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FISH: Fluorescence in situ Hybridization

Beliveau, B.J. Et al. PNAS 109 (52), 21301-6 (2012)

Denature dsDNA

Hybridize FISH probes
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Targeting RNA & Proteins

Kishi, J.Y., Lapan, S.W., Beliveau, B.J. et al. Nat Methods 16, 533–544 (2019) 5



PaintSHOP simplifies complex probe design

web server: paintshop.io

Features for multiplexing, barcoding probes

6Kishi, J.Y., Lapan, S.W., Beliveau, B.J. et al. Nat Methods 16, 533–544 (2019)

https://paintshop.io/
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Information Content
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Information Theory
Quantifying information

4/7/22, 12:23 PM {\displaystyle \mathrm {H} (X)=-\sum _{i=1}^{n}{\mathrm {P} (x_{i})\log \mathrm {P} (x_{i})}}

https://wikimedia.org/api/rest_v1/media/math/render/svg/bfe3616dee43f6287d4a4e2a557de8d48ad24926 1/1

Information entropy

Heads 

Tails ✅

❌

H(toss) = -(p(heads) * log2 (p(heads) + p(tails) * log2(p(tails))

Claude Shannon

H(toss) = -(0.5*log2(0.5) + 0.5*log2(0.5)) = 1.0 bit

“binary digit” → “bit”

9



There’s always a relevant xkcd

https://imgs.xkcd.com/comics/password_strength.png 10

https://imgs.xkcd.com/comics/password_strength.png


Shannon-Nyquist Sampling Theorem

Sampling above Nyquist rate:

Sub-Nyqist sampling:

Claude Shannon Harry Nyquist
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Compressed Sensing

^ Far fewer samples than Nyquist rate:

Randomly downsampled

12



Compressed Sensing

13
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Information Theory

sending information over a noisy channel

15



Information Theory
sending information over a noisy channel

Claude Shannon

Harry Nyquist

• Radio astronomy

• Transistor

• LASER

• Photovoltaic cell

• Charge-coupled device (CCD)

• UNIX, C, C++, AWK, others

• 9 Nobel Prizes

• Information Theory

16



Codes

QR codeBarcode
Dewey decimal code

Genetic code

Morse code
Postal codes

SMS code

LOL IDK

OMG ROFL

17
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Data compression - repetition

• Degree of compression depends on the raw data and algorithm used

• In general, repetitive data is more compressible



Repetition Code

Repeat once:

Message Code word

1010 111000111000

1110 111111111000

Message Code word

1010 11001100

1110 11111100

Repeat twice:

19



Parity Check Linear Block Code (MHD2)

Message Code word

1010 01010

1110 11110

20



Hamming Distance

Hamming Distance: 

the number of single-letter changes needed to mutate seq A into seq B

CAT CAT CAT
CAR BAR DOG

d=1 d=2 d=3

21



Hamming Code

Message Code word

1010 0011010

1110 0101110
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Modified Hamming Distance 4 Code (MHD4)

Message Code word

1010 11001010

1110 00101110
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Modified Hamming Distance 4 Code (MHD4)

Message Code word

1010 11001010

1110 00101110

24



Codeword Validation and Decoding (MHD4)

Example Codeword Parity check Action

Valid 11001010 0000 Decode

1-bit error 11101010 0010 Correct error, then decode

2-bit error 10101010 0110 Error, mark invalid

25



Linear Block Code Summary

Message MHD2 Hamming MHD4

1010 01010 0011010 11001010

1110 11110 0101110 00101110

26



Error-correcting Codes and FISH
Multiplexed error-robust FISH (MERFISH)

MHD4 Code

“In principle, combinatorial labeling allows the

number of detectable RNA species to grow

exponentially with the number of imaging rounds,

but the detection errors also increase exponentially.

To combat such accumulating errors, we exploited

error-robust encoding schemes used in digital

electronics, such as the extended Hamming code, in

the design of our encoding probes but modified

these schemes in order to account for the error

properties in FISH measurements.”

27



MERFISH theory critique

We point out that the assumptions motivating the codebook 

construction and decoding, tacitly yet heavily, rely on source 

uniformity and to a certain extent on the binary symmetric 

channel paradigm, both of which are violated in the context 

molecular profiling. For channel coding in communication, source 

can be readily assumed as uniformly distributed thanks to 

compression in source coding and the separation theorem [6]. In 

molecular profiling, however, source compression is not 

applicable and the distribution of RNA molecules is...

28



Hamming Weight

Code word Hamming Weight

00001100 2

00110011 4

00111111 6

000000001100 2

000000110011 4

“each of the 140 possible barcodes has a 

constant Hamming weight (i.e., the number of 1 

bits in each barcode) of 4 to avoid potential bias 

in the measurement of different barcodes due to 

a differential rate of 1 to 0 and 0 to 1 errors.”

29
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Brute force attacks on digital locks

https://www.johndcook.com/blog/2019/10/22/hacking-with-de-bruijn/

000000010002001000110012002000210022010001

010102011001110112012001210122020002010202

021002110212022002210222100010011002101010

111012102010211022110011011102111011111112

112011211122120012011202121012111212122012

211222200020012002201020112012202020212022

210021012102211021112112212021212122220022

012202221022112212222022212222

length: 324

0000

0001

0002

…

2220

2221

2222

https://www.johndcook.com/blog/2019/10/22/hacking-with-de-bruijn/
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de Bruijn sequences

https://en.wikipedia.org/wiki/De_Bruijn_sequence

https://en.wikipedia.org/wiki/De_Bruijn_sequence
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de Bruijn hacking digital locks

https://www.johndcook.com/blog/2019/10/22/hacking-with-de-bruijn/

000000010002001000110012002000210022010001

010102011001110112012001210122020002010202

021002110212022002210222100010011002101010

111012102010211022110011011102111011111112

112011211122120012011202121012111212122012

211222200020012002201020112012202020212022

210021012102211021112112212021212122220022

012202221022112212222022212222

length: 324

000010011012110021020122101011112220112120

002002202122001201021120202222111022121

length: 81

0000

0001

0002

…

2220

2221

2222

https://www.johndcook.com/blog/2019/10/22/hacking-with-de-bruijn/
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PaintSHOP simplifies complex probe design

web server: paintshop.io

Features for multiplexing, barcoding probes

37Kishi, J.Y., Lapan, S.W., Beliveau, B.J. et al. Nat Methods 16, 533–544 (2019)

https://paintshop.io/


DNA Barcodes

38

DNA-barcoded antibodies

sci-RNA-seqMultiplexed FISH

CRISPR screens



39Qikai Xu, et al., P.N.A.S., (2009)
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Selected citations with bc25mer barcodes



41https://doi.org/10.1101/2022.07.11.499592

https://doi.org/10.1101/2022.07.11.499592


DNA k-mers

42

k = 12

ACGTAAACCCGGGTTT

ACGTAAAC

CGTAAACC

GTAAACCC

TAAACCCG

AAACCCGG

AACCCGGG

ACCCGGGT

CCCGGGTT

CCGGGTTT

ACGTAAACCCGGGTTT

ACGTAAACCCGG

CGTAAACCCGGG

GTAAACCCGGGT

TAAACCCGGGTT

AAACCCGGGTTT

ACGTAAACCCGGGTTT

ACG

CGT

GTA

TAA

AAA

AAC

ACC

CCC

CCG

CGG

GGG

GGT

GTT

TTT

k = 8 k = 3

seq: ACGTAAACCCGGGTTT



DNA k-mer De Bruijn Graphs

43

k = 2 k = 3



k-mer graph algorithm

44



SeqWalk on readthedocs.io

45
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Hamming Graph Algorithm

Goal: 

given a set of k-length sequences, return a maximally large subset with min. Hamming distance = 2

Hamming Distance: 

the number of single-letter changes needed to mutate seq A into seq B

CAT CAT CAT
CAR BAR DOG

d=1 d=2 d=3
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Hamming Graph:

Create a node for each sequence

Create an edge connecting d=1 sequences

Hamming Graph Algorithm
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Hamming Graph:

Create a node for each sequence

Create an edge connecting d=1 sequences

Hamming Graph Algorithm

Goal: 

given a set of k-length sequences, return a 
maximally large subset with min. Hamming 
distance = 2
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Hamming Graph Algorithm
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Hamming vs Levenshtein Distance

chatGPT
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dna.barcodes R Package

https://rdrr.io/bioc/DNABarcodes/man/create.dnabarcodes.html

https://rdrr.io/bioc/DNABarcodes/man/create.dnabarcodes.html
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dna.barcodes R Package

https://rdrr.io/bioc/DNABarcodes/man/create.dnabarcodes.html

https://rdrr.io/bioc/DNABarcodes/man/create.dnabarcodes.html
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Orthogonal DNA Set Design

Hamming distance Min. k-mer symmetry

set() arithmetic 

in python, e.g.

Heuristic approaches:

Exhaustive algos:
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de Bruijn k-mer graph as K-order HMM
k = 3

http://bozeman.mbt.washington.edu/compbio/mbt599_2022/Lec13.pdf

http://bozeman.mbt.washington.edu/compbio/mbt599_2022/Lec13.pdf
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