cas12 target DNA and cas13
targets RNA. Accurately identifying Crispr and its initial
position plays an important role in discovering more
abundant Cas proteins, and can complement and improve
Crispr-Cas system. The tool findCrispr, the model and tool
of this study, can process prokaryotic gene sequence data
in batches and accurately identify Crispr, which can be
used as a powerful tool for prokaryotic macro-Crispr
genomics and provide convenience for relevant
researchers. The tool findCrispr uses Python as the
programming language, which is very easy to use and
extensible. It can identify single or multiple Crispr, and
can also be expanded into a statistical analysis tool for
macro data of Crispr [41-43].
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