
Mecanismos de evolución de 
los genomas 

- Generación de la variación genética: Clases de 

mutaciones 

- Duplicación de dominios y alargamientos de genes.

- Exon-shuffling

- Genes quimera



Generating Genetic Variation
Cinco tipos de cambio contribuyen a la evolución de un gen 

individual.

– La mutación dentro 
de un gen

– Duplicación de un 
gen

– Supresión de 

genes

– exón shuffling

– La transferencia 

horizontal - raro en 
eucariotas



Mut at ions and Molecular  Evolut ion

• 3 different effects on fitness by mutations:

– deleterious

– increase efficiency or performance

– no effect (“ neutral” )



Dif f er ent  models of  select ion

• Directional selection- pushes population 
toward homozygosity and phenotypes 
toward one extreme

• Balancing selection- favors heterozygotes 
but maintains all phenotypes

• Disruptive selection- favors both 
homozygotes, eliminates heterozygotes 
and increases extremes of phenotypes



Red blood cells in someone wit h sickle-cell t r ait
La mutación dentro de un gen



Malar ial par asit es live wit hin r ed blood cells



Elect rophoresis of  hemoglobin variant s



The f irst  seven N- t erminal amino acids in normal 

and sickle cell hemoglobin  polypept ides

GAG

GUG

GLU = Glutamic acid is acidic

VAL = Valine is neutral non-polar



• Evolución del tamaño de los 
genes

– mecanismos de amplificación y de aparición de nuevos 
genes

• Duplicación Parcial de Genes 
– Barajamiento de exones/dominios (exon-shuffling)
– Genes quimera



Relaciones entre los distintos exones de un gen y los 

dominios proteícos.



Genomas eucarióticos

Genes interrumpidos
(con frecuencia)

Exones-intrones 

Los dominios son independientemente plegables y funcionalmente especializados unidades de estructura

terciaria dentro de una proteína. La estructura de dominio modular de muchas proteínas ha resultado de la

barajadura y el empalme de sus secuencias de codificación dentro de genes más largos



Alt ernat ive Splicing & Gene Regulat ion
• Protein domains can be encoded by a single exon or by a small collection of exons 

within a larger gene. The coding regions for domains can be spliced in or out of the 

primary transcript by the process of alternative splicing. The resulting mRNAs encode 

different forms of the protein, known as isoforms. Alternative splicing is an important 

method for regulation of gene expression in different tissues and different 

physiological states. It is estimated that 60% of all human genes are expressed as 

alternatively spliced mRNAs. Alternative splicing is illustrated in Fig for the fibronectin 

gene. The fibroblast and hepatocyte isoforms differ in their content of the EIIIA and 

EIIIB domains which mediate cell surface binding. Twenty different isoforms of 

fibronectin produced by alternative splicing have been identified.



Exon-suffling. Es la idea de que la recombinación, la inserción o la 

deleción de un exón o intrón puede producir nuevos genes •

• Cuatro tipos de exon-suffling
-Deleción

• - Recombinación 
- Duplicación

• - Inserción



Exon-shuffling: pérdida de un intrón

• Evolución globinas: pérdida de intrones

• en microbios (todos)

• y 1, 2 o 3 en animales



Mor phological 

evolut ion-evolut ion 

of  albinism in blind 

cave f ishes

(gene inact ivat ion)



Mor phological evolut ion—albinism in 

blind cave f ishes

• albinism common in cave organisms (incl. 

fishes, crustaceans), often accompanied by eye 
loss

• genetic studies of Mexican blind cave fish 

(Astyonax mexicanus) in 2 different populations, 
Pachón and Molino, revealed different mutations 

in Oca2 gene—gene inactivation

• Pachón fishes are homozygous for deletion of 

intron and most of exon in Oca2 gene



pr ot ease

kr ingle (plasminogen)

epider mal gr owt h f act or

f ibr onect in t ype-1

Recombinación: t issue plasminogen act ivat or  evolves f r om f our  

unr elat ed genes

(f r om Gr aur  & Li 2000)



Duplicación de dominios es el mecanismo más 
común de elongación de genes

Otros mecanismos de elongación: 

cambio de un codón de stop (o intron)o inserción...
¿malos resultados?



Duplicación de exones



Ejemplo de evolución por dulicación de exones de la proteína del colágeno de aves



Evolución de exones duplicados: divergencia entre la partes

de la duplicación



Exonization

Mutations in the DNA that encode signals for intron 

excision might result in exonization of the intron. 

protein

mRNA

mature mRNA exon1

DNA exon1

exon1

exon1

exon1 exon2

mutation in the splicing signal



Exon lost

Of course, in a similar vain, exons can also be removed 

due to such mutations.

protein

mRNA

mature mRNA

DNA

exon1

exon2

mutation in the splicing signal

exon1

exon1

exon1

exon1



Mecanismos más importantes de formación de 

duplicaciones exónicas.

(A) Entrecruzamiento desigual. (B) Retrotransposición.



B1 Via Entrecruzamiento entre elementos intercalados

We previously have noted that gene evolution has involved exon shuffling
between protein-coding genes in the genome. A large amount of shuffling 
has occurred due to the prevalence of interspersed repeats in the genome. 
Due to sequence conservation within these regions, crossover events can 
take place at these sites (Fig. 6.18). This results in exon shuffling between 
nonhomologous genes and the formation of new genes with new 
combinations of protein domains. As illustrated in Fig. 6.2, such events also 
have been important in exon and gene duplications.



2 Via DNA Transposones

Exon shuf f ling can also occur via cut - and- past e t ransposit ions
mediat ed by DNA t ransposons.  The mechanism by which t his occurs 
is illust rat ed in Fig.  6. 19a.  I t  requires t hat  t wo copies of  t he 
t ransposon f lank t he t arget  exon.  Bot h DNA t ransposons and t he 
exon will move as one piece of  DNA if  t he t ransposase happens t o 
cleave DNA at  t he lef t  invert ed repeat  of  t he upst ream t ransposon 
and at  t he right  invert ed repeat  of  t he downst ream t ransposon.  
Gene 1 ends up losing t he exon,  and Gene 2 acquires t he exon



Exons can move along with a LI NE element when it t ransposes via it s copy-
and- past e mechanism (Fig. 6. 19b). When a LI NE element has a weak
poly(A) signal, RNA polymerase I I cont inues t o t ranscribe downst ream,
pot ent ially through an exon. I f t his exon has a st rong poly(A) signal, then
t ranscript ion st ops and t he RNA is polyadenylat ed. Then f ollowing the
mechanism in Fig. 6. 17, DNA encoding the exon and t he LI NE element can
be incorporat ed int o anot her gene. The spliced mRNA produced f rom t he
accept or gene may contain t he newly int roduced exon. Exon shuf f ling is
support ed by experiment al evidence and the enormous amount of
int erspersed repeat DNA in genomes. Over billions of years, it has played
a major role in evolut ion of genomes.



Cómo se originan nuevos genes

An example: the antifreeze glycoprotein (AFGP) gene 

in the Antarctic fish, Dissostichus mawsoni



Motif multiplication and exon loss

Gene function may be altered through the multiplication

of motifs in an ancestral gene and/or loss of exons.

Notothenioid fish - live in very

cold waters off Antarctica.

Avoid blood freezing; 

antifreeze glycoprotein (AFGP)

genes - code for Thr-Ala-Ala 

repeat.







Convergent evolution of an AFGP gene 
in the arctic cod, Boreogadus saida



Convergent evolution of an AFGP gene in the arctic 
cod, Boreogadus saida

•    the AFGP gene in B. saida also has a Thr-Ala-Ala 
repeating motif!

• appears to have evolved independently because:

• 1. flanking regions show no homology to trypsinogen

• 2. different number and locations of introns

• 3. codons used in repeating unit are different





Gen Quimera

Los Genes quimera se producen 

bien por  via exon shuffling o 

retrotransposicion.

Under 

retrotransposition, 

mRNA transcribed to 

cDNA, which is then 

inserted into a gene 

(without introns).

Both Jingwei and Ymp are expressed in Drosophila testes.



• Gen quimera: Hemoglobina Lepore (Gen quimera)

• Debido a que los locus de los genes de globina contienen grupos de genes similares existe el 

potencial para que haya un entrecruzamiento desigual entre las cromátides hermanas durante la 

meiosis. La generación de hemoglobina Gun Hill y hemoglobina Lepore son el resultado de 

eventos de entrecruzamientos desiguales. La Hemoglobina Gun Hill es el resultado de una 

deleción de 15 nucleótidos causados por el cruce desigual entre los codones 91–94 de un gen de 

β-globina y los codones 96–98 del otro. La generación de la hemoglobina Lepore resulta del 

cruce desigual entre δ-globina y los genes β-globina. El gen híbrido resultante δβ se llama Lepore 
y el gen híbrido βδ se llama anti-Lepore. Según lo indicado anteriormente, el promotor del gen δ-

globina es ineficiente así las consecuencias de este evento de entrecruzamiento desigual son 

tanto cualitativas como cuantitativas 



Hb Lepore

• Anti-Lepore

– βδ fusion gene

– Longer than the 

original

• Lepore

– δβ fusion gene

– Shorter than the 

original 

Hb Kenya

• Anti-Kenya

– β-Aγ fusion

– (much) 
longer than 
the original

• Kenya

– Aγ- β fusion

– (much) 
shorter than 
the original




