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Genetic map (cM or mu)

Physical map (Mb)

DNA sequence (bp)

Metric:
Mb/mutopology preserved

Three types of maps



Sequencing Strategies

Whole genome “shotgun” and assembly
 



Shotgun sequencing
A genome



Shear the DNA and 
then clone it into vectors
that have primer sites 
that read into the insert









Long-read sequencing allows you to recover transcript isoforms
without a reference genome to act as a scaffold.

It also allows you to see which exons are linked to which other
exons in the same transcipt





Abbreviations: ERV, endogenous retrovirus; indel, insertion or deletion; LINE1, long interspersed element 1; MNP, multiple-
nucleotide polymorphism; SD, segmental duplication; SINE, short interspersed element; SNV, single-nucleotide variant; 
STR, short tandem repeat; SV, structural variant; SVA, SINE-VNTR-Alu; VCF, Variant Call Format; VNTR, variable number 
tandem repeat. 
a The average number of sites observed of a given variant type within each genome.
b The average total length of variant sites.
c The percentage of a diploid genome that each variant type represents, assuming a 5.8-Gb diploid euchromatic genome 
length. The values exclude heterochromatin due to uncertainty around assembly and alignment for all variants except 
inversions. 
d SVs include all structural variants; the remaining rows are SV subclasses. Unclassified/mixed denotes a class of SVs for 
which reliable annotation could not
be given.



Overview of the process of human genome sequence assembly. (a) Sequence length improvements to the human genome reference
sequence over time. (b) Overview of the genome sequence assembly process. First, individual sequencing reads are generated from a
sample. Then, the sequencing reads are compared with each other to identify overlaps. Overlapping reads are then merged to generate
a genome sequence. (c) Overview of pangenome reference assembly and analysis. First, the pangenome is assembled from multiple
individual genome sequences, revealing commonalities and differences among them. Later, sequencing reads generated from other
samples can be mapped (or aligned) to the pangenome reference to detect variants and establish genotypes. (d) Applications for human
genome analysis. Abbreviations: SNP, single-nucleotide polymorphism; T2T, telomere-to-telomere.

The human pangenome





Assembling random DNA sequence reads
into sequence contigs

actgggtttaatatgacgatcgatcgtcagctcgcatcgactagctacg

actgggtttaatatgacgatcgatcgtcagc

cgtcagctcgcatcgactagctacg
actgggtttaata

tgacgatcgatcgtcagctcgcatcgactagctacg

With more than 30% of the genome being repeats, this can be
challenging



>gi|20553358|ref|NT_007422.9|Hs6_7579 H. sapiens chromosome 6 working draft seq. segment
GAATTCCCATTCACAATTGCTACAAAGAGAATAAAATACCTAGGAATACAACTTAAAGGGATGTTAAAGA
CCTCTTCAAGGAGAACTACAAACCACTGCTCAAGGAAATAAGAGAGGACACAAACAAATGGAAAAAAATT
CCATGCTCATAGACAGGAAGAATCATGAAAATGGCCATATTCCCCAAAGTAATTTATAGAGTCAATGTTA
TCCCCATCAAGCTACCATTGACTTTCTTCACATAATTAGAAAAAACTACTTTAAATTTCATATGGAACCA
AAAAGATCCCATATAGCCAAGACAAGGCTAAGCAAAAAAAAAAAACAAAAACAAAAACAAAAAAAAAACA
AAGCTGGAGGCATCACGCTTCCCAACTTCAAACTATACCACAAGGCTACAGTAACCAAAACAGCATGGTA
CTGGTACCAAAACAGATATATACACCAATGAAACAGAACAGAGCCCTCAGAAATAACACCAAACATCTAC
AACCATCTGATCTTTGACAAACGTGACAAAAACAAGCAATGGAGAAAGGATTCCCTATTTAATAAATGGT
GTTGGGAAAACTAGTTAGCCATATGCAGAAAACGGAAACTGGACCCCTTCCTTACACCTTATACAAAAAT
TAACTCAAGATGGATTAACGACTTAAACATAAAACATAAAAACATAAAAACCCTAGAAGAAAACCTAGAC
AATATGATTCAGGACATAGGCATGGGAGAAGACTTTATGACTAAAACACCAAAAGCAATAGCAACAAAAG
CCAAAATTGACAAATGGGATCTAATTAAGCTAAAGAGCTTCTGCACAGCAAAAGAAACTATCATCAGAGT
GAATAGGCAACCTACATAATGGGAGAAAATTTTTGCAATCTATCCATCTGACAAAGGGCTAATATCCAGA
ATCTACAAAGAACTTGAACAAATTTACAAGAAAAAAACAACTCCATCAAAAAGTGGGCAGTAAGAACAGA
CACTTCTCAAAAGAAGACATTTATGCAGCCAATACACATATGAAAAAAAGCTCATCATCACTGGTCATTA
GAGAAATGCAAATGAAAATCACAATGAGATACCATCTCATGCCAGTTAGAATGGTGATCCTTAGGAGGTC
AGGAAACAACAGATGTTGAAGAGGATGTGGAGAAATAGGAACACTTTTACACTGTTGGTGGGAGTATCAA
TTAGTTCAACCACTGTGGAAGACAGTGTGGCAATTCCTCAAGGATCTAGAACTAGAAATACCATTTGACC
CAGCAATTCCATTGCTAGGTATATACCCAAAGGATTATAAATCATTCTACTATAAAGACACACACACACG
TATGTTTACTGCGGCACTGTTCACAATAGCAAATACTTGGAACCAACCCAAATGCCCATCAGTGATAGAC
TGGATAAAGAAAACATGGCACATATACACCATGGAATACTATGCAGCCATAAAAAGGTTGAGTTCACGTC
CTTTGCAGGGACATGGCTGAAGCTGGAAACCATCATTCTCAGCCAACTAACGTAAGAACAGAAAACCAAA
CACTGCATATTTTCACTGATAAGCGTGAGTTGAACAATGAGAACACATGGACATGGGGAAGGGAACATCA
CACACTGGGGCCTGTCAGGGGTTGAGGGGTTAGGGGAGGGATAGTATTAGGAGAAATACCTAATGTAGAT
GACAAGTTGATGGGTGCAGCAAACCACCATGGCACATGGATATCTATGTAACAAACCTGCATGTTCTGCA

Finding genes in genome sequence can be hard



ajisufjjulibnbzvxcqplmjueyyetyttb
winsoutherncaliforniawithgraceand
splendorboundwheretheloftymountai
npeakslookouttolandbeyondproudlys
tandsouralmamaterglorioustoseewer
aiseourvoicesproudlyhailinghailin
gtheeechoesringingwhileweresingin
goverlandandseathehallsoffamereso
undthynamenoblecitjiuienenebstijz
inzyiplmnhtgbswbneemnimistiungjzx

As your english teacher always told you, 
grammer and punctuation are the key!!!!!!!!!!
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winsoutherncaliforniawithgraceand
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ajisufjjulibnbzvxcqplmjueyyetyttb
wInsouthernCaliforniawithgraceand
splendorboundWheretheloftymountai
npeakslookouttolandbeyondProudlys
tandsourAlmaMaterglorioustoseeWer
aiseourvoicesproudlyhailinghailin
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In southern California 
with grace and splendor bound
Where the lofty mountain peaks
lookout to land beyond 
Proudly stands our Alma Mater 
glorious to see 
We raise our voices proudly 
hailing hailing Thee
Echoes ringing while were singing 
over land and sea 
The halls of fame resound thy name 
noble CIT



In southern California 
with grace and splendor bound,
Where the lofty mountain peaks
lookout to land beyond, 
Proudly stands our Alma Mater, 
glorious to see; 
We raise our voices proudly, 
Hailing, hailing Thee!
Echoes ringing while we’re singing 
over land and sea; 
The halls of fame resound thy name, 
noble CIT!

Manton Barnes, BS ‘21 EE





http://www.modencode.org/



Gene finding
actggtcaaacgtacggatacaggtaattgaccacattatatagaccacgattcgatcgcatac

Open reading frames
Codon bias
Potential splice sites “gt………ag”
Starts ATG
Stops TGA, TAG, TAA
Poly A addition to 3’ UTR AAUAAA

Homology

What about noncoding RNAs?



intronexon

*= stop codons
XXXgt = splice donor





Ribosome profiling: Which RNAs are translated, and which 
ORFs?







In southern California with grace  and splendor bound,
In Smoggy   California Where nerds and geeks   abound,

Where the lofty mountain peaks lookout to land beyond, 
Where the lofty mountain peaks Are seldom ever  found,

Proudly stands our Alma Mater, glorious      to see; 
Proudly stands our torture chamber, Horrible to see.

We raise our voices proudly,   Hailing, hailing Thee!
We raise our voices  loudly, Screaming  painfully.

Echoes  ringing  while we’re  singing  over  land and sea; 
Hammers ringing,Anvils singing,Chains for you     and me.

The halls of f ame resound thy name, noble CIT!
The halls of flame resound thy name, Noble CIT.

Comparative Sequence Alignment:  
two versions of Caltech Alma Mater song.



In southern California with grace  and splendor bound,
In Smoggy   California Where nerds and  geeks  abound,

Where the lofty mountain peaks lookout to land beyond, 
Where the lofty mountain peaks Are  seldom ever found,

Proudly stands our      Alma Mater, glorious  to see; 
Proudly stands our torture chamber,  Horrible to see.

We raise our voices proudly,   Hailing, hailing Thee!
We raise our voices  loudly, Screaming  painfully.

Echoes  ringing  while we’re singing over land     and sea
Hammers ringing,Anvils       singing,Chainsfor you and me.

The halls of f ame resound thy name, noble CIT!
The halls of flame resound thy name, Noble CIT.

Comparative Sequence Alignment:  
two versions of Caltech Alma Mater song.
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Proteins are modular: compare domains and architecture
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BLAST:  Basic Local Alignment Search Tool

…RPCYKTE…   …RPCYRQW…     …PPCYKLI…
PCYRPC CYK

Find local match
Extend out
Calculate P value
Display best hits by
 P-value
 maximum score

Designed to be fast for searching large databases



Score =  227 bits (573), Expect = 1e-57
 Identities = 122/264 (46%), Positives = 165/264 (62%), Gaps = 1/264 (0%)
 Frame = +1

Query: 206   SIVPATPHTLYKKQCA-NCGEGRAYKNISKDPALDGFTPKYYDELEKNEEHFIEIEDLLQ 264
             SIVP +   + K+       E  AY+ I K+P      P Y+   E   +HFIE++DLL 
Sbjct: 78475 SIVPTSTGIVRKRISGLEDSEVHAYRLICKEPQTAQIVPAYFGIQEMQSQHFIELQDLLA 78654

Query: 265   QFHDPTKTAIMDIKIGTRTFLESEVSNTKKRADLYEKMVAIDNDEPTEEERKCGAITKLR 324
              F DP    +MDIK+G+RTFLESEVSN   R DLY+KM+A+D   PT  E +  AITKLR
Sbjct: 78655 GFRDP---CVMDIKMGSRTFLESEVSNATLRPDLYQKMIAVDAGAPTPAEHEARAITKLR 78825

Query: 325   YMQFRERESSTAQLGFRIEAAKRLEGALEKNFKKVRTVEDVTTTFMDFFGTQRSRVRQQL 384
             YM FRE  SS+   GFRIEA +       K+ K  R+ E +  T   F   +RS V+++L
Sbjct: 78826 YMTFRESLSSSHSKGFRIEALRLRGRPPVKDLKTCRSSEQIAQTIEQFLAARRS-VQKEL 79002

Query: 385   IERLKSMRKAIEHSSFFNSHEVVGSSILIVFDTEKVGCWMIDFAKSSPVPNGRTLNHRTT 444
             ++RLK MR  IE S+FF SHE++GSSI IV+D ++VG W+IDFAK   +P    ++HR+ 
Sbjct: 79003 LKRLKHMRLVIEQSTFFASHEIIGSSIFIVYDDDRVGVWLIDFAKCRELPPHVRVDHRSA 79182

Query: 445   WIPGNNEDGYLIGIDNLVKILEEL 468
             W PGN E+G L G+D L++  EE+
Sbjct: 79183 WAPGNREEGLLRGMDELIRSFEEV 79254



Nucleotide sequences that are similar are likely to 
encode similar functions

Probability of sequence alignment 
to this extent by chance



Multiple Sequence Alignments









Can still have function. For example, a (now) non-coding transcript
can still act as a sink for RNA-binding proteins (or other RNAs) that
bind and regulate function of the wildtype transcript





Genome sizes and gene numbers
Mb organism   year sequenced ~genes
0.6   endosymbionts (Buchnera) 2000   800
4.6 E. coli (bacteria)     4,300
15  budding yeast   1996   6,300
102.2 Caenorhabditis elegans 1998   20,000
104 Caenorhabditis briggsae 2003   20,000
120 Arabidopsis thaliana  2000   25,000
120+ Drosophila melanogaster 2000   14,000
278 Anopheles gambiae  2002   14,000
~400 puffer fish (Fugu)  2001   39,000
3300 human   2000-2004  23,000
2700 mouse    2000+   23,000
  puffer fish (Tetraodon) 2004   ~23,000
  chimpanzee   2005
 





https://doi.org/10.1038/s41586-020-2876-6



https://doi.org/10.1038/s41586-020-2873-9



Genome sizes and gene numbers
Mb organism   year sequenced ~genes
0.6   endosymbionts (Buchnera) 2000   800
4.6 E. coli (bacteria)     4,300
15  budding yeast   1996   6,300
102.2 Caenorhabditis elegans 1998   20,000
104 Caenorhabditis briggsae 2003   20,000
120 Arabidopsis thaliana  2000   25,000
120+ Drosophila melanogaster 2000   14,000
278 Anopheles gambiae  2002   14,000
~400 puffer fish (Fugu)  2001   39,000
3300 human   2000-2004  23,000
2700 mouse    2000+   23,000
  puffer fish (Tetraodon) 2004   ~23,000
  chimpanzee   2005
 

How do organisms increase in complexity (create novelty)
if the gene number is relatively constant?



Complex genes

B. More Transcripts

C. Alternative Splicing

A. More Regulatory Sites

exon1 intron exon2 exon3intron

MULTIPLE PROTEINS MADE IN DIFFERENT AMOUNTS
AND PLACES

exon1a



38,016 possible splice variants  !!!



Cell-type specific rearrangements of DNA to create
novel protein coding regions



Chimp
Human



The Age of Databases:
Information about an organism can be organized 

around the Genome sequence

•The sequence and its variation,
•The genes, mRNAs and proteins
•The regulatory elements,
•Where and when each gene is expressed,
•How genes and proteins interact with each other to specify
 the properties of each organism.  

There are Model Organism Genome Databases such as 
WormBase (www.wormbase.org) 
FlyBase (www.flybase.org)

Yeast (yeastgenome.org)













Genome-scale screening
Many different ways





Two different sample RNAs. One is labeled with a red dye.
The other with a green dye. Spot color provides an indication
Of how the expression of many genes changes with conditions

Transcriptional profiling



Genes that show similar expression patterns are likely to be 
Regulated through similar mechanisms (binding sites, 
Transcription factors, etc).

G
en

es

Ge
ne

s

Conditions

Gene expression pattern clustering algorithm

Compare normal and disease states



Identifying protein-protein interactions using 
the yeast two-hybrid system

Transform plasmids into cells that are trp- and leu -,
On minimal media. Only plasmid bearing cells

survive



DBD

ACT

Bi-partite transcriptional activators

DBD Reporter gene

ACT
Reporter gene

Reporter gene
+



2-Hybrid Assay in yeast

DBD

ACT

Bait Prey

Reporter gene
+

DBD-Bait Prey-ACT

note false positives



This is the activation domain array consisting of 
6144 yeast colonies each expressing a different 
fusion of the GAL activation domain and one of the 
yeast ORFs. 

This is a set of selective plates (-Leu -Trp-His -Ade) 
on which only colonies grow that contain RPC19-
interacting proteins:



2006

RNA interference
http://www.ambion.com/techlib/hottopics/rnai/

http://www.ambion.com/techlib/hottopics/rnai/


Phenomena first observed in 
petunia

Attempted to overexpress chalone synthase 
(anthrocyanin pigment gene) in petunia.

(trying to darken flower color)

Caused the loss of pigment.



Called co-suppression 
because suppressed 
expression of both 

endogenous gene and 
transgene.



Injection of dsRNA corresponding to a gene of 
interest results in the degradation of that 

transcript

No probe mex-3 probe: wild type

mex-3 probe: dsRNA
treatment

mex-3 gene

Antisense probe 
for her embryos

Injected
dsRNA

into
hermaphrodite

Embryogenesis in 
the worm C. elegans



General mechanism of RNAi



WHY RNAi?
RNAi components also involved in:

Transposon silencing

Viral defense

Gene regulation







RNA viruses make dsRNA as replication intermediates.
These are targets for an RNAi-based immune system



Remember the bipartite GAL4-UAS system

•  GAL4 is a transcriptional activator from yeast that recognizes a 
DNA sequence called the UAS (upstream activating sequence)

•  We can use this to control expression of YFG in a tissue specific 
manner by using enhancer elements specific for the tissue we are 
interested in



Can express an inverted repeat representing sequences 
of any gene of interest.

RNA
hairpin

RNAi
(in GAL4 expressing cells)



Nobel, 2024 to Ambros and Ruvkun











Expanding horizons: Small RNA movement between plants







Applications of the CRISPR/Cas system beyond genome editing. In addition to targeted genome editing, the 
CRISPR/Cas9 technology is suitable for other interesting applications. (a) Gene regulation. A catalytically inactive dead 
Cas9 (dCas9, in light blue) can be fused to either a transcriptional repressor (left) or activator (right). When the dCas9-
repressor fusion is recruited by a gRNA that matches the promoter, 5 ′ untranslated region or coding sequence of an 
endogenous gene, it can block transcription initiation, elongation or the binding of transcription factors. When the 
dCas9-activator fusion is targeted to a promoter, the specific expression of the endogenous gene is induced. (b) Cargo 
delivery. The catalytically inactive dCas9 can also be exploited as a programmable DNA-binding protein to deliver 
diverse cargos to specific genomic locations. For example, fusion with a green fluorescent protein (left) provides a tool 
for visualizing chromosome structure or dynamics, and fusion with a demethylase (right) can be used for targeted 
epigenome editing. (c) RNA cleavage. The Type III-B CRISPR-Cas system (e.g., from Pyrococcus furiosus ) is composed 
of nucleases that form the so-called Cmr complex (yellow) and represents a unique RNA silencing system. The Cmr-
crRNA complex targets invading RNA in a PAM-independent process and is able to degrade complementary RNA 
sequences cleaving them at multiple sites.


