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Frequency Analysis of the 
Genome

Professor Gail L. Rosen

 G: 1 0 0 0 0 0 0 1 0 0 0 1 0 0
 C: 0 1 0 0 0 0 0 0 1 0 0 0 0 0
 A: 0 0 1 0 0 1 0 0 0 1 1 0 0 0
 T: 0 0 0 1 1 0 1 0 0 0 0 0 1 1

Nucleotides are parts/code

 How would you start to analyze it?
 How would you represent each 

nucleotide in mathematical notation?

Simple Representation

 Arbitrary nucleotide assignment to 
integers
 A<->0
 C<->1
 G<->2
 T<->3

 Does this make sense?

Binary Indicator Sequence

 G C A T T A T G C A A G T T
 G: 1 0 0 0 0 0 0 1 0 0 0 1 0 0
 C: 0 1 0 0 0 0 0 0 1 0 0 0 0 0
 A: 0 0 1 0 0 1 0 0 0 1 1 0 0 0
 T: 0 0 0 1 1 0 1 0 0 0 0 0 1 1

 What is sequence representation useful 
for?

Amplitude (Pulse Amplitude 
Modulation in Telecom)

GCATT 

G 

C 

A 

T 

  Negation ~ 
Complement

Complex Representation (similar 
QPSK in Telecom)

1+j 

1-j 

-1+j 

-1-j 

A 

T 

C 

G 

  Conjugate ~ Complement

01 - C 
00 - A 
10 - T 
11 - G 

Rotation:
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Application:  Nucleotide->Amino 
Acid “filtering”

Reference:  Anastassiou 

1+j 

1-j 

-1+j 

-1-j 

A 

T 

C 

G 

Filter x[n] 

Filter coefficients in paper
y[n] = h[0]x[n] + h[1]x[n-1] +h[2]x[n-2] 

base 1 base 2 base 3 

h[0] =1, h[1]=1/2, h[2]=1/4 

Arbitrary filter coeffs 

For all Open Reading Frames

FIR LPF 
h[n] 

3 

3 

3 

Z-1 

Z-1 Quantize 
to the 
20 amino 
acids 

x[n] y[n] 

(Amino acid 
sequence) 

(Nucleotide 
sequence) 

Reading 
frames 

Reverse complement property

5’ 3’ 

5’ 3’ 

•   Ribosomes read from 5’ to 3’ 
end 

G - C 

C - G 

A - T 

T - A 

T - A  

5’ 3’ 

3’ 5’ 

Reverse 
complement of 
GCATT is AATGC  

Complex representation: reverse 
complement and conjugate 
symmetric

Conjugate symmetric, x[n], has a real 
fourier transform, linear phase, etc. 

Review symmetry properties of 
Fourier Transform -- Schafer p. 55

Quadrature Phase Shift Keying

Phase Change Example 
State Change

Dibit

0º A->A 00

90º A->B 01

180º B->D 11
270º D->C 10

Transmitting Sines and Cosines
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Physical Ways of Representing

  Binary
 Purine:  A, G
 Pyrimidine: T, C 

 Electron-ion interaction potentials 
 Bonding affinities

Human Coding Regions 
(Nucleotide ORF bias)

C/G 
Pref 

A/T 
Pref 

C/
GPre
f 

Human Codon Usage
Usage of each codon 
per 1000 in coding 
regions 

Percentage of codon 
composition among 
synonomous codons 

Codon Usage in Salmonella 
enterica strain Ty2
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SE2 Ty2 SE2 Ty2

Fourier Transform

Another: Define uA[n], uT[n],uC[n], uG[n] as 
binary indicator sequences 

1
0
0
0 

A A G T G C 
1
0
0
0 

0
1
0
0 

0
0
0
1 

0
1
0
0 

0
0
1
0 

uA[n] 
uG[n] 
uT[n] 
uC[n] 

Index sequence 

frequency 
sequence 

Transform of the whole sequence 
(modifications for binary indicator rep)

Why not just take a=t=c=g?  
•  x[n] = uA[n] + uT[n] + uC[n] + uG[n] = [1 1 1 1 …. 1] 

 (no information)  

x[n] X[k] 

Spectral Content

Example mitochondrial 
sequence (from 
seqstatsdemo Took 
N=512 point DFT).  
Spikes at k=N/3 and 2N/
3 are the same. 

S[1:511] 

S[0], the dc term, is 
subtracted out 

Recap
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 Periodicities occur in Codon Position

IMPORTANT HINT:  Remove the DC Component when plotting 

The exponential function 
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Only one base biased
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Can Use Height to Detect Different 
Coding Regions Anastassiouʼs example

•  Baker’s Yeast -- 
sequence and DFT 
length of 1320  

•  Usually frequency 
axis is 0 -> π.   

•  k= N / (periodicity-
length) 

k 

•  frequency ~ 1/
wavelength   

•  k ~ 1/period-length 

S[k] 

Yin/Yau - Background Noise

 Noise[k]= S[k]/Seq_length 
 (Average Power over every frequency)

Why is there a period of 3?

 If each base equiprobable, no period
 CG, codon bias
 Abundance of G in position 1
 Tiwari et al. “synthesized” genes 

backwards and found period-3
 Tiwari et al. found that some genes in S. 

Cerevisiae do not have period-3

Effects of using a “sliding” DFT 
window

Fine tune frequency 

Gene prediction using DFT sliding 
window

•  Plot S[N/3] as a function of a moving window 
•  What is the window length? 
•  What is the overlap of the windows? 
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“Improved filtering” for gene 
prediction

 If get peak at N/3, coding region
 Vaidyanathan and Yoon

 Anti-Notch Filtering

Fourier Product Spectrum, P[k]
 Multiply spectrums together
 P[k] =  UA[k]  *  UC[k]  *  UG[k]  *  UT[k] 
 Amplifies peaks

Sk 

Pk 

Issues with the Spectral methods

 Can we exploit the spectrum to also 
signify structural attributes of the 
sequence?

 Why just the magnitude?  Is there no 
phase information to exploit?  Assume 
that a lot of information from coding to 
non-coding (frameshifts).

Coding Bias Measure from 
Spectrums (Yin/Yau 2005)

Occurence of each nucleotide in each  ORF position 
for nucleotide x: 

The spectral peak height to these occurences 

XA[N/3]  ~ Pr(A in ORF1 ∪ A in 
ORF2 ∪ A in ORF3) 
 Measure of how frequent A is every 3 

nucleotides
Frame Offset 

ATGTACACATTTGTAAAATGA 

ATGTACACATTTGTAAAATGA 

ATGTACACATTTGTAAAATGA 

0 
1 
2 

ORF 1 Sequence:  ATATGAT        FA1=3/7 
ORF 2 Sequence:  TACTTAG   FA2=2/7 
ORF 3 Sequence:  GCATAAA   FA3=4/7 

Mahmood and Epps: Numeric 
Representation can affect DFT

•   Complex 
•   EIIP (electron-ion interaction potential) 
•   Real Numbers 

• T=0; C=1; A=2;G=3 
•  A=0; G=1; C=2; T=3 
•  A=1.5; T=-1.5, C=0.5,G=0.5 
(Amplitude Modulation) 

•  Internucleotide Difference  (replaces each DNA 
nucleotide with an integer representing the distance between the current 

nucleotide and the next similar nucleotide.)  
•   Paired Numeric (A-T: 1, C-G:0) 
•   Frequency of Nucleotide Occurrence 
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 AR-TFH:  AR parameters + Time-
Frequency parameters (magnitude
+phase)


