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COMPARISON OF COMPLETE GENETIC M.
• SPECIES EVOLUTION / GENE FUNCTION
• BASE-LEVEL RESOLUTION

VISUALIZED TO GAIN INSIGHTS
• REGION CONSERVATION / UNIQUENESS
• CO-LINEARITY / STRUCTURE

BIOINFORMATICS AT THE HEART
• SEQUENCE ALIGNMENTS
• PAIRWISE / MULTIPLE SEQUENCE

ALIGNMENTS (MSA)
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COMPUTATIONALLY MORE COMPLEX VS. PAIR-WISE ALIGNMENTS + COSTLY + NOT SCALABLE

MSA KEY TO COMPARATIVE GENOMICS
• CLUSTAL, MUSCLE, MAFFT
• USEFUL FOR PCR ASSAY DESIGN

WITH PCR, NEED VISUAL INSPECTION
• IDENTIFY UNIQUE / CONSERVED REGIONS

I/O ISSUES
• FINICKY INPUT : STRAND / SEQUENCE START
• OUTPUT INTERPRETABILITY ON KB-STRETCHES,

>10S ENTRIES
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Sequences compared with FastTree (Price 2009), Gblocks (Castresana 2002), 
Muscle (Edgar 2004) visualized with MSAviewer/PATRIC (https://www.bv-brc.org/)



REVOLUTIONARY
• MOLEC BIO LAB TECHNIQUES FOR
• NUCLEIC ACID AMPLIFICATION, DETECTION, QUANT.

BROAD APPLICATIONS
• FORENSICS, RESEARCH, CLINICAL SETTINGS, BIOLOGY
• SPECIES MONITORING, CONSERVATION, ETC.

EFFECTIVE PCR : SENSITIVE & SPECIFIC
• DESIGNING PCR PRIMERS (&QUANTITATIVE QPCR PROBE) 
• CHALLENGING + LABOUR + TIME

4



credit : Olha1981/Shutterstock
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https://itrackdna.ca/

non-destructive precision genomics for environmental 
impact tracking in a global climate change era

6Adapted from C. Helbing
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7Adapted from C. Helbing



GENETIC MATERIAL EXTRACTED FROM ENVIRONMENTAL SAMPLES

water soilsediment

diyphotography.net ocean.si.edu regenerationinternational.org
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BARRIERS TO UPTAKE
NEED STANDARDS
NEED GENOMIC RESOURCES

RAPID
ACCURATE

COST-EFFECTIVE
NON-INVASIVE

ACTIONABLE
Adapted from C. Helbing



microbial bulk sample
macrobial

(shed)
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ANIMAL MITOGENOMES

ABUNDANT, TAXA SPECIFICITY & SEQUENCE CONSERVATIONAdapted from C. Helbing



DETECTION / ENFORCEMENT OF TRAFFICKED SPECIES

CITES : CONVENTION ON INTERNATIONAL TRADE IN ENDANGERED SPECIES OF WILD FAUNA AND FLORA

WAPTR : WILD ANIMAL AND PLANT TRADE REGULATIONS

ENVIRONMENTAL/ECOSYSTEM MONITORING (E.G. IMPACT OF OIL SANDS, CLIMATE, ETC.)

CITES, wikipedia

10Adapted from C. Helbing
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multi-step workflow 

+collections of complete mitogenomes [sequences]

develop high-quality eDNA assays / kits

Allison et al. under review
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131/137 (95%) 
complete/near-complete 
mitogenome assemblies 
of voucher specimens 
(C. Helbing @ Uvic) 

Cecilia Yang
Lauren Coombe Adapted from C. Yang



https://github.com/bcgsc/unikseq

unique / conserved region identification in
DNA / RNA sequences using a kmer-based approach
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ingroup
(tolerated)

outgroup
(not tolerated)

data structures
(memory)

kmers

FASTA
files

reference
(e.g. mitogenome)

DNA / RNA sequence
k

X
unique / conserved 
sequence output

✓
% ✓

*leniency :
user-defined parameter

REFERENCE, INGROUP, OUTGROUP
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121 great white shark mitogenome [isolates] (ingroup)
856 fish mitogenomes (outgroup)
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clustal 24h52m      MUSCLE 28m27s       MAFFT 14s         unikseq 3.2s   

35 regions >= 100 bp with 100%
conservation in 121 entries
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comparing 2,000,000 bp



• MANY REGIONS UNIQUE IN GREAT WHITE REF
43 UNIQUE REGIONS (100 BP+), 12.9 KB

• IDEAL FOR DESIGNING SPECIFIC qPCR
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vs

”butterfly” plot

left (blue) : sequence uniqueness / conservation
right (red) : reference kmers in outgroup



>ch-CACA1-CM030070.1region11205-11314_size110_propspcIN98.9_propunivsOUT100.0_avgOUTentries0.0
ccgtaagccacataggcctggtagcaggagcaatcctaatccaaacaccatgaagctttgcaggagcaattacactaataattgcccacggcctgatttcatccgcccta
>ch-CACA1-CM030070.1region11317-11476_size160_propspcIN98.9_propunivsOUT100.0_avgOUTentries0.0
ctgcttagccaacactaactacgagcgaatccacagccgaacaatactcctagcccgaggcATACAAATTATTTTTCCACTAATAGCTACCTGATGATTCCTTGCCATCCTAGCCAACCTTGCCCTTCCC
CCCTCTCCCAATTTTATAGGAGAACTCCTT
>ch-CACA1-CM030070.1region11480-11719_size240_propspcIN99.3_propunivsOUT100.0_avgOUTentries0.0
ATTACCTCCTTATTTAACTGATCCAACTGAACTATTACCCTCTCGGGCCTTGGAGTATTAATCACCGCTTCCTACTCCCTTTATATATTCCTAATAATTCAACGCGGACCAACcccctaccatatc
ttatcattaaatccaagccacACACGAGAACACCTCCTCCTGAGCCTCCACCTCATGCCCGTCCTACTTCTAATATTTAAACCAGAACTTATCTGAGGCTGAACACTCTGTGCT
>ch-CACA1-CM030070.1region11724-12333_size610_propspcIN93.4_propunivsOUT100.0_avgOUTentries0.0
GTTTAACCAAAACATTAGATTGTGGTTCTAAAAATAAAAGTTAAAAcctttttaaccaccgagagaggtcggggacatgaagaactgctaattcttctcatcatggctcaaatccatgactcactcagcttctgaaa
gatatcagtaatctattggtcttaggaaccaaaaacccttggtgcaactccaagcaaaagctatgaatactatctttaactcatccttcctcctaatctttgttatcctcctcttcccactaataacctcattaaatcccaaagaact
cactcctaactgggcctcctcctacgcaaaaacagctgtaaaaatctccttcttcattagccttatcccactatccatttttctagaccaaggtttagagtcaatcataaccaactacaactgaatcaacattggaCCTTTCGA
TATTAATATAAGCTTCAAATTTGATACATACTCTGTTCTATTTACCCCTGTGGCCCTCTACGTTACTTGATCTATCCTTGAATTTGCCCTATGATACATATACTCCGACCCAAAcatcaaccgcttcttt
aaatatcttCTACTCTTCCTAATCTCAATAATCATTTTAGTGACTGCCAAC
>ch-CACA1-CM030070.1region12339-12756_size418_propspcIN98.4_propunivsOUT100.0_avgOUTentries0.0
ATTCCAACTGTTCATTGGCTGAGAGGGAGTTGGAATCATATCATTTCTCCTCATTGGTTGATGACATAGTCGAACAGACGCCAACACAGCCGCCCTACAAGCTGTAATCTATAACCGAG
TAGGAGATATTGGcctaattcttagcatagcttgactggctataaatttaaactcctgagaaattcaacaactattcatcttatccaaagacataaacttaaccctacctctccttggtcttgtcctagccgcagctggaaaat
ccgcacaattcggccttcacccatgacttccatcggccatagaaggacccacaccagtctccgccttactccactccagcacaatagttgtagccggtatcttcctcctaattcgccttcacccattaatccacaataatcaa
ttaattctaaca
>ch-CACA1-CM030070.1region12936-13134_size199_propspcIN97.5_propunivsOUT100.0_avgOUTentries0.0
taaagcaatacttttcctctgttccggatccattatccatagcctcaatgacgaacaagatatccgcaaaataggaggtcttcacaaactcctgccattcacctcctcctccttaactattggaagcctagccctcataggcatg
cccttcttatcaggcttcttttcaaaagatgccatcatcgaagccataaacact
>ch-CACA1-CM030070.1region13136-13248_size113_propspcIN98.5_propunivsOUT100.0_avgOUTentries0.0
ctcacctcaacgcctgagcccttatccttaccctaattgcaacatcatttacagccatttacagcctccgcctcatttttttcacattaataaattttccacggtttaattca
>ch-CACA1-CM030070.1region13267-14066_size800_propspcIN98.9_propunivsOUT100.0_avgOUTentries0.0
aacaaccccctaattattaaccccatcaaacgcctagcttacggaagtatcctgtctggcctcattatcacatccaacataatccctacaaaaacccaaattatgactataattcccctactaaaactctccgccctactaatt
actattgctggccttctactagccttagaactagcaaacctaactaactctcagcttaaaataacccccaccctctatccccatcacttctcaaatatattgggatactttccccaaattatccaccgcctcctgcccaaaatta
acctatcctgagcccaacatgtttccacccacctaattgaccaaacatggtctgaaaaaattggaccaaaaagtgccttcattcaacaaacccctctaattaaattatccacccaacctcaacaaggctatattaaagttta
cctaacactacttttcctcacactagccttagccatactcactacattaacctaaccacacgtaatgtccctcatgctagacctCGAGTCAACTCCAACACCACAAACAAAGTCAATAATAACACCCACCC
ACTTAAAACTAACAACCACCCCCCATCCTCATAAAGCAAAGCCACCCCCACAAAATCCCCACGAGTTATCTCCATATTGCTCAACTCCTCTACCCCTGACCAATCCAACTCAAATC
ACTCTACCATAAAATAATTACCAACAAAAAATAACATTACTAAATAAAAACCAACATACAACAAAACAGATCAATTACCCCATGACTCAGGATATGGCTCAGCAGCAAGAGCTGCCG
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great for specific eDNA assay design>

short regions conserved in >90% animal Mt

overall kmer conservation with great shark low across animal kingdom~5% 
contributions from *mostly* C. carcharias isolates in mitoDB
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clustal >3weeks      MUSCLE error      MAFFT 9h50m, 4.4GB RAM unikseq 2m, 9.0GB RAM   

comparing 65,000,000 bp



• LARGER OUTGROUP ~ RESTRICTIONS FOR
UNIQUE REGION IDENTIFICATION

• 29 UNIQUE REGIONS (100 BP+), 5.2 KB
3 : 100% AVG INGROUP CONSERVATION, 461 BP

• GREAT WHITE SHARK MITOGENOMES
HARBOR MANY UNIQUE REGIONS
CONSERVED ACROSS ISOLATES0
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2.2 MBP CIRCULAR
GENOME

ASSOCIATED WITH
CRC POLYPS

TUMOUR ISOLATE
SEQUENCED 2012
ASSEMBLED WITH
SSAKE : CC53

SIMILAR TO F. N.
VINCENTII AND ATCC 

(ORAL STRAIN)

“Dental plaque bacteria hitch 
a ride in blood to fortify colon 

cancers” — Cosmos mag.
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1 REFERENCE (F. NUCLEATUM VINCENTII FROM HMP)
1 INGROUP ENTRY (F. NUCLEATUM CC53 CRC ISOLATE)

50 OUTGROUP ENTRIES (HMP MOCK + FUSOBACTERIUM ATCC25586)
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clustal >3weeks      MUSCLE error      MAFFT   >3weeks unikseq 5m, 54GB RAM   

comparing 90,000,000 bp
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n Min N50 Max Sum

3,357 100 188 6,503 646,774
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CC53

HMP mock

n Min N50 Max Sum

81 100 457 3,570 21,720

UNIQUE TO CC53



0.85

0.90

0.95

1.00

0 10000 20000 30000
Position of 25−mers on wuhan−hu1 SARS−CoV−2 (MN908947) genome

Se
qu

en
ce

 c
on

se
rv

at
io

n 
pr

op
or

tio
n

subsample
1000k
100k
10k
1k

Subsample
(k)

Run time
(hh:mm:ss)

Memory
(GB)

1 00:00:55 3.2
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FURTHER BENEFIT FROM :
1) COUNTING BLOOM FILTERS
2) PARALLELISM

24

S gene (21.6-25.4kb)

comparing 30,000,000,000 bp



comparing 9,000,000,000 bp

USING TWO (INGROUP/OUTGROUP) BLOOM FILTERS

UNIQUE+CONSERVED

25

n Min N50 Max Sum
415,629 100 123 913 52.9e6 (1.8%)

Bloom filters : 45’ (16GB RAM)   unikseq : 2h wall clock (21 GB RAM)

98.8%

BONOBO HUMAN BABOON



NEANDERTHAL DENISOVAN HUMAN

26

UNIQUE+CONSERVED (100%)

Bloom filters : 44’ (16GB RAM)   unikseq : 2h wall clock (23 GB RAM)

n Min N50 Max Sum
6,314 100 682 5,407 2.5e6 (0.09%)

comparing 15,000,000,000 bp

% HG02055 HG01243 NA24385
Neanderthal 0.02 0.01 0.02
Denisovan 0.01 0.01 0.01

99.5%



WHITE BC INTERIOR SITKA+ENGELMANN
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UNIQUE+CONSERVED (100%)

n Min N50 Max Sum
59,565 100 129 1,642 8.3e6 (0.04%)
Bloom filters : 9h (86GB RAM)   unikseq : 14h07 (124GB RAM)

comparing 80,000,000,000 bp
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github.com/bcgsc/unikseq



GSC
Inanc Birol
Lauren Coombe
Cecilia Yang

UVic
Caren Helbing
Michael Allison
Neha Acharya-Patel
Louie Lopez
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github.com/bcgsc/unikseq



30



•
•

•

• HTTPS://GITHUB.COM/BCGSC/UNIKSEQ

•

Usage: ./unikseq v1.2.2
-----input files-----
-r reference FASTA (required)
-i ingroup FASTA (required)
-o outgroup FASTA (required)

-----kmer uniqueness filters-----
-k length (option, default: -k 25)
-l [leniency] min. non-unique consecutive kmers allowed in outgroup (option, default: -l 0)
-m max. [% entries] in outgroup tolerated to have a reference kmer (option, default: -m 0 % 

[original behaviour])
-----output filters-----
-t print only first t bases in tsv output (option, default: -t 25)
-c output conserved FASTA regions between reference and ingroup entries (option, -c 1==yes -c 

0==no, [default, original unikseq behaviour])
-s min. reference FASTA region [size] (bp) to output (option, default: -s 100 bp)
-p min. [-c 0:region average /-c 1: per position] proportion of ingroup entries (option, default: 

-p 25 %)
-u min. [% unique] kmers in regions (option, default: -u 90 %) 32

https://github.com/bcgsc/unikseq
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c

bullfrog burbot

american bullfrog and burbot : strong assay design potential 
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Colors are inversed!



lake trout
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rockfish

trout and rockfish : closely related taxa limit mitogenome qPCR design potential
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