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b. 1-10,000

c. 10,000-100,000

d. >100,000

How many genes does a human have:



a. <1

b. 1-10,000

c. 10,000-100,000

d. >100,000

How many genes does a human have:

(~23,000)
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How many genes does a fruitfly have:



a. <1

b. 1-10,000

c. 10,000-100,000

d. >100,000

How many genes does a fruitfly have:

(~15,000)



Gene Number Variation

Corn 40,000 genes

Rice 33,000

Thale cress 28,000

Mouse 23,000

Human 23,000

Worm 19,000

Fruitfly 15,000

Yeast 6,000

M. genitalium 500



Gene duplication and loss result in 

genome size variation 

S. cerevisiae C. elegans D. melanogaster H. sapiens A. thaliana

Homeodomain 9 109 148 267 118

121 437 357 1049706

1 183 25 59 4

Zinc-finger

Nuclear receptor

from Venter et al. (2001)



Similar genomes have similar numbers of genes

   Insects:  ~15,000 

Mammals:  ~23,000 

   Worms:  ~19,000 

             Fungi:  6,000-10,000

Despite this, lots of variation in individual genes.



Zhang (2003)

Gene duplication and loss



Lynch and Conery (2003)

Gene duplication and loss



Gene duplication and loss

x

The most common outcome of duplication is loss

Pseudogene



Gene duplication and loss

The most common outcome of duplication is loss

Substitutions	 per	silent	site	(d)
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Big questions in gene duplication

“The main interest in duplications lay in ... 

identical genes which could 

subsequently mutate separately and 

diversify their effects.” 

                                    --Bridges 1918



Big questions in gene duplication

Bridges (1935)



Big questions in gene duplication

Hahn (2009)



Big questions in gene duplication

Hahn (2009)



Gene conservation

Perry et al. (2007)
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Subfunctionalization

Piatigorsky and Wistow (1991)

Proc. Narl. Acad. Sci. USA 
Vol. 85, pp. 3479-3483, May 1988 
Evolut~on 

Gene sharing by 6crystallin and argininosuccinate lyase 
(lens protelns/evolution/gene expression/enzymes/urea cycle) 

'Laboratory of Molecular and Developmental Biology, National Eye Institute, National Institutes of Health, Bethesda, MD 20892; and tBaylor College of 
Medicine, and Institute for Molecular Genetics, the Howard Hughes Medical Institute, Houston, TX 77030 

Communicated by Donald D. Brown, February 1, 1988 

ABSTRACT The lens structural protein bcrystallin and 
the metabolic enzyme argininosuccinate lyase (ASL; L-

argininosuccinate arginine-lyase, EC 4.3.2.1) have striking 
sequence similarity. We have demonstrated that duck 6- 
crystallin has enormously high ASL activity, while chicken 
6-crystallin has lower but significant activity. The lenses of 
these birds had much greater ASL activity than other tissues, 
suggesting that ASL is being expressed at unusually high levels 
as a structural component. In Southern blots of human genomic 
DNA, chicken 61-crystallin cDNA hybridized only to the 
human ASL gene; moreover, the two chicken 6-crystallin genes 
accounted for all the sequences in the chicken genome able to 
cross-hybridize with a human ASL cDNA, with preferential 
hybridization to the 62 gene. Correlations of enzymatic activity 
and recent data on mRNA levels in the chicken lens suggest that 
ASL activity depends on expression of the 62-crystallin gene. 
The data indicate that the same gene, at least in ducks, encodes 
two different functions, an enzyme (ASL) and a structural 
protein (6-crystallin), although in chickens specialization and 
separation of functions may have occurred. 

The ocular lens accumulates high concentrations of water- 
soluble proteins called crystallins (l,2). Lens transparency is 
maintained by short-range order of these proteins (3). Crys- 
tallins account for as much as 90% of the lens protein and 
have thus always been considered structural components of 
the cells. 

Unexpected evolutionary relationships exist between crys- 
tallins and other proteins. The a-crystallins are related to the 
small heat shock proteins (4,s) and to p40, a schistosome egg 
antigen (6). The P- and y-crystallins belong to a single 
superfamily of proteins (7-9), which may include protein S, 
a calcium-binding bacterial spore coat protein (10). The most 
astounding relationship, however, has linked the taxon-
specific crystallins to a spectrum of metabolic enzymes. 
These include sequence similarities between duck E-crys- 
tallin and lactate dehydrogenase (LDH-B) (ll), chicken 
Scrystallin and argininosuccinate lyase (ASL; ~-arginino- 
succinate arginine-lyase, EC 4.3.2.1), turtle 7-crystallin and 
enolase, squid SII,-crystallin and glutathione S-transferase 
(12), and frog pcrystallin and a family of NADPH-dependent 
reductases including aldehyde and aldose reductase (13), and 
prostaglandin F synthetase (14). Furthermore, c-crystallin 
from the duck lens was shown to have significant lactate 
dehydrogenase activity (11). 

The close similarities between crystallins and enzymes 
suggest that the same genes encode both functions. To 
examine this possibility, we have investigated the relation- 
ship between chicken Gcrystallin and ASL, an enzyme of 
intermediary metabolism, including the urea cycle. In hu- 
mans, ASL activity is high in the liver for urea formation (15). 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. 91734 solely to indicate this fact. 

Although uricotelic, birds have some activity for ASL as well 
as for other enzymes of the urea cycle. GCrystallin is the 
dominant crystallin in lenses of birds and reptiles, but it is 
absent from lenses of mammals (2). Southern blot hybridiza- 
tion experiments with a chicken Gcrystallin cDNA (16) and 
a human ASL cDNA (17), coupled with enzymatic tests, have 
provided strong evidence that the crystallin and the enzyme 
share genes in an unusual evolutionary strategy. 

MATERIALS AND METHODS 

Chicken and Duck Embryos. White Leghorn chicken and 
duck (Anas plafyrhynchos) embryos were purchased from 
Tmslow Farms (Chestertown, MD). Lenses and other tissues 
were excised at the indicated times of development and 
stored at -80°C before use. 

6-Crystallin Isolation. GCrystallin was purified from a lens 
homogenate of 15-day-old embryonic chickens by isoelectric 
focusing as described (18). 

ASL Assays. ASL was assayed as described (19). 
DNA Isolation. The embryonic duck DNA was the same 

preparation used by Piatigorsky et al. (20). Chicken embryos 
and human placenta were pulverized in liquid nitrogen, 
incubated at 50°C for 3 hr in 0.5 M EDTA, pH 8.0/0.5% 
sarcosyl/proteinase K (100 pg/ml) (Boehringer Mannheim), 
extracted twice with buffer-saturated phenol, dialyzed, 
spooled out of ethanol, and dissolved in 10 mM TrisqHCl, pH 
8.011 mM EDTA. 

Construction of pEWl7. Oligonucleotide-directed muta- 
genesis was used to introduce unique Sal I and Sac I1 sites 
into the Gcrystallin cDNA clone pEW7 (16). The cDNA was 
subcloned into M13mp19 to produce single-stranded tem- 
plate used in the mutagenesis procedure of Zoller and Smith 
(21). Two mutagenic oligonucleotides were used. The first, 
?TTATCCCCC(G)CGGTTGCCAT, causes an A -,C trans- 
version in the fourth codon of the Gcrystallin cDNA (located 
in exon 3) to produce a unique Sac I1 site. The second, 
TTTTTTCAGT(CG)ACTACAATAC,causes a double-base- 
pair (bp) change (T-C) -, (C-G) 5 and 6 bp upstream of the 
polyadenylylation site to produce a unique Sal I site. The 
cDNA inserts from plaques containing both of the desired 
mutations were excised and cloned back into pSP64 (Pro- 
mega Biotech, Madison, WI). One of the resulting clones, 
pEW17, contains the Gcrystallin cDNA with both the Sal I 
and Sac I1 restriction sites. 

cDNA and Oligonucleotide Probes. The 1.4-kilobase-pair 
(kbp) fragment containing exons 3-17 of the Gcrystallin 
cDNA was obtained from pEW17 after digestion with Sac I1 
and Sal I, and the 1.5-kbp ASL cDNA was isolated from 
pAL36 (17) after digestion with BamHI; the ASL cDNA was 
further digested with EcoRI into a 5' 0.9-kbp piece and a 3' 
0.6-kbp piece. cDNAs were purified from agarose gels by the 
glass bead method (Geneclean kit; Bio 101, La Jolla, CA). 

Abbreviation: ASL, argininosuccinate lyase. 



Neofunctionalization

Zhang et al. (2002)



Big questions in gene duplication

Neofunctionalization, subfunctionalization, or conservation? 

Positive selection or genetic drift? 



Big questions in gene loss

McCutcheon and Moran (2012)



Loss of Myh16 associated with cranial enlargement

Stedman et al. (2004)



Molecular mechanisms of gene duplication

DNA- or RNA-based 

Multiple genes, single genes, partial genes 



Molecular mechanisms of gene duplication

“Unequal crossing-over”



Molecular mechanisms of gene duplication

“Unequal crossing-over”: 

-Requires repeated elements to be present 

-Is generally due to NAHR 

-Does not always result in tandem duplicates
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McGrath et al. (2009)

 

 

All paralog pairs 

Molecular mechanisms of gene duplication

Hypothesis: the more TEs there are in a genome, 

the farther apart the duplicates are
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Molecular mechanisms of gene duplication

McGrath et al. (2009)
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DNA-based mechanisms

Molecular mechanisms of gene duplication

RNA-based mechanisms

“Retrotransposition”



Molecular mechanisms of gene duplication

Retrotransposition: 

-Results in a daughter copy without introns 

-Brings along (almost) no flanking sequence 

-Can only copy one gene at a time



Molecular mechanisms of gene duplication

Weird hybrid case: “chimeric” gene duplicates

Long and Langley (1993)



Molecular mechanisms of gene duplication

Polyploidy

Unreduced gametes



Molecular mechanisms of gene duplication

Polyploidy: 

-Doubles the entire content of the genome 

-Most genes subsequently return to single-copy 

-Two types (at approximately equal frequency in nature): 

Autopolyploidy and allopolyploidy 



Molecular mechanisms of gene duplication

Autopolyploidy: 

Doubling the number of chromosomes, where both parents 

are from the same species (or same individual) 



Molecular mechanisms of gene duplication

Allopolyploidy: 

Doubling the number of chromosomes, where the parents 

are from different species 



Molecular mechanisms of gene loss

Nonsense mutation 

Frame shifting indel 

Complete deletion (often due to NAHR) 



Genealogical relationships among genes

Paralogs: genes (loci) whose most recent common ancestor 

is a duplication node



Genealogical relationships among genes

A1 A2 B

Paralogs



Genealogical relationships among genes

Orthologs: genes (loci) whose most recent common ancestor 

is a speciation node  

Paralogs: genes (loci) whose most recent common ancestor 

is a duplication node



Genealogical relationships among genes

A1 A2 B

Orthologs  

(co-orthologs)



Genealogical relationships among genes

A1 B2 B1

Orthologs Paralogs 



Genealogical relationships among genes

A1 B2 B1

Paralogs  

(out-paralogs wrt the A-B speciation event) 



Genealogical relationships among genes

A1 A2 B

In-paralogs wrt the A-B speciation event 



More genealogical relationships among genes

A1 A2 BCo-orthologs  



More genealogical relationships among genes

A1 A2 B

“Positional orthologs” 

(Dewey 2011) 

X16 X



More genealogical relationships among genes

“Positional orthologs” 

(Dewey 2011) 

Primary/parent  

ortholog 

Secondary/daughter 

ortholog 



More genealogical relationships among genes

Retrotransposition

Primary/parent  

ortholog 

Secondary/daughter 

ortholog 



Polarized duplicates and adaptation
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Han et al. (2009) 



More genealogical relationships among genes

A1 A2 BXenologs 

(orthologs) 

HGT 

C



More genealogical relationships among genes



More genealogical relationships among genes

A1 A2 BOhnologs 

(paralogs) 

Autopolyploidy 

C



More genealogical relationships among genes

B A1 A2

Homoeologs 

(orthologs) 

Allopolyploidy 

C



More genealogical relationships among genes

B A

Allopolyploidy 

C



Genes that

originated by a

specia!on event

Pairs of genes found in

different species

Pairs of genes found in

the same species

Genes that

originated by a

duplica!on event

Homoeologs Orthologs

Paralogs

Ohnologs

Paralogs

Whole genome duplica!on:

Small scale duplica!on:

Glover et al. (2016) 

More genealogical relationships among genes



More genealogical relationships among genes

A1 B2B1



More genealogical relationships among genes

A1 B1 B2

“Reconciled” gene tree 



More genealogical relationships among genes

A1 B2

pseudo-orthologs 

(“hidden paralogy”)



Divergence between paralogs

A1 A2 A1 A2 A1 A2



Substitutions	 per	silent	site	(d)
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Divergence between paralogs



Divergence between paralogs

How divergent are new paralogs?

=4Neμ

=4Neμ


