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SSR variation in a vasopressin receptor gene

SSR variation within developmental

The evofutionary Jo[asticity @[ repeat sequence [ocation in the

IS responsible for intra- and interspecific
variation in social behavior among voles
(Hammock & Young 2005).
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ontogenetic regu[atory JOOLITQTTLS.

SIMPLE SEQUENCE REPEATS (SSRs) can enhance

the evolutionary plasticity of developmental

genome could be regarofeof as a source @C Joossiﬁi[ities for new

SSRs (also called MICROSATELLITES and
MINISATELLITES) are DNA tracts in which a

E.H. Davidson, 1982

control genes underlies morphological
differentiation among domestic dog
breeds (Fondon & Garner 2004).
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SUPPORTING MATERIALS

processes.

SSRs supply abundant genetic variation with minimal risk of severely

deleterious effect.

relatively short base-pair sequence, or MOTIF, is
repeated over and over in tandem.

Although SSRs are often mischaracterized as
“junk”, their exceptional mutability can contribute
genetically meaningful variation.

Many SSRs are located in functional domains, within exons and introns

as well as in upstream and downstream regulatory regions.

SSRs experience frequent, reversible, site-specific mutations which
add or subtract motif units. The number of motif repetitions can

influence practically any aspect of gene function.

TRIPLET REPEAT (trinucleotide SSR) mutations
can alter the length of an encoded homo-
polymeric amino acid stretch without shifting the

When integrated into functional gene complexes,
SSRs act as general-purpose TUNING KNOBS for

adjusting gene function (King et al. 1997, Kashi &
King 20006).

SSRs contribute to EVOLVABILITY by conferring

Repeat-Number Mutations VS.

Repeat-number mutations involve addition or
subtraction of repeating motifs. Any gain or loss
in the number of repeats can be readily reversed
by subsequent loss or gain.

SSR repeat-number mutations occur at rates
orders of magnitude higher than those for point
mutations. Yet such extreme mutability seems
not to be substantially deleterious.

Variation in repeat-number mutation rate is due to
attributes which are intrinsic to each SSR site.
Thus site-specific mutation rates are heritable
along with particular SSR alleles.

Phenotypic effects of SSR mutation are often
quantitative and small, with reasonably high
likelihood of adaptive advantage. Reversible
switching occurs in contingency genes.

Classical Point Mutations

Multiple types of point mutation (substitutions,
insertions, and deletions) make reversal of
any particular mutation unlikely. Reversal of
multiple mutations is highly improbable.

Point mutations typically occur at extremely
low rates. Such rates apparently result from
natural selection favoring the highest practical
level of replication fidelity.

Variation in point mutation rate typically
involves mechanisms whose effects on
replication fidelity are not site-specific but
distributed throughout the genome.

Phenotypic effects of point mutations range
from neutral to lethally disruptive, with
beneficial effects occurring only rarely.

. . - -y - An SSR Phylogeny
reading frame. properties of adjustability, modularity, and

The mammalian gene DIx-2 exemplifies conservation of SSR location and motif together with
variation in number of repeats and purity of repetition.

Transcription factors frequently incorporate
homopolymeric stretches encoded by variable
triplet repeats (e.g., Gerber et al. 1994).

Abundant triplet repeat variation in develop-
mental regulatory genes provides the basis for
rapid morphological evolution of domestic dog
breeds (Fondon & Garner 2004).

The phylogenetic origin of insects is marked by

exploratory behavior.

SSRs’ site-specific, repeat-based mutability can facilitate efficient
adaptive adjustment at any level in a regulatory hierarchy.

Mutation rate and typical mutation size are based on heritable
parameters of each SSR site, such as motif length and purity of
motif repetition.

Individual SSRs can arise spontaneously, replace one another,
and vanish without altering basic gene function.

the appearance of a triplet repeat in a Hox gene
(Galant & Carroll 2002).

Mutability based on SSRs may be
evolutionarily advantageous.

NDIRECT SELECTION can plausibly shape SSR mutability and
ocation so that these sequences provide a reliable supply of
ow-cost genetic variation.

A selective advantage based on SSR mutability has been
experimentally demonstrated for the CONTINGENCY GENES of
pathogenic bacteria (Bayliss & Moxon 2006).

Although similar evolutionary benefit for eukaryotes has not yet
been conclusively established, several examples of adaptive
variation provided by SSRs have been reported (reviewed in
Kashi & King 20006; King, Trifonov & Kashi 2000).

INDIRECT SELECTION of a genomic trait such as
site-specific mutability (which does not directly
affect phenotype) occurs when the trait is closely
and causally linked with beneficial mutant
phenotypes.

At SSR loci, mutability is encoded by motif length
and repeat purity while phenotype is encoded by
the number of repeats. Repeat-number stability
will be favored only when an ancestral number of
repeats consistently yields higher fitness than do
variants with altered repeat numbers. Mutability
will be selected (indirectly) when changing
circumstances repeatedly favor mutant alleles.

’Mutationa[fy variable SSRs may be a common

and Beneﬁcia[ feamre of aoﬁ’ustaﬁfez genes, just as
TUNING KNOBS are a common and usefu[
feature cf acﬁ’usmﬁfe instruments.

f\
" a Il f| A A A "; A a a 1

" N . ('-'1'-.".””\ f\ afl. aAlla aflan! ; iR
{ W !\ / \l"\"' oy { |"JA"~'. 'in'\" VYVVY V V { “." v I"r',\~."\"l,.-'§" VVYVVYVV YUY

A

f\ o
A A At

inNan adas s
’I' ‘“‘Il A l.! | E
\ ! I|I "J V \ | ’ ¥ \ .J \ ’ |‘-‘

\ A l.‘ | s
AN ,.|"|'iu' \ !, |“". .'n'-,"‘-. /\/ dog, 17 repeats

| I‘| \ |
\ | TATVATA' TATAY
Y'1l 'n v I' v

/| p/|/| dog, 11 repeats

A f A 1\ A A f f i | 1 ‘.‘ | ’.
A A A f\ | ] \ .' J ; A 1 |‘ v | \ 1‘-| A (\‘ |‘ 1 \ l \" \ ‘ .\‘ ‘.‘| “‘ ‘ i ‘ ‘ " ! Wo'f
\ A\ |I “l‘ ¥) V .’ﬂ\. \d! v‘ l‘, Vv )" ! I ¥ )' \" \ !f l.| “' !, V \ j \'

lv ’rl'\ W VUVIA f A\ V) \f) ln‘ AnfiinaianaafnaAnaf AAA N /l (W /\ ‘u \ "ﬂll AATYAYYY f ' coyote
y AT A'A" \ J v | I AYA)) RTATA ATATA \\Ula AN YA : | TRTA (% AN |
'AVR L YWV NV EVUYVVYVVYVVYVV TV ALY YV S A YV Y YN WY WAL VY

|'|| r' »‘ AAA » A [ A A | A

ALY NAoall AR AR AR AL AR AR ; A all
.‘I‘."'\ ?p'!“"'vi A [ "'nllllfl'nlrﬁ."'itl,'l"a"‘I "I‘L'IEM /) A\ Al
KYAAY

AN A f\ A A A A | r"
"|‘“"'l‘!‘;| FUAT Y f\ | afln N \ AN 'l.'.‘ ’:‘ 4 | N v;"|(‘ ] “u'l !
CVVTVV YV YV VYUYV VYV WA A VAR WAL VARAAY WYYV WYY

f\ s War ~ . Aapn | A Aa AN f
| N.OIAARN N ah Al Al A | LAY A
Yi 'ﬁ' ATUAL |v""’,l"l‘ n) '”'IH‘ "|A'| l'l, H""l,‘ V ";ﬁl' |'.'ll'|"" l1 ‘Iv'." ”‘.

v R'E'ATR'E'ATE. 18 \f Vv Uy .
O304 B & b A D R 4D VATLYYV ™Y

I i

" { \ l » |
N TR R AR 1A' j
AARAAFLRNE BN AN VARTA

-
| swift fox

’I ‘I ' Y\ l |' I .‘!Iu 'l' ‘, i"\'ll,'.! “."‘ ." grey fOX

\ ‘ A\ \
1] ‘ X I { | { 11 3 ’c. : l'{
' y \ f I_' | lr' ‘|" \ | l{ \ ‘} !l‘ !A. .'l vl \ Cat

24 . 1:‘ | II I| | ].‘, A ;l‘u ‘-. ]4 I nX

ASLYYXVYLLY

A A A
VUV VWA N fisher
‘l‘ ! {!l { YV V) M
\\, badger
W, \ A I} A {]
AR ﬂjﬁq\,U human

Wl Al beaver

.‘l |\ I‘
M A
AN A Afa

| A nl"’
AWANIVL AN ALY opossum
XY A o) Re A\

VY'Y Y1}

Data courtesy J. Fondon II1

If you would like more information . . .

Bayliss, CD, and Moxon, ER (2006) Repeats and variation in pathogen selection. In: LH Caporale,

ed., The Implicit Genome, Oxford University Press.

Davidson, EH (1982) Evolutionary change in genomic regulatory organization: Speculations on the
origins of novel biological structure. In: JT Bonner, ed., Evolution and Development, Springer-Verlag.

Fondon Ill, JW, and Garner, HR (2004) Molecular origins of rapid and continuous morphological

evolution. PNAS 101(52): 18058-18063.

Galant, R, and Carroll, SB (2002) Evolution of a transcriptional repression domain in an insect Hox

protein. Nature 415: 910-913.

Gerber, H-P, et al., (1994) Transcriptional activation modulated by homopolymeric glutamine and

proline stretches. Science 263: 808-811.

Hammock, EAD, and Young, LJ (2005) Microsatellite instability generates diversity in brain and

sociobehavioral traits. Science 308: 1630-1634.

Kashi, Y, King, DG and Soller, M (1997) Simple sequence repeats as a source of quantitative genetic

variation. Trends in Genetics 13: 74-78.

* Kashi, Y, and King, DG (2006) Simple sequence repeats as advantageous mutators in evolution.

Trends in Genetics 22: 253-259.

* King, DG, and Soller, M (1999) Variation and fidelity: The evolution of simple sequence repeats as
functional elements in adjustable genes. In: S.P. Wasser, ed., Evolutionary Theory and Processes:

Modern Perspectives, Kluwer Academic Publishers.

* King, DG, Soller, M, and Kashi, Y (1997) Evolutionary tuning knobs. Endeavour 21: 36-40.

* King, DG, Trifonov, EN, and Kashi, Y (2006) Tuning knobs in the genome: Evolution of simple
sequence repeats by indirect selection. In: LH Caporale, ed., The Implicit Genome, Oxford University

Press.

* Please ask for reprints.



