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Base Fluorescence Signal Curves 1

The base fluorescence signals are weak and the sensor is easy to be interfered by
electromagnetism. To improve the accuracy, Sanger sequencing equipment sequence
each fragment thousands of times to avoid the white noise interference, thus forming a
bell curve in accordance with the normal distribution at each normal test sequence site.

Base coordinates in the current sequencing result sequence
l Heterozygous mutation

120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156

8 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188

bl bt
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61 :) 55 61 61 61 61 59 52 59 9 61 61 61 61 61 59 59 36 24 18 28 28 39 61 61 61 61 61 61 61 61 61 61 61 61 61 (-1 59 61 61 59 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 59 61 61 61 6‘1 61 61 61 61

Phred score for base sequencing quality _ o . _
The ATCG at each integer point is recognized according to the value
of the largest base fluorescence signal intensity
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Heterozygous Mutation

Mutation occurs in only one of the two alleles on a pair of homologous chromosomes.
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Homozygous Mutation

Mutation occurs in both alleles on a pair of homologous chromosomes.

XX -

65

67 68

62 63 64 65 66 67 68

. TCTTACA

sequencing X
Sequence TCACCAG
S A

NNV
5 Y C T T A C A
61 61 61 61 61 59 61

reference

\A
T C A C C A G
39 61 61 61 539 61 61



Single Nucleotide Polymorphism (SNP)

Dr. Yang Qi, biological science and medical engineering, Jinling Hospital

SNP = Heterozygous Mutation + Homozygous Mutation

It is the most common form of heritable variation. It accounts
for more than 90% of all known polymorphisms. SNP exists
widely in the human genome, with an average of one out of

every 500-1000 base pairs. It is estimated that the total
number of SNP can reach 3 million or more.

SNP affects biological properties and may cause diseases

. Hypertriglyceridemia (HTG)
Hearing loss (HL) Acute Pancreatitis (AP)



Sanger Sequencing Workflow

Dr. Yang Qi, biological science and medical engineering, Jinling Hospital

Blood Sampling - > DNA Extraction - > PCR Amplification Reaction - > Put into Sequencer - >
Automatic Sequencing - > Analysis of Sequencing Results

The experiment will be completed in about 2 weeks.

Generally speaking, each subject will generate 50-100 sequencing files



Dr. Yang Qi, Jinling Hospital

Sanger Sequencing - Clinical Gold Standard

Sequencing Maximum flux of single Output format Sequencing
technology category | sequencing accuracy
First generation Sanger Short 200-1000 base Intensity curve of base Gold
sequencing sequences fluorescence signal standard
Determine
Sequencing Target
_| Searching for Heterozygous Mutation
Y by Reading Envelope
Sanger
Sequencing Searching for Homozygous Mutations
MMAMAL /\ H u

\ 4

by Comparing Reference Sequences
with Software

Cross Validation
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Search for Ideas

Publmed ?
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Visual Unimodal
perception:

Bimodal (Diploid)
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DATA

PLOC

Initialize
integer
point 0

Get the
coordinate
sequence of

2 short[]

¥

Read the detection sequence

subscript of the current integer point
from PLOC2

y

Find the data subscript difference with
the previous integer point

Take the reciprocal of the subscript
difference with the previous integer
point as the step value

Coordinate Sequence of Fluorescence Intensity
Signal Obtained from ABIF Format Sequencing Data

__Name | Number | _ABIF Type

9-12 short[]

Short Array holding analyzed color data
Array of peak locations as called by Baseceller

N Initialize the current site as the current
integer site

. . , Move the current
Position of corresponding site of .
. _ subscript backward
current subscript + = step value
l one step

Move the current integer point
backward one step

Take the number from the corresponding subscript
of DATA9-12, and add it at the end of the
sequencing sequence of all kinds of bases (the
current subscript corresponds to the position of the

Y
eries no

fluorescence
intensity
signal

finished

site, corresponding to the fluorescence signal
strength of the base)

he next

yet?

integer point
has not been
reached




<= Heterozygous Mutation Detection by Computational

Geometry ’
1. General process of heterozygous 2. Discussion on the difference of area difference judgment
mutation identification
Input four nucleotide Curve ) 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 2
data
¥
Prepare sample points for |
calculation of enveloping /\A/\/\/\
curve area of each point .. | WN
v
Calculate the envelope area of . _
four nucleotides at each point At each Slte., ther.e a_re four envelope data of nucle_otlde
| +_ fluorescence intensity signal. There are two types of situations:
Numerical descending order A. For the non heterozygous mutation site, when a certain
of four nucleotide areas at : : :
each site nucleotide is sequenced, only one nucleotide fluorescence

intensity signal appears bell curve, and the other is almost 0,
so its area difference value is large, and the area ratio is close
to 1.

B. when the heterozygous mutation site is sequenced to this
site, there will be two (or more, for n-ploid) nucleotide
fluorescence intensity signals with bell shaped curves, which
are similar in shape, so the area difference between the top
two is smaller and the area is larger.

NO YES

According to the area
difference and area ratio
of the top two points, is it
a heterozygous
mutation?

[ Completed calculation ]




Prepare Sample Points for Calculation of
Enveloping Curve Area of Each Site

342

343

e T

There is no point on the cutting line here There is a point on the cutting line here

1. Use the linear slope equation to solve the vertical
coordinate y on the cutting line.
Virtual points must be supplemented, otherwise the
area of shadow area will be lost in area calculation

If the former point is (x1, Y1) and the latter point is (X2, Y2),
and the abscissa of the cutting point is x, then there are:
2—yl1
K = y y
(x2,y2)
I

y=yl+(x—x1)xk
x2 —x1 ( )

2. According to the four nucleotide fluorescence envelope

signal curve samples at 0.5 position on each base left and
right, cut them into the array.

10
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Calculate the Envelope Area of Four Nucleotides
at Each Site

341

342

11

‘l il

T

sample points respectively:

=1
n—1

At each site, calculate the area of four kinds of nucleotide fluorescence envelope signal curve
area = Z t(Pi Pis1)

i=1

trapezoid area.

Calculation formula:

Where n is the number of sample points at this point, p(X,, y,) is the sample point, and t is the
t= (J’p+1 + Yp) * (Xpy1 — Xp)/2

T/T (x2,y2)
(x1,y1)
areaA, areaT, areaG, areaC

The corresponding envelope curve areas of four nucleotides at each point were obtained:




Determine Whether it is a Heterozygous Mutation

Four nucleotide area
sequences of input site
and each site

v

Numerical descending
order of four nucleotide
areas at each site

! 1. SNP exists widely in human genome, with an average of 1 in every
The difference between 500-1000 base pairs;
the top two areas after 2. The longest sequence of Sanger sequencing was 500-1000 bases;
trial ranking at each point Reasons 3. SNP can be divided into heterozygous mutation and homozygous
v _ mutation.
Take 20% of the median in Therefore:
descending order of area difference e In Sanger sequencing, the number of heterozygous mutations in each
as the decision threshold normal sequence should generally be less than 10, with a maximum

probability of 1-2%

For those in the effective sequencing region:

e The area difference of non heterozygous mutation points is mostly large,
and the probability of occurrence is 98-99%;

e The area difference of heterozygous mutation point is almost 0, and the
probability of occurrence is 1 ~ 2%.

e The median of the area difference descending sorting array should be
the non heterozygous mutation point area is the larger value, 20% of the

No heterozygous [ Detection of ]ﬁ larger value is significantly greater than 0 and significantly less than the

mutation detected heterozygous mutation larger value, which is suitable for use as a threshold.

According to the area
difference between the top
two points, it is less than
the threshold value, and the
area ratio is close to 1
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Use K-Means Clustering Algorithm to

Increase the Detection Accuracy of Judgment
Threshold

M MMM

v
WA

13
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Head and Tail Noise 14

PCR amplification and equipment interference will introduce noise, which is characterized by disordered waveform
overlap and high peak value.

It is generally distributed at the beginning and the end of the sequence. In this region, it is impossible to distinguish
heterozygous mutation by area method.
When Sanger sequencing test is designed, the nucleic acid sequence that affects the coding will be placed in the middle

of the sequencing target as much as possible, and redundancy will be increased to avoid being affected by the first
nojse.
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Phred score meaning

Phred quality POSSibiIity Of base 24 25 26 27 28 29 30 3 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68
score detection error

10
20
30
40
50
60

Noise area Effective sequencing area

1 for every 10
1 for every 100

G G S ¥ C C M G A T G
6.

¢ E el i e
2 62 62 62 62 62 62 62 62 62 44 44 62 9

G A A G €C €C € C G AlG T C
49 34 35 62 4 46 39 62 38 36 |62 62 47 56

1 for every 1000 HER I B N

1 for every 10000 Lower Phred Score Average <30 Higher Phred Score Average >=30
1 for every 100000

1 for every 1000000
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Remove Head and Tail Noise: Modified Mott

1. Overall process of noise removal

NO

Y

[ Enter the phred score }
sequence

Calculating the maximum
subsequence and corresponding
region of a sequence

y

Calculate the ordered median
of phred scores in the above

areas

S the media
phred quality of
the effective
region enough
high?

[ Sequencing failed ]

[ Head and tail noise

range

Trimming Algorithms

15

2. Maximum subsequence algorithm with O (n) time complexity

01 planning

v

Initialization

Sequence median = Median (Phred score sequence)

Calculation sequence a = (each element of the Phred score
sequence - sequence median / 2)

Maximum subsequence sum = 0, current subsequence sum =
0, current positioni=0

]«

subsequences

Find the sum of current

Current subsequence sum + = a [i]

e sum of curre
subsequences is greater
than the sum of
maximum
bsequences?

NO

e sum of curre
subsequences
negative?

sequence
?

NO

Loop

i=i+1

Update maximum

subsequences and
Maximum subsequence sum
= current subsequence sum

YES

Clear current
subsequence sum

Current subsequence sum = 0

Completed J

calculation

Principle: any negative subsequence
cannot be the prefix of the optimal
subsequence.
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Middle Noise and Sequencing Failure 16

The noise points in the non head tail region
are not removed as head tail noise. Thus, it
will affect the subsequent detection steps of

heterozygous mutation and homozygous
mutation.

If there is noise in all areas, the sequencing fails. At this time, the whole data should be discarded.
Otherwise, a large number of pseudopositive heterozygous mutations will be identified.

iy el

104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151

A
13

152

A A G G C C C T
12 18 n 7 7 7 6 7



= Noise Region Detection based on Convolutional
~ Neural Network

17
1d version of Le-Net5
65
o Input Shape 4x16
The distribution
density of data points
is not uniform 16 points/bp
Signal curve of sampling 6 filters
fluorescence intensity kernel size 2x1
of each base

strides: 1

Feature Map 1x16 Feature Map 2x16

Feature Map 6x3
16 filters
pool size 2x1 kernel size 5x1
strides 2x1 strides: 1
maxPooling1d convid E
16 16 6 73
full connection dense 1 2
Layer 16 Layer 8 Layer 4 Output 1
full connection full connection IIED full connection .
dense 8 dense 4 dense 1
16 1 1
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Noise Area Detection Training

108 109 110

104 105 106 107

111 112 113 114 115 116 117 118 119 120 121 122 123

126 127 128 129

2 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146
A G ¢ 3 G G A & A A G G G G A G A G 2 C £ & q i & A (& & 2 G ¢ b G A 3 i (1 € [ {2 A G G X !
59 62 62 62 59 59 62 62 62 62 62 54 44 27 40 27 34 43 35 28 31 50 2 62 62 62 54 59 59 62 62 62 62 62 62 62 62 62 62 62 62

124 125

€ T
38

1 selected operation range

Detect the head and
tail noise regions by

2. Mark + noise-data
Use trained model Manually
maximum to identify noise add/delete noise
subsequence area
algorithm

Export training

. data
regions

Epoch 2798 / 20000
27604ms 1087us/step

e - acc=0.958 loss=0.0347
27641ms 1089us/step

98.3% accuracy can be achieved after 2 days of

training with one GTX2070

- acc=0.957 loss=0.0352
Epoch 2800 / 20000

Train the Neural
25308ms 997us/step - acc=0.957 loss=0.0353
Epoch 2801 / 20000
25912ms 1021us/step - acc=0.959 loss=0.0344
Epoch 2802 / 20000

Network



Protein mutation detection Slast Query 19

. 1 N :
Blast with subsequence which has
removed head and tail noise area ATCT...CA.G
Blast Response Mutations
Sequence fragment retrieval and | TYPE | Mutation
comparison ATAT...CA-.G romoneets S
C->T

Heterozygous CHR-8
3287

ACAT...CAAG A>C
Feature retrieval _
CDS Database Exon matched mutations
A C—T
CHR-8 LPL-1 CHR -8 3123
PL 2000 4000 Join(2000...3126, C->T
3200...3286)
Not in Exon CHR-8 3287
Will no effect A->C

Detection of protein mutation




<= Standard Genetic Code

TR &1

TTT
TTC
TTA
TTG
CTT
CTC
CTA
CTG
ATT
ATC

A ATA

ATGIAl

GTT
GTC
GTA

GTG

(Phe/F)
ERRR

(Leu/L)
=RB

(llef1)
BREE

(Met/M)
PR

(val/v)
el

TCT

TCC

TCA

TCG

CCT

CcCcC

CCA

CCG

ACT

ACC

ACA

ACG

GCT

GCC

GCA

GCG

(Ser/s)
“RR

(Pro/P)
fESER

(Thr/T)
HaER

(Ala/A)
ARR

fE2

TAT
TAC
TAALBI
TAGIB
CAT
CAC
CAA
CAG
AAT
AAC

AAA

AAG

GAT
GAC
GAA

GAG

(Tyr/Y)

BRER
£t (#RA)
£ (3]3IA)

(His/H)
HRER

(GIn/Q)
AEBR

(Asn/N)
RE/ERR

(Lys/K)
HER

(Asp/D)
REER

(Glu/E)
AER

TGT

TGC

TGAIBI

TGG

CGT

CGC

CGA

CGG

AGT

AGC

AGA

AGG

GGT

GGC

GGA

GGG

G

(Cys/C)

K1t (BERA)
(Trp/W) BRER

(Arg/R)
iy

(Ser/s)
“EE

(Arg/R)
ERE

(Gly/G)
HEE

E3

-

20

TAT->Y
TAC->Y

TAT->Y
CAT->H



Display of Detected Mutations

301 302 303 304 305 306 307 308 309 310 311 312 31

309 ? . 5 313 314 315 316 317 318 319 320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340
C & T & T 6 A A G G
61 61 () 61 (1 61 () 61 6] ()] 61 61 61 61 (1 61 61 61 61 () 61 3 30 61 61 61 61 61 61 |)1 61 () 61 61 61 () () 61 61 61 61 61 5
Fs FFIX 1t BERED RERMN BERRE  IEFRE | | BARRE
® 9 LPL9-2.ab1 a 67 30(A->G) Q WE 127(T->G) () X8 CDS{IE1421(C->G) LPL BERRZE 474(S->X) Q
[ Mutation not on exon ]

No mutation of protein

[ Protein mutation
TAT->Y
TAC->Y

TAT->Y
CAT->H
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289 290 291

292 293 294

295 296 297 298 299

300 301 302 303 304 305 306 307

308 309 310 311 312 313 314 315 316 317 318 319
C C A

320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340
G A /\ A A f‘ G /\ (r G (S G (& A A A
61 61 () () 61 (11 61 6 61 () 61 61 61 61 61 61 61 61 61 61 61 30 61 61 6 61 61 (71 6 61 () 61 61 61 ()1 61 () 61 ()1 61 () 59 59 61
Fs I B RE S RER[MN HEBRE  HPEFRE | BARRE
g LPLO-1.ab1 a BB
® 2 LPL9-2.ab1 a 67 4E 30(A->G) O

B 127(T >G)(_)
Mutation not on exon

& CDSAIE1421(C->G) LPL BERRE 474(5->X) ()

No mutation of protein

Protein mutation
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Comparison

Comparison

South China Agricultural

University’s method
Noise removal method

22

Our method
Filtering based on
wavelet transformation
Heterozygous mutation detection method

Modified Mott trimming algorithm

Convolutional Neural Network
Back Propagation Neural Network

Parameters: peak distance, height Computational geometry
ratio and fluctuation ratio of two peaks
Eucalyptus urophylla
Test data set yP _ g y
26 sequencing files
Accuracy rate
Accurate number / (accurate number + missed
number) * 100%

Missed judgement rate

Homosapiens HTG-AP
3500 sequencing files
96.5% 94.59%
Number of missed judgments / (accurate 3.5%
number + number of missed judgments) * 100%
False positive rate
Number of misjudgments / (accurate number +
number of misjudgments) * 100%

5.01%
24.6%

16%
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& = (@& gene.i5lcy.com/snp ® 4 oo B o ¢
% HFESNP ‘ ‘ ‘
o, ﬁggﬁ FTRF  MegaBLAST  ABFitE  BEXRIIS WiEE:  A(9606)
v BIESA
""""""""""""""""""""""""""""" : ece
= e
TAKR
RUEE M G HEREL B e
{ Xigab1E, XNBE | J1 &R R LPL5-92.ab1
b g O Fu R LPL5-93.ab1
R LPL5-94.ab1
o R LPL5-95.ab1
5 x5 R LPL5-96.ab1
A RIRER R LPL5-97.ab1
" R LPL5-98.ab1
=g R LPL5-99.ab1
(@I:E2:3 R LPL5-100.ab1
E EE LPL6-1.ab1
) LPL6-2.3b1
8 mame ~ LPL6-3.ab1
) LPL6-4.ab1
_ | LPL6-5.ab1
O iCloud =& LPL6-6.ab1
o® ' LPL6-7.ab1
= LPL6-8.ab1
0, -
U | LPL6-9.ab1
BOOTCAMP LPL6-10.ab1
Q ZRE A LPL6-11.ab1
LPL6-12.ab1
@ ms LPL6-13.ab1
HE LPL6-14.ab1
LPL6-15.ab1
® E& LPL6-16.ab1
ne LPL6-17.ab1
® ¥e LPL6-18.ab1
= LPL6-19.ab1
O mn LPL6-20.ab1
® 48 LPL6-21.ab1
® e LPL6-22.ab1
~ LPL6-23.3b1
© FHRE... LPL6-24.3b1
LPL6-25.ab1
LPL6-26.ab1
" LPL6-27.ab1
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Advantages

gy, ii;"; SERG  MegaBLAST  ABFHEE  HEEKIRII IR A%(9606)
SAXf MR WERILLE EIEES BUAETRRE BHEERRE IRBIEME
0 & L S
13 (0] 100.00% 2 2 2 0 100.00%
LPL3-85.ab1
I [
I LA I A N g
NAANL () H;\/ N A1
VAVALVAYA /\m‘\f'/,’\ v\
V VA AAVARVARYS \
T AT G AGAGTTGGGTGC G
Aa 6 a e s aaaaaaaddaaada i
s LPL3-84.3b1 a 79
® 7 Gt o 78 & CDsfam292(6->4) Pl EevEs os(a->n) (@)
8 LPL3-86.ab1 q 76

© #x x
9 LPL3-87.ab1 a 75 ESEINEDS R i
5949ms, E/FMegablas

1. 900x faster than human; - |

MegaBlast& M#E#1842ms, EEHRARR
7 LPL3-89.ab1 o 81

Ty

; LPL3-90.8b1 7 _ N
12 a 69 @ 25 X
BERREEK2725ms, RIA2AE
LPL3-91.0b1 - -

2. No setup required;
3.Complete Process of gene mutation analysis;

4.Good user interaction experience.
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o

B Expectation

More complete process

Semifinal Detection of heterozygous Pathogenicity analysis based

mutations by Sanger sequencing on dbSNP

|

: _ Mutation probability analysis
Final Sanger sequencing aufomation | | based on reference sequence

analysis database (rare disease or not)

|

View 3D structure and
comparison of mutant protein

Future Automatic analysis of NGS

25
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Backup Slide: Next-Generation
Sequencing (NGS)

Sequencing technology Maximum flux of Output format Sequencing
category single sequencing accuracy
New generation sequencing All sequences on all Base sequence False positive

technology of NGS chromosomes

next generation | The sequencing results were Searching for heterozygous . Discovery
. = assembled into nucleic acid > . >
sequencing sequences mutation by software
TCTTAC
A

mutation

Only 50% (diploid, if n-ploidy is 1/ N * 100%) of heterozygous mutations
were detected successfully from nucleotide sequence



Backup Slide: MegaBLAST based alignment

E[RESNP

RITHAR MegaBLAST ABIFI¥f# ERERIRIIGR HURREE:  A£(9606)
PR

>testl
GATGCAGATTTTGTAGACGTCTTACAC

>test2

1 MegaBLAST can quickly match and query

| the similar reference base sequences in the
selected database, including which
chromosome and the absolute starting and

endini iositions on the chromosome. y
Q #if

GATGCAGATTTTGTAGACGTCTTACAC‘H‘TTCACCAGAGGGTCCCCTTCGGGAAGCATTGGAATCCAG

testl

Homo sapiens chromosome 8, GRCh38.pl13 Primary Assembly

100

1 GATGCAGATTTTGTAGACGTCTTACACACATTCACCAGAGGGTCCCCTGGTCGAAGCATTGGAATCCA 68
RN RN R NN RN AR AN R AR RN R AR AR RAA RN
19954182 GATGCAGATTTTGTAGACGTCTTACACACATTCACCAGAGGGTCCCCTGGTCGAAGCATTGGAATCCA 19954250
test2
Homo sapiens chromosome 8, GRCh38.p13 Primary Assembly . — 78
By comparing the query sequence
1 GATGCAGATTTTGTAGACGTCTTACACATATTCACCAGAGGGTCCCCTTCGGGAAGCATTGGAATCCA f 68
RN RN RN AR RN RN RAE B AR RN RN RN RN RN AR AR AR RA AR W|th the refer'ence Sequence the
19954182 GATGCAGATTTTGTAGACGTCTTACACACATTCACCAGAGGGTCCCCTGGTCGAAGCATTGGAATCCA 9954250

mutation position can be found.

RSERINENEF R EB/T FHER &)1 R REEIESS



Front end Container

Ant Design DvaJS

todel

React Ul MVVM Framework

Component Library
SNP detection algorithm

7,
/
%

Tensorflow.js

T

WebSocket

Blast query

HTTPS

CDS query

Back end container

Socket.io Kafka.js

Long connection  \essage queue

communication client

management
eggJdS

¢ @

Backend development Object relation

Sequelize ORM

Backup Slide: Platform application construction
Under the guidance of Zhang Weibo, chief engineer of Nanjing YOUPU IT Co., Ltd

Kafka MegaBlast
container container
Kafka.js MegaBlast
> @ .
Blast query
Message queue Message Base local
queuing alignment
Blast query results client search tool
Node.js
MySQL J
container
CDS query MQS&

CDS database

JavaScript Runtime

Neural network rramework  The algorithm
described in
this paper framework mapping model
Kubernete Container arrangement platform
Ubuntu Linux Server




