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Motivation – Two Key Questions
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Question 1. Can we identify TRS-L and TRS-Bs in annotated genomes?

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

Annotated genome !with genes "!,… , ""

TRS-ID
CORSID-A

TRS-L %! and TRS-Bs %#, …, %"



Motivation – Current Methods
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Methods TRS Gene
CORSID ✓ ✓

CORSID-A ✓ ✗
SuPER ✓ ✗
MEME ✓ ✗

Glimmer3 ✗ ✓
Prodigal ✗ ✓

VADR ✗ ✓

• Motif finding (with annotation):
• MEME [Bailey et al. 2009] – general purpose
• SuPER [Yang et al. 2021] – needs prior knowledge

• Gene finding (without annotation):
• Prodigal [Hyatt et al. 2010, 2021]
• Glimmer3 [Salzberg et al. 1998, Delcher et al. 2007]
• VADR [Schäffer et al. 2020]

There exists no method that combines motif + gene finding for coronaviruses
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TRS alignment is a constrained multiple sequence alignment (MSA): 
(1) No gaps in 𝐚"; (2) No internal gaps in 𝐚# 𝑖 > 0 ;

Core sequence: |𝐜 𝐴 | = 7
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TRS Identification Problem: Given non-overlapping sequences 𝐰/, … ,𝐰1 , core 
sequence length 𝜔 > 0, find a TRS alignment 𝐴 = 𝐚/, … , 𝐚1 2 such that (i) 𝐚+
corresponds to a subsequence in 𝐰+ for all 𝑖 ∈ {0, . . . , 𝑛}, (ii) the core sequence 
𝐜(𝐴) has length at least 𝜔 and (iii) the alignment has maximum score 𝑠(𝐴)

Core sequence 𝜔 = 7
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TRS Identification Problem: Given non-overlapping sequences 𝐰/, … ,𝐰1 , core 
sequence length 𝜔 > 0, find a TRS alignment 𝐴 = 𝐚/, … , 𝐚1 2 such that (i) 𝐚+
corresponds to a subsequence in 𝐰+ for all 𝑖 ∈ {0, . . . , 𝑛}, (ii) the core sequence 
𝐜(𝐴) has length at least 𝜔 and (iii) the alignment has maximum score 𝑠(𝐴)

Core sequence 𝜔 = 7 Key observation:
TRS alignment 𝐴 must 

have induced core 
sequence 𝑐(𝐴) with length 

at least 𝜔. Thus, input 
sequences 𝐰#, … ,𝐰$

depend on one another 
and we cannot consider 

them in isolation. 



Method – TRS Identification (I)
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Key idea 1:
Break dependency using a subsequence 𝐮 of 𝐰! requiring that 𝐜(𝐴) 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 𝐰!, 𝐰#, …𝐰$ and subsequence 𝐮 of 
𝐰!, find the optimal TRS alignment such that 𝐮 is contained 

in the core sequence.
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Key idea 1:
Break dependency using a subsequence 𝐮 of 𝐰! requiring that 𝐜(𝐴) contains 𝐮.

Key idea 3:
Each problem decomposes 

into 𝑛 subproblems of aligning 
𝐰! to 𝐰& spanning 𝐮. 

Key idea 2:
Solution to TRS-ID corresponds to window 𝐮∗ that induces TRS alignment with maximum score.

Key idea 4:
Pairwise Constrained TRS-ID is a variant of local alignment with three differences, (i) alignment 

𝐴 = 𝐚!, 𝐚& ' may not contain gaps, (ii) 𝐚! must contain 𝐮. 

Constrained TRS Identification Problem:
Given candidate regions 𝐰!, 𝐰#, …𝐰$ and subsequence 𝐮 of 
𝐰!, find the optimal TRS alignment such that 𝐮 is contained 

in the core sequence.



Intermezzo – Global vs. Local Alignment
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Global Alignment problem: Given strings  𝐯 ∈ Σ8 and 𝐰 ∈ Σ9 and scoring 
function 𝛿, find alignment of 𝐯 and 𝐰 with maximum score.

𝐯 ∈ Σ3

𝐰 ∈ Σ1
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Local Alignment problem: Given strings 𝐯 ∈ Σ8 and 𝐰 ∈ Σ9 and scoring 
function 𝛿, 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 𝐯 and 𝐰.

Global Alignment problem: Given strings  𝐯 ∈ Σ8 and 𝐰 ∈ Σ9 and scoring 
function 𝛿, find alignment of 𝐯 and 𝐰 with maximum score.

𝐯 ∈ Σ3

𝐰 ∈ Σ1
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Method – TRS Identification (II)
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Key idea 4:
Pairwise Constrained TRS-ID is a variant of local 

alignment with three differences, (i) alignment 𝐴 =
𝐚!, 𝐚& ' may not contain gaps, (ii) 𝐚! must contain 

𝐮 = 𝑤!,ℓ, … , 𝑤!,ℓ*+,# at some position ℓ. 

𝑠[𝑝, 𝑞] is the optimal score of aligning 
𝑤!,#, … , 𝑤!,- to 𝑤&,#, … , 𝑤&,.



Methods – CORSID-A
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Constrained TRS Identification Problem:
Given candidate regions 𝐰/, 𝐰-, …𝐰1 and subsequence 𝐮 of 𝐰/, find the 
optimal TRS alignment such that 𝐮 is contained in the core sequence.

𝐰!

𝐰"

𝐮

candidate region 𝐰# 𝐚""

𝐚!# 𝐚!"

gene 𝐱#
𝐚##

𝐚!
𝐚#

⋮

𝐚"

𝐚!#
𝐚##

𝐚!"
𝐚""

⋮ ⋮
𝐴#

𝐴"

⋮

𝐚!#

𝐚!"

𝐚!

TRS alignment 𝐴

⋮

Solving one window: 𝑂 𝐰/ 𝐿 where 𝐿 = ∑+,-1 𝐰+
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Constrained TRS Identification Problem:
Given candidate regions 𝐰/, 𝐰-, …𝐰1 and subsequence 𝐮 of 𝐰/, find the 
optimal TRS alignment such that 𝐮 is contained in the core sequence.
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Constrained TRS Identification Problem:
Given candidate regions 𝐰/, 𝐰-, …𝐰1 and subsequence 𝐮 of 𝐰/, find the 
optimal TRS alignment such that 𝐮 is contained in the core sequence.
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Solving all 𝑂 𝐰/ sliding windows: 𝑂 𝐰/ 𝟐𝐿 where 𝐿 = ∑+,-1 𝐰+

Solving one window: 𝑂 𝐰/ 𝐿 where 𝐿 = ∑+,-1 𝐰+
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Problem Statement – TRS-Gene Identification

• Enumerate ORFs for genes

• Genes should not overlap – Independent set problem
• Genome coverage 𝑔 𝐴 should be large
• Genes should have similar TRS sequences

25

ATGAGTCGCGACTGCGACGTA…AGTCGCGACTGTTAA
123123123123123123123…123123123123123

Start Codon Stop Codon



Problem Statement – TRS-Gene Identification

• TRS alignment 𝐴 induces a gene set Γ 𝐴
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Problem Statement – TRS-Gene Identification 
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𝑠 𝐴 = 79
𝐜 = AACGAAC

𝐚! =
𝐚" =
𝐚# =
𝐚$ =
𝐚% =
𝐚& =
𝐚' =
𝐚( =
𝐚) =
𝐚* =

L TCTAAACGAACTTT
S -CTAAACGAAC---
3a --TAAACGAACTT-
E ----TACGAACTT-
M TCTAAACGAACT--
6 ----CACGAAC---
7a --TAAACGAAC---
7b --TAAAAGAACCTT
8 -CTAAACGAAC---
N TCTAAACGAAC---

TRS-Gene Identification Problem: Given leader region 𝐯67897:, body region 𝐯;<9=, core-sequence 
length 𝜔 > 0, find a TRS alignment 𝐴 = [𝐚&] such that (i) 𝐚! corresponds to a subsequence in 𝐯67897:, 
(ii) 𝐚& corresponds to a subsequence in 𝐯;<9= for all 𝑖 ≥ 1, (iii) the core sequence 𝐜(𝐴) has length at 
least 𝜔, (iv) 𝐴 induces a set Γ(𝐴) of genes with maximum genome coverage 𝑔(𝐴) and subsequently 
maximum score 𝑠(𝐴).

Core sequence 𝜔 = 7



Methods – CORSID
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L TCTAAACGAACTTT
S -CTAAACGAAC---
3a  --TAAACGAACTT-
E  ----TACGAACTT-
M  TCTAAACGAACT--
6  ----CACGAAC---
7a  --TAAACGAAC---
7b  --TAAAAGAACCTT
8  -CTAAACGAAC---
N  TCTAAACGAAC---

M
6

8

S

E

N

7a
7b

3a
5’ 3’



Results – TRS-L Accuracy
• GenBank: 468 genomes of coronaviruses
• Ground truth based on secondary structure + MSA of leader region
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CORSID-A correctly identifies TRS-L

Methods TRS Gene Additional Signal
CORSID ✓ ✓ -

CORSID-A ✓ ✗ -

SuPER ✓ ✗ Secondary structure
Predefined motifs

MEME ✓ ✗ -

Glimmer3 ✗ ✓
Prodigal ✗ ✓

VADR ✗ ✓

*
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Core Seq.
CORSID-A

Core Seq.
SuPER

19

5’ 3’

25 60

TRS-B N
CORSID-A

1 28,221 28,232 28,240 29,499

Split 
read

TCTAAACGAACTTTAAACCAACGAACTCTC TCTAAACGAACAAAC

SuPER CORSID-A

SRR11085797
1 read

Secondary structure of 5’ UTR

SL1

SL2
SL3

L TCTAAACGAACTTTAAAA
S -CTAAACGAAC-------
3 --TAAACGAACTT-----
E ----TACGAACTT-----
M TCTAAACGAACT------
6 ---AAACTAACATT----
7a ----AACGAACATGAAAA
7b TCTAAAAGAACCTT----
8 -CTAAACGAACATGAAA-
N TCTAAACGAAC-------

L AACCAACGAACTCTC
S ACTAAACGAACCATG
3 CATAAACGAACTTAT
E TGAGTACGAACTTAT
M TCTAAACGAACTAAA
6 ACATCACGAACGCTT
7a GATTAACGAACATGA
7b CTCAAAAGAAAAACA
8 CCTAAACGAACATGA
N TCTAAACGAACAAAC

Results – CORSID-A finds the correct TRS-L site
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Flanking 
nucleotides around 
core sequence help 

identify TRS-L



Results – CORSID – Gene Identification

Methods TRS Gene

CORSID ✓ ✓

CORSID-A ✓ ✗

SuPER ✓ ✗
MEME ✓ ✗

Glimmer3 ✗ ✓

Prodigal ✗ ✓
VADR ✗ ✓
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* *
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WebApp

Michael Xiang

Yichi Zhang

Ayesha Kazi



Annotated genome !with genes "!,… , ""

TRS-ID
CORSID-A

TRS-L %! and TRS-Bs %#, …, %"

Conclusion
• CORSID:
• The first method to simultaneously identify TRS sites and genes
• De novo identification of TRS sites and genes
• Outperforms state-of-the-art methods

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