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Research Statement & Approach

Lab focus:
Application of combinatorial
optimization techniques to
answers questions and solve
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problems in biology.
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solutions and . : complexity &
validating the Blologlcal combinatorial
: question
algorithm structure
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Problem != Algorithm
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Motivation - Background

Order

Nidovirales

Torovirinae

Family Arteriviridae Coronaviridae
Sub-family Orthocoronavirinae
Genera Arterivirus
CoV CoV CoV CoV
PRRSV EAV TGEV PEDV FCoV IBV
Lineage | I I

Adapted from Cong et al. Viruses (

2017) SARS-CoV MHV MERS-CoV

Mesoniviridae Roniviridae

Alpha-  Beta- Gamma- Delta- Bafinivirus Torovirus Alphamesonivirus Okavirus

WBV BToV PToV HToV DKNV YHV



Motivation - Background

SARS-CoV-2 Genome (29.9 kbp)
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Motivation - Background

SARS-CoV-2 Genome (29.9 kbp) N Transcription Regulatory Sequence (TRS)
Leader region
—t—
o Ll ORFla ' N,
5" UTR -1 frame shift ORF1b 3a M

3’

TRS-L TCTAAACGAACTTT
TRS-B (S) -CTAAACGAAC---

s ¥

CTAAACGAAC

sy 1)
EN R Cu
3 -TRS-B s B 3’ -TRS-B

Nascent strand ATTTGCTT
Template
CTAAACGAAC Switch
5 L msL

| [y |
Template strand

CTAAACGAAC

5L TR

ORFlab
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Motivation - Background

SARS-CoV-2 Genome (29.9 kbp) N Transcription Regulatory Sequence (TRS)
Leader region
e |
5,. ORFla N
5" UTR -1 frame shift ORF1b 3a M
L. TCTAAACGAACTTT .
S -CTAAACGAAC——-
3a —--TAAACGAACTT-
E -——--TACGAACTT- ’
M TCTAAACGAACT-- CTARRCCAAC I ’
6 ----CACGAAC--- 8 3 re 5 s s
7a  --TARACGAAC--- W i+ E 18
7b —-TAAAAGAACCTT S . % AN —
38 —~CTAAACGAAC-—-— Subgenomic messenger
N TCTAAACCAAC——-— RNAs (sgmRNAs)

TRS-L and TRS-Bs

Discontinuous transcription due to template switching of RARP at
transcription regulatory sequences

Sola et al., Annual Review of Virology, (2015)




Motivation - Two Key Questions

Question 1. Can we identify TRS-L and TRS-Bs in annotated genomes?

TRS-ID
CORSID-A | |

Annotated genome v with genes Xy, ..., X, TRS-Lagand TRS-Bsaq, ...,a,

Question 2. Can we identify TRS-L, TRS-Bs and their corresponding genes in
unannotated genomes?

e N NEh T |
CORSID |
TRS-L ay, TRS-Bs ay,...,a,, and associated genes

Unannotated genome v
XO, ...,Xn 7




Motivation - Current Methods

- Motif finding (with annotation): Methods  TRS  Gene
« MEME [Bailey et al. 2009] — general purpose CORSID
* SUPER [yang et al. 2021] = needs prior knowledge CORSID-A X
SUPER X
- Gene finding (without annotation): MEME X
* Prodigal [Hyatt et al. 2010, 2021] Glimmer3 X
« Glimmer3 [Salzberg et al. 1998, Delcher et al. 2007] Prodigal X
* VADR [Schéffer et al. 2020]
VADR X

There exists no method that combines motif + gene finding for coronaviruses
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Outline

* TRS Identification
* Problem Statement
« Method: CORSID-A

* TRS + Gene Identification

* Problem Statement
« Method: CORSID

* Results

e Conclusion




Problem Statement - Definitions

Annotated genome v with genes Xy, ..., X,

TRS-ID
CORSID-A

TRS-Lag and TRS-Bsaq, ...,a,

TRS alignment is a constrained multiple sequence alignment (MSA):
(1) No gapsin ay; (2) No internal gapsina; (i > 0);

TRS alignment A

dp = L
a; = S
a, = 3a
az = E
a, = M
dg = 6
Ag = Ta
a; = b
ag = 8
dg = N

TCTAAAC
-CTAAAC
—-TAAAC
—-—-—--TAC
TCTAAAC
--—--CAC
—-TAAAC
—-—TAAAA
-CTAAAC
TCTAAAC

AACTTT
AAC---
AACTT-
AACTT-
AACT--
AAC---
AAC---
AACCTT
AAC---
AAC---

ORFlab

Core sequence: [c(4)| =7

3’
CTAAACAAC|||||||
HREREN
3’ -TRS-B s 5’
LA
CTAAACGAAC

Transcription complex
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Problem Statement - Definitions

TRS alignment is a constrained multiple sequence alignment (MSA):
(1) No gapsin ay; (2) No internal gapsina; (i > 0);
(3) While MSA are typically scored via sum-of-pairs, we score only pairs (ag, a;)

TRS-L #matches #mismatches e
a, L  TCTAAACGAACTTT s(ag, a;) CTARAC AACH.\.H.\.F
(+1) (-2)
TR>5 s
a; S -CTAAACGAAC--- 10 0 10 = o €Y
a, 3a --TAAACCAACTT- 11 0 11 °
as E ———-TACCAACTT- 8 1 6
a4 M TCTAAACGAACT-- 12 0 12 9 Transcription complex
as; 6  ----CACGAAC--- 6 1 4 P z s(ag, a;)
a, 7a  --TAAACCAAC--- 9 0 9 =1
a;, 7b  --TAAAACAACCTT 10 2 6 =5s(4) =79
agz 8 ~CTAAACGAAC---— 10 0 10
ag N TCTAAACGAAC--- 11 0 11 11




Problem Statement - TRS Identification

TRS Identification Problem: Given non-overlapping sequences wy, ..., w,, , core
sequence length w > 0, find a TRS alignment 4 = [a,, ...,a,] ' such that (i) a;
corresponds to a subsequence in w; for all i € {0,...,n}, (ii) the core sequence
c(4) has length at least w and (iii) the alignment has maximum score s(4)

s(A) =79 Core sequence w = 7
c(4A) = AACGAAC ag= 1L
a; = S
a, = 3a
a; = E
: : a, = M
Candidate regions: wy, ..., wg a; = ¢
dg = 7a
as = /b
ag = 8
ag = N
A W, W3W: W, W a; aszasasag

WZW4W6W8 aZ a4 a6 a8
12



Problem Statement - TRS Identification

TRS Identification Problem: Given non-overlapping sequences wy, ..., w,, , core
sequence length w > 0, find a TRS alignment 4 = [a,, ...,a,] ' such that (i) a;
corresponds to a subsequence in w; for all i € {0,...,n}, (ii) the core sequence
c(4) has length at least w and (iii) the alignment has maximum score s(4)

s(4) =79 Core sequence w =7 Key observation:
c(4) = AACGAAC a,= 1 TRS alignment A must
a; = S have induced core
42 = 3a sequence c(4) with length
a3 = & at least w. Thus, input
Candidate regions: wy, ..., Wg 24 _ Dg sequences wy, ..., Wy,
az _ depend on one another
a, = 7b and we cannot consider
ag= 8 them in isolation.
Wo Wy W3W5W7W9ag - N d; 4dzdsdzdg

WZW4W6W8 aZ a4 a6 a8
13



Method - TRS Identification (I)

Key idea 1:
Break dependency using a subsequence u of w, requiring that c(4) contains u.

Key idea 2:

Solution to TRS-ID corresponds to window u* that induces TRS alignment with maximum score.

Constrained TRS Identification Problem:
Given candidate regions wy, wy, ... w,, and subsequence u of
wy, find the optimal TRS alignment such that u is contained

in the core sequence.

14



Method - TRS Identification (I)

Key idea 1:
Break dependency using a subsequence u of w, requiring that c(4) contains u.

Key idea 2:

Solution to TRS-ID corresponds to window u* that induces TRS alignment with maximum score.

Constrained TRS Identification Problem: Key idea 3:
Given candidate regions wy, wy, ... w,, and subsequence u of Each problem decomposes
w,, find the optimal TRS alignment such that u is contained into n subproblems of aligning
in the core sequence. w, to w; spanning u.
Key idea 4.

Pairwise Constrained TRS-ID is a variant of local alignment with three differences, (i) alignment
A = [ay,a;]" may not contain gaps, (ii) a, must contain u.

15



Intermezzo - Global vs. Local Alignment

Global Alignment problem: Given strings v € X and w € X™ and scoring
function 9, find alighment of v and w with maximum score.

vexm

wexnh




Intermezzo - Global vs. Local Alignment

Global Alignment problem: Given strings v € X and w € X™ and scoring
function 9, find alighment of v and w with maximum score.

e xm :
xn :
€
= —

Local Alignment problem: Given strings v € 2™ and w € X™ and scoring
function 0, find a substring of v and a substring of w whose alignment has
maximum global alignment score s* among all global alignments of all
substrings of vand w.




Intermezzo - Global vs. Local Alignment

sli, j] = max <

Z — ].,j] + (S(UZ', —),
27] - 1] + 5(—,’{1]]'),

Z — 1,] — 1] + 5(vi,wj),

if i =0 and 5 =0,
if ¢ > 0,
if 7 > 0,
if + >0 and 5 > 0.

0

A

G

G

0

T

A

C

G

r'>
O o
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Intermezzo - Global vs. Local Alignment

S

S

LS

f07

Z — 1,]] + (S(UZ', —),
27] - 1] + 5(—,’{1]]'),

Z — 1,] — 1] + 5(vi,wj),

s[i, j] = max ¢
0 T

0

A

G

G

O T A C

if i =0 and 5 =0,

if 2 > 0, A
if 5 > 0,

if : >0 and 57 > 0. G

$|1, 7| = max<
[ ]] Zvj_l]—i_a(_?wj))

0
sle — 1, j] + 0(vi, —),
S
S

i — 1,5 = 1]+ 0(vi, wy),

s* = max sli, j|
0,

G G C
’CXY)O
if ¢+ > 0,
if 7 > 0,

if 2 >0 and 57 > 0.



Method - TRS Identification (II)

Key idea 4:

Pairwise Constrained TRS-ID is a variant of local
alignment with three differences, (i) alignment 4 =
[ag,a;]" may not contain gaps, (ii) a, must contain
U= wgy, ..., Wy r+p—1 at SOMe position 7.

s[p, q] is the optimal score of aligning

WO,l' veny WO,p to Wi,l' ceny Wi’q

s[p,q] = 1

"

0,

(p*,q") =

max{O, 8[p — 17 q— 1] + (S(TUO,p, wiaq)}’

ks[p o 17 q o 1] + 5(w0’p,wz’q),

arg max

wi||||||||||||||||
912345 .
wo Py
1
=2 2
3
lu|=5 u 4
5
£+ lul—1 6 o~
|| *
O n
- s
p—t+1=<q<|w IA
)
ifp=0o0rq=0,
ifl<p</fandq>1, (2)
ifp>Ffandqg > 1,
slp, ql. (3)

l+|u|—1<p<|wo|, p—L+1<q<|w;]



Methods - CORSID-A

Constrained TRS Identification Problem:

Given candidate regions wy, wy, ... w,,; and subsequence u of w,, find the
optimal TRS alignment such that u is contained in the core sequence.

l I ‘gene X,
candidate reglon w, al | w, al P

l \\ \\ - fliii; -

Solving one window: O(|lwy|L) where L = Y-, |w;]

TRS alignment A

21




Methods - CORSID-A

Constrained TRS Identification Problem:

Given candidate regions wy, wy, ... w,,; and subsequence u of w,, find the
optimal TRS alignment such that u is contained in the core sequence.

l Ilgene > &
I

. . | 1
candidate region'w; aj | w, al

L 4

w S - — ‘

| \\\ \\\ - ‘:-»

Solving one window: O(|lwy|L) where L = Y-, |w;]

TRS alignment A
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Methods - CORSID-A

Constrained TRS Identification Problem:

Given candidate regions wy, wy, ... w,,; and subsequence u of w,, find the
optimal TRS alignment such that u is contained in the core sequence.

l Ilgene > &

candidate reglon w; a} | w, all I
1
\
\

aﬁ°—‘

Solving one window: O(|lwy|L) where L = Y-, |w;]

a,e———¢

TRS alignment A

Solving all 0(Jwy|) sliding windows: O(|wy|*L) where L = ¥,

|w;|




Outline

* TRS Identification
* Problem Statement
« Method: CORSID-A

* TRS + Gene Identification

* Problem Statement
« Method: CORSID

* Results

e Conclusion

TCTAAACGAACTTT
—CTAAACGAAC---
—-—-TAAACGAACTT-
———--TACGAACTT-
TCTAAACGAACT--
——-—-—CACGAAC---
—-TAAACGAAC---
——-TAAAAGAACCTT
—CTAAACGAAC---
TCTAAACGAAC---
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Problem Statement - TRS-Gene Identification

e ¥ TRS.GENE.ID T |
CORSID |
TRS-L ay, TRS-Bs ay,...,a,, and associated genes

Unannotated genomev

XO, nnny Xn

« Enumerate ORFs for genes

ATGAGTCGCGACTGCGACGTA..AGTCGCGACTGTTAA
123123123123123123123..123123123123123

¥ +

Start Codon Stop Codon

» Genes should not overlap - Independent set problem
« Genome coverage g(4) should be large
* Genes should have similar TRS sequences

25



Problem Statement - TRS-Gene Identification

TCTAAACGAACTTTAGCTCGAGTTAGTGTTGTATGAGTCTA.. TAA

f |

TRS-B Start Codon

« TRS alignment 4 induces a gene setI'(A)

dg = L

a; = S I S

a, = 3a I 3a

a; = E | 'small/ll E

dg = M ’ 6

dg = 0 I X

A = a | 7a

a; = 7b D 7b
dg = 8 I 8
Q= N I

26



Problem Statement - TRS-Gene Identification

TRS-Gene Identification Problem: Given leader region vieaqer, b0Ody region vy,qqy, COre-sequence
length w > 0, find a TRS alignment A = [a;] such that (i) a, corresponds to a subsequence in Vigager:
(i) a; corresponds to a subsequence in vyoqy, for all i > 1, (iii) the core sequence c(4) has length at
least w, (iv) A induces a set I'(4) of genes with maximum genome coverage g(4) and subsequently
maximum score s(A4).

Core sequence W = 7/

ag= L

a]_ == S IS

a, = 3a 3a

a; = E | ’smalul E

a4 = M ' 6

dg = 6 l X

iy s(4) = 79 | 172
7 ¢ = AACGAAC P 7b

ag = 8

ag = N

Unannotated genomev

XO, TS Xn




MethOdS - co RSID 0(|Vleader|2|Vbody| + [Vieader! m)

X4

m=2>5
candidate ORFs | X1 | X2 X X4

\% 1 : l w 1
oy — e X, 2 xs | &
Vleader } ! ! | ‘
S S < o

Maximum Weight
Independent Set (MWIS)
X = {XI'XZIXS}

weight; = |x;|

— 1 e
A - 40 40 Induced genes I'(A)
a% ——
- 5 A, - X1
Qn &—
A, - (2) * * .
L a5 —* dp0—— 0 - 2
5
Ae - a(5) @ ¢ Adc -e—— X5
_ 45 o——

TRS alignment A e



Outline

* TRS Identification
* Problem Statement
« Method: CORSID-A

* TRS + Gene Identification

* Problem Statement
« Method: CORSID

e Results

e Conclusion

TCTAAACGAACTTT
—CTAAACGAAC---
—-—-TAAACGAACTT-
———--TACGAACTT-
TCTAAACGAACT--
——-—-—CACGAAC---
—-TAAACGAAC---
——-TAAAAGAACCTT
—CTAAACGAAC---
TCTAAACGAAC---
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Results - TRS-L Accuracy

« GenBank: 468 genomes of coronaviruses
« Ground truth based on secondary structure + MSA of leader region

0.998 0.996
Meth TR Additional Signal 0.944 0.955
Cce)tR ;c[i)s \/S G?e dditional Signa 10 (467) O (466) e
CORSID-A| / | X > 0-8
©
Secondary structure =
SUPER 4 X Predefined motifs % 0.6
MEME v X 3
@ 0.4
Glimmer3| X v
Prodigal X v 0.2
VADR X v 00

SUPER MEME SKCORSID-A CORSID

CORSID-A correctly identifies TRS-L

30



Emsgwmktqwhh

AACCAAC
ACTAAAC
CATAAAC

TGAGTAC
TCTAAAC

ACATCAC
GATTAAC
CTCAAAA!
CCTAAAC
TCTAAAC

aaccAAC AACTCTC

Core Seq.

SuPER

A9
/
/
/
7/
7/

GAACTCTC

AACCATG
AACTTAT

AACTTAT
AACTAAA

AACGCTT
AACATGA
AAAAACA
AACATGA
AACAAAC

£

5)4\

2%§§O\Elﬁwhh

SRR11085797
1 read
[ ]
TcTaAAAC AACT'ITA
Core Seq.
CORSID-A

\
.
. .
. 0
- .
. .
.
.
.
.
.

TCTARACCAACTT TAAAA
—~CTAAACGAACH-————
~—TAAACGAACTT -—— ——

———4TACGAACTT - —— ——
TCTAAACGAACT- ——— ——

———-AAACTAACAT T—- ——
—-—2AACGAACATGAAAA
TCTAAAAGAACCTT-——-

~CTAAACGAACAT GAAA-
TCTAAACGAACS— ——— ——

Results - CORSID-A finds the correct TRS-L site

Bat coronavirus RaTG13 Genome (MN996532)

e .

I
TCcTAAACGAACAAAC
TRS-BN

CORSID-A N
28,ﬁ1 28,2A32 38,240

29,469

CORSID-A
WV-WV-—® Secondary structure of 5 UTR

Split
read

3’
25?355

Flanking

nucleotides around
core sequence help
identify TRS-L
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Results - CORSID - Gene Identification

1.0 = 1.0
Methods TRS | Gene B 5 o:84
CORSID v v "y
CORSID-A v X
0.6 1 0.6 -
SuPER Vv X zé - S B 3 -
MEME v X |5 |« - )
044 = 0.4
Glimmer3 X v
— ®
Prodigal X v L
0.2 0.2 i 0.2
VADR X \/ ® Glimmer3
# Prodigal
= VADR
# CORSID
004, , _ , 004 , : , 0.0, i i , : :
Glimmer3Prodigal VADR CORSID Glimmer3Prodigal VADR CORSID 0.0 0.2 0.4 0.6 0.8 1.0

* Precision
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WebApp

Michael Xiang

Yichi Zhang

N~
Ayesha Kazi

Welcome to the CORSID \I'isualization Tool

In this demo we show 468 samples used in the analysis. You can start exploring results of CORSID/CORSID-A by

Search:

Sample ¢
AC_000192
AF220295
AY319651
AY514485
DQ011855
DQ022305
DQ071615
DQ415899
DQ648794
DQ648856
DQ648857
DQ811787
DQ848678
EF065510
EF065514
EF065515
EF065516
EF446615
EU022525
EU022526
EU074218
EU186072
EU420137
EU637854
EU714029

Genus:

Genus
Betacoronavirus
Betacoronavirus

Gammacoronavirus
Gammacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Alphacoronavirus
Alphacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Betacoronavirus
Gammacoronavirus
Gammacoronavirus
Alphacoronavirus
Alphacoronavirus
Alphacoronavirus
Gammacoronavirus
Gammacoronavirus

8 Subgenus:

clicking any link in the table.

Subgenus
Embecovirus
Embecovirus
Igacovirus
lgacovirus
Embecovirus
Sarbecovirus
Sarbecovirus
Embecovirus
Merbecovirus
Sarbecovirus
Sarbecovirus
Tegacovirus
Tegacovirus
Merbecovirus
Nobecovirus
Nobecovirus
Nobecovirus
Embecovirus
Igacovirus
Igacovirus
Tegacovirus
Tegacovirus
Minunacovirus
Igacovirus
Igacovirus

=]

COR

SEEERRRRRRRRRRRRRRRRARARS

&

SID viz

CORSID-A viz

SEEEERRRRRRRRRRRRRRRRREG
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Conclusion
« CORSID:

« The first method to simultaneously identify TRS sites and genes
 De novo identification of TRS sites and genes
« Qutperforms state-of-the-art methods

* Future direction:
« Alternative start codon, Kozak sequence
* RNA-seq, split reads
« Incomplete genome without TRS-L

e ———————— Ty T
CORSID
TRS-Lay, TRS-Bs ay, ..., a, and associated genes

Unannotated genome v

Xo, ey Xn

TRS-ID
CORSID-A

Annotated genome v withgenes Xy, ..., X, TRS-Lagand TRS-Bsaq, ...,a, 4
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