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We have sequenced the 5' untransiated region of the orthologous FMR1 gene from 44
species of mammals. The CGG repeat is present in each species, suggesting
conservation of the repeat over 150 million years of mammalian radiation. Most mammals
possess small contiguous repeats (mean number of repeats = 8.0 +/- 0.8), but, in
primates, the repeats are larger (mean= 20.0 +/- 2.3) and more highly interrupted.
Parsimony analysis predicts that enlargement of the FMR1 CGG repeat beyond 20
triplets has occurred in three different primate lineages. In man and gorilla, AGG
interruptions occur with higher-order periodicity, suggesting that historical enlargement
has involved incremental and vectorial addition of larger arrays demarcated by an
interruption. Our data suggest that replication slippage and unequal crossing over have
been operative during the evolution of this repeat.

Five unstable CGG trinucleotide repeat loci have been
identified in the human genome, each of which is
capable of hyperexpansion to generate a folate-sensi-
tive fragile site!-5. So far, the FRAXA and FRA11B CGG
triplet repeats are the only fragile sites clearly associat-
ed with a gene and a human disease®> 2. The molecu-
lar basis of the fragile X syndrome (FRAXA ) is well
established: the CGG repeat is located in the 5" UTR of
the FMR1 gene and is polymorphic, ranging from 5 to
50 repeat units in the human population® *-!!, Once
the length of the repeat increases beyond 60 repeats,
the triplet, upon maternal transmission, is capable of
hyperexpansion and subsequent methylation with the
concomitant abolition of FMRI gene expression 2.
The majority of human FMRI CGG repeats possess a
cryptic substructure punctuated by AGG intersper-
sions!® 1315, While the majority of CGG repeat alleles
possess two AGG interspersions occurring once every
9/10 CGG repeat units, almost all alleles predisposed
to hyperexpansion (premutation alleles) have a single
or no AGG interruptions!® 14, Similarly, spinal cerebel-
lar ataxia CAG repeats predisposed to expansion
demonstrate the loss of interrupting CAT trinu-
cleotides's, Furthermore, unstable FMR1 alleles in the
normal population possess fewer interruptions when
compared to alleles of similar size in which only stable
intergenerational transmissions have been demon-
strated!, Thus, the reduction in the number of AGG
interruptions may be a critical event in predisposing
FMR1 CGG repeat alleles to instability and eventual
hyperexpansion!® 14 15,

Hyperexpansion of the FMR1 CGG repeat is selec-
tively disadvantageous suggesting an evolutionary
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pressure for loss of the triplet. Surprisingly, no human
alleles have been identified with fewer than five
repeats™ 7. This observation, along with the fact that
FMRI CGG repeats greater than 5 units in length are
capable of binding specific proteins'® and the observa-
tion that brain mRNA appears particularly enriched
for genes with CGG repeats located upstream of the
translational initiation signal'¥, implies that the posi-
tion of the repeat in the 5' UTR of these genes is of
some functional importance. One approach to evalu-
ate the functional significance of microsatellites has
been to assess their level of conservation by comparing
sequence and position from a variety of distantly relat-
ed organisms?. In this study, we have analyzed the
evolution of the FMRI CGG repeat by analysis of 44
mammalian species.

FMR1 CGG repeats among non-primates

The FMR1 CGG repeat locus was sequenced from 24
non-primate species representing 7 orders of mam-
mals: 6 species of Carnivora, 5 species of Chiroptera, 7
species of Rodentia, 3 species of Artiodactyla, and sin-
gle species representatives of the orders Cetacea, Eden-
tata and Monotremata (Table 1 and Methods). The
majority of mammalian orders have short uninter-
rupted CGG repeats (mean=8.0 +/— 0.8 repeats) at an
orthologous position in the 5' UTR of the gene (Fig.
1). With the exception of phyllostamid bats (Artibeus
jamaicensis and Artibeus obscura), repeat length was
strikingly similar among the different non-primate
species, ranging from 4-12 units (Table 1). Only one
third (8/24) of the species examined were found to
have interspersions disrupting the continuity of the
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Table 1 FMR1 CGG triplet repeats among non-primate mammals

Common name Species

Cat

Lion

Dog

Polar bear
Mongoose
Seal

Bat

Bat

Bat

Bat

Bat
Mouse
Mouse
Mouse
Hamster
Vole

Rat
Squirrel
Cow
Sheep

Pig
Dolphin
Hairy armadillo
Platypus

Repeat

length

Felis doesticus
Panthera leo

Canis familiaris
Euarctos americanus
Herpestes ichneumon
Zalophus californianus
Myotis yumaneni
Carollia perspicillata
Micronycteris hirsuta
Artibeus jamaicensis
Artibeus obscura

Mus spretus

Mus caroli

Mus musculus
Mesocricetus auratus
Microtus agrestis
Rattus norvegicus
Ammospermophilius harrisi
Bos taurus

Ovis aries

Sus scrofa

Stenella plagiodon
Chaetophractus villosus
Omithorhynchus anatinus

9
9
5
4
6
11
4
4
2
5
4

Sequence of triplet repeat

(CGG),

(Ga);

(€GG).,

(CGG)
(CGGICAG(CGG),CGA
(CGG),AGG(CGG),
(CGG)q

(CGG),

(CGG), TGG(CGO),
(CGG).CAG(CGG);
(CGG).CAGCAG(C&G),
(CGG),

(CGG)CGA(CGE),
(CGG),

(caa),
(CGG)4CGACGG
(G,

(CGG),

(€aa),

(CGG),
(CGG)zéAG(CGG)z
(CGG).

(cca),

The CGG repeat from exon 1 of FMR1 was subcloned and sequenced from 24
species comprising 7 orders of mammals. The position of the CGG repeat was deter-
mined by alignment of flanking sequences (see Fig. 1). Most repeats were small (8.0
+/- 0.8) and without interruption.

sapiens
gorilla
lar

rhesus
guesezs
macaco
coucang
domest icus
calif

repeat. When interspersions were observed {predomi-
nantly CAG and CGA), they were usually few in num-

ber (Table 1).

Primate FMR1 CGG repeats

The FMR! CGG repeat was sequenced from 20 differ-
ent species of primates. Seven families were represent-
ed: the single species of Hominidea (man), four species
of Pongidae (orangutan, chimpanzee, bonobo and
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gorilla), two species of Hylobatidae (gibbon and sia-
mang), eight species of Cercopithecoidea (Allen’s
monkey, rhesus monkey, baboon, drill, proboscis
monkey, colobus monkey, golden monkey, and Douc’s
langur), two species of Cebidae (marmoset and squir-
rel monkey), one species of Lorisdae (slow loris) and
two species of Lemuridae (brown lemur and black and
white ruffled lemur) (Table 2 and Methods).

In contrast to non-primate mammals, the mean
length of the repeat among primate species (20.1 +/-
2.3, n=19) is significantly greater (P<0.0001, t test)
than that of non-primate species (8.0 +/-0.8) (Tables 1
and 2). In certain primate lineages, the increase in
CGG repeat length is accompanied by an increase in
the number of interruptions. The type of interrup-
tions, furthermore, appears to be lineage-specific
{AGG among hominoids, CGGG among cercopithe-
coids and CGA among hylobatids, Table 2).

Evolutionary analysis

Evolutionary genetic analysis was performed using
PAUP (phylogenetic analysis using parsimony) v. 3.1.1
and MacClade v. 3.1 software packages. Considering the
cercopithecoid and hominoid sequences (n=17), a total
of 450-462 equally parsimonious trees were generated
after both branch-and-bound and heursitic tree search-
es . Encoding the data (see Methods) did not signifi-
cantly simplify parsimony. The majority-rule (>50%)
consensus tree generated from the sequences closely
approximates the generally accepted phylogeny of these
primates (Fig. 2). The most likely ancestral states were
determined at each branchpoint using the character
change reconstruction option within PAUP and are dis-
played within a framework of known timepoints of evo-
lutionary change within the catarrhine phylogeny (Fig.
2). The addition of allele variants for species with high
heterozygosity (P. troglodytes and P. paniscus; see below)

»s  Fig 1 Alignment of sequence flanking the
* FMR1 CGG repeat. Representative
s gpecies from the different mammalian
s orders and famities were chosen and alig-

2322989988 ERRARRARR

*  ment of the 5' UTR of the FMRT gene is
s depicted. Absolutely conserved nucle-
= otides are shaded, while those which are
*  conserved with the exception of being
= deleted in certain species are found in
.2 bold in the consensus sequence. For sim-
7 plicity, the variable CGG repeat number

RETHISIEYS CYiGectod coseaie ' was reduced to three triplets and is boxed
in the alignment (for the length and con-
GG Repeat tent of this repeat for different species see
. 3 primert Tables 1, 2 and 3). The position of the 25
mmmmacmmwwwmﬂL 170 M s p,
‘mz mx GOCTCGAGCS mgtr ACCTCTCOSG GOCOGOCTCC COSCOCTASC AGGOCTGAAG I:c CpG dinucleotides flanking the human
“aacdoa coocade ccm:na:gg ACCTCTCO0G GGCOQICTCC o AGGGCTGAAG AGAAGA {.? repeat are denoted by bars above the
RS ot SO SO AN S D e e sequence. The beginning of human cDNA
-MCdog CU0GHCTIS GCCTIGAICD CCTITOO - ~CETOCAGRS OETEQETS - -GAMOTIE MAGXCTANCD MAMA o clone bc72 is indicated with a fishhook
s edbiomonms et eTer-ois U e LN T ETTos ANGRIEA 7 horizontal arrow. The positions of primer
-AGTo0  Coo00g CCCTCTAGAG CCCGCH i i 1
e B T i ¢ which is located 38 bp downstream
ﬂz mm GOCTOGAGCG CCTOCAGCCT :cc‘rcm GGCGOGCTCT COGCOCOAGG AAGG: - -ACG AGAAGA 176 from the beginning of the human tran-
“ancdbos caacoderas GrrToaAGea AGCTCOCGEA GICGAGCTCC COGCGOOASS :x :: AGAAGA :l: script and of primer f, which is contained
CAACHEOOG COGCOY GCCTOCAGCS 'C ACCTCTCOOCA OGCOGGCTTC CGAASCGASC AGGGCOOA! 7 i ithi i i
ey s e ey 09 Naon 170 entirely wuthgngthe coding region of the
-Acdhon 00COdcTas GCCTCGAGCD 03CO0OCTTC COAAGCOAGC AGOGCOTACG AGAAGA 10 FMR1 gene ° 9 are symbolised with hori-
uaﬂg mg GOCTCaAICS mﬁ: iﬁn«ﬁ GOCODGCTCC COOCOCANGE mi m ::2 zontal arrows. The conserved adenine
GT-ACCHOO0 COOCOQCTOC GOCTTTAGCS CCCACAGACT i i initia-
- poe e C ACEICTECHS WCIONCTC, ACHTUCCAGE AONCETTC: AN ¥ nucleotide of the ATG translational initia
-4p00 coocodeTan GCCTTEAGCT CCCOCAGCCT ACCTETCTOO OGCCOGCTCC TAGCOCCAGC AGGGCTOTCS AGAAGA 12 tion codon is denoted by +1. In the con-
R RRRpse s SCRRORICH. IC-IMIGE ==a S PIING 00000 == T S ' sensus sequence: B=C/G/T, M=A/C,
Yy GVBSGRECTYC HGRHDSNWES WVOOIEFWMO AGAAGA 186

N=A/C/G/T, R=A/G, S=C/G, V=A/C/G,
& W=A/T, and Y=C/T.
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Table 2 Primate FMR1 CGG triplet repeats.

model in which both the length of
the longest tract of uninterrupted

CGG repeats as well as the posi-

[Common’ Species Repear Sequence of triplet repeat
[Name Length
Etum-m Homo sapiens 29
E: “himpanzee Pan troglodyies 38 |(C
36 AG GCGGAGG(CGG)pAGGICGO g
| 35 AGGICGGRAGGICGG) 1
| 34
| 30 AGGCGG
| 30 JG(CGO)AGG(COG) 7
24 "GGAGG(CGGRAGGICAGRAGGCGY
27
30 |(C
| 20
% [ ) = FR V”. \
Bonoba | Pan paniscus | 38 KC AGGICGG) s
[ 37 |(CGGRCAG WAGGICGGH 3
3 (CGGIAGG
. | G. gorilla gorilla
Gonlla | G. gorifla beringel
G. goritla graueri
Orangutan Pango pygmaeus
Gibbon Hylabates lar
Siamang H'v.'nlnnu um.'m n.'m
Baboon Papio
Rhesus Monkey Macaca rhesus
Drill 1ruudr!.'!m lc'mnp.'lruzrl 24 |(CGG)CGGGICGG)N14
Allen's \IunkL) | A-’.’mnpn‘n’m cais nigroviridis 20 [(CGGho
Py mhmm \lmku I Nasalis a iG
7 g
— 10
8
—t5z
Marmosel 9
Slow Loris N\'( “ticebus coucang ) 18 iQ)s
17 { !( GG )..|
Lt e s | T4 [(COG
RulTed Lemur i Varecia variegata 7 (CGGYy

tion of the interruptions within
the repeat are important factors in
determining stability at this locus

Discussion

Evolution of the primate FMRI
CGG repeat. Our survey of the
FMR1 CGG repeat among non-
primate mammals reveals that the
majority of mammalian orders
have short uninterrupted CGG
repeats at an orthologous position
in the 5' UTR of the gene. Parsi-
mony analysis of the various non-
primate mammalian FMRI CGG
repeat sequences, in conjunction
with the observation of repeat
length and content among other
mammalian orders, predicts that
the mammalian ancestral state of
the repeat was short and without
interruption — (CGG),,. In con-
trast, there has been a tendency
among primate mammals to

The FMR1 CGG triplet repeat was sequenced from 19 different species of primates representing
8 different families within this order. Repeat length indicates the total number of CGG and inter-
ruptmg tnplets The variability in the human FMR? CGG repeat sequence has been reported pre-
viously® 13-15 **among the cercopithecid, tribe Papionae, repeat length includes the CGGG

tetranucleotide interspersion.

in subsequent parsimony analyses resulted in the place-
ment of sympatric sequences in different clades. The
cladistic disruption did not, however, extend beyond
the different primate families (data not shown). A sec-
ond parsimony analysis was performed using the
derived ancestral catarrhine primate sequences and M.
spretus and O. anatinus as outgroup sequences. These
results predict that the ancestral primate sequence was
short (7 CGG repeats), with the possibility of a poly-
morphic interspersion at the distal end of the repeat
(Fig. 2). Parsimony analysis using branch-and-bound
and heuristic searches was also performed with only the
non-primate mammalian sequences. A reconstruction
of the majority-rule ancestral consensus sequence from
the various taxa predicts that the mammalian ancestral
sequence was also short (ranging from 4 to 9 CGG
repeats) and without interruption.

Population surveys of the FMR1 CGG repeat

Five diverse mammalian populations (Pan troglodytes,
Gorilla gorilla, Ornithorhynchus anatinus, Artibeus
jamaicensis and Mus musculus) were examined in
detail to assess the intraspecific variability of this locus
within different mammalian species. Table 3 indicates
that variation of the FMR1 repeat locus is clearly not
limited to humans. Platypi, artibean bats and chim-
panzees all possess polymorphic FMRI CGG repeat
loci. In contrast, the orthologous locus in gorilla and
mouse appears to be virtually static in terms of poly-
morphic potential. Comparisons of intraspecific vari-
ability with the substructure of the repeat suggest a

nature genetics volume 11 november 1995

increase the overall length of the
FMR1 CGG repeat (Table 2). Parsi-
mony analysis within the Infraorder
Catarrhina?! suggests that increases
in CGG repeat length (beyond ~20
repeats) have occurred at least three
times independently during the
course of primate evolution. A specific type of inter-
ruption is associated with each expansion. Among
hylobatids (the lesser apes), pongids/hominids (man
and the greater apes), and cercopithecids (old world
monkeys represented by baboons and rhesus monkey)
repeat lengths increased with the simultaneous addi-
tion of specific interspersions; namely AGG, CGA and
CGGG, respectively (Fig. 2).

At the time of divergence between the hominoids
and cercopithecoids, postulated to have occurred some
25-31 million years ago (mya)?!, there likely already
existed a difference between the sequences in these two
lineages. The presence of at least a single AGG inter-
spersion among all hylobatids, hominids and pongid
species, tested, supports a reconstruction of ancestral
states by parsimony which predicts that a single AGG
trinucleotide was present in the early hominoid ances-
tor (Fig.2). Within the pongid/hominid clade, the
acquisition of additional AGG interruptions appears to
have occurred relatively early, generating the AGGCG-
GAGG motif which is still found among three extant
species (Table 2 and Fig. 2). In man and the bonobo,
this sequence appears to have been lost, perhaps due to
a dramatic increase in instability at this locus or to
genetic drift of rare variants in the founding popula-
tions of these species. The chimpanzee alleles may be at
a point of transition, with respect to this sequence, as
only half of all alleles have retained the ancestral
AGGCGGAGG motif (Table 2). While AGG interrup-
tions have been used by both hominids and pongids to
disrupt the continuity of the FMR1 CGG repeat, mem-
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. o8 of AGGCGGAL i Human
Acquisition of (CGGIAGGICGGIGAGE XKy
1 AGG

(GGG CGGAGH(CGGR AGGICGGY

(COORAGHOGOAGHHCGEN | AGGICGG), camsene
Proliferation of (5-Tmya)

Garilla
(COGIEAGO COGAGH (O Mt (OO MGG ICGGI AGGICGOY
AGG
— (COGNAGGCGGAGT(C :K;h\(mcl\‘i{;lhl variable Chimpanare
p....ﬁm.....n 019 mya) (COGIGAGG CGBAGGOGG) | g MGG UGG
“:““:',"';'“"" /:- Loss of AGGOGGAGG molif; reconl acquisition of CAG Bonabs
ARATE G, GG, (CGGHCAGICGG) 1 AGGICGGR GGG
Ancestor 21
15 uya repeats Acquisition of 3' AGG Orangutan
\ (COOMAGHECGGAGGCTORAGHICGO, MGG (Cilg
Acquisinoa of 45 Gibbea
§COA L T | CGGH 0 ACGGE T A (CGG) T ACGE 15 L OGO AGHCGG) |
COGCGACGGOLAMCGA), UG ACGOUG A COG)AGG(CGG),
- Vylobatid
Catarrhine Ancestor ”
_ Clmyn OB COGC1 A (GG A CGBIAGECOORAGCAGY
CGG.
Loas of 0GGG imterruption Allen's Menkey
Acquisition of I G {CGGly
CGOG interruption (0GG) 3 COGG (Cercopithecinac)
Carcoplecia (Papionse) Habaan
(CGG) COGGICGG)g
i
/ Drill
(CGG) 7 (CGGH (CGG)
Cercapithecold repeas A of CGOG interruption. Ribessa Moak
Ancestor (CO0)COOTCAOCONHCON,
Duuc's Langur
|' (CGGYyg
Muntcanace
. 7 Probescis Moakey
R F (€GGY
(CGGYy
Colobid
Golden Monkey

CGGYy
Colobus Moakey

(€6

Lemur
(CGGY4

Fig 2 Hypothetical catarrhine evolution of the FMR1 CGG repeat. Majority rule (>50%) consensus phylogenetic tree of catarrhine
FMR1 CGG repeat and flanking sequences was determined by parsimony analysis with the lemur (E. macaco) as the specified out-
group. Both branch-and-branch bound and heuristic searches were performed. The most likely ancestral sequence, as determined
by the character change reconstruction PAUP option, is depicted at each branchpoint in the cladogram. Due to the extreme length
variability of compared sequences, ambiguous character states were not considered in the reconstruction of ancestral sequences.
Divergence times are shown in brackets and are based on a recent comparative determinant analysis?!. *Although the consensus
ancestral sequence for the catarrhine ancestor is short (7 CGG repeats) and without interruption, parsimony also predicts a short
repeat with an interruption at the distal end of the repeat, which is. polymorphic with respect to interspersion type. Similar results
were obtained using derived ancestral sequences for catarrhine primate families and M. domesticus and O. anatinus as specified

bers of the Hylobatidae appear to have evolved a differ-
ent strategy. CGA interruptions proliferated 5' of the
AGG interspersion to generate large and highly inter-
rupted alleles (Table 2 and Fig. 2, siamang and gibbon).
The acquisition of multiple CGA interruptions is pre-
dicted to have occurred concurrently with the prolifera-
tion of the hominid/pongid AGG interspersions (~20
mya, Fig. 2).

In contrast to the hominoid line of evolution, repeats
in the cercopithecoid branch appear to be much less
complex. Only one lineage, members of the cercopithe-
cid tribe: Papionae (Fig. 2, baboon, drill and rhesus
monkey) acquired CGGG interruptions in association
with an enlargement of repeat size. While the cercop-
ithecids show a dramatic increase in repeat size, the
colobine branch demonstrates simple and short FMRI
CGG repeats, presumably representing the mainte-
nance of the ancestral repeat state (Fig. 2).

Proliferation of interspersions: a role for recombina-
tion-based mechanisms? Once interruptions disrupted
the homogeneity of the repeat, it appears that in homi-
noids, and to a lesser extent among the cercopithecids,
the interspersions proliferated rapidly. Furthermore,
the acquisition of interspersions shows directional bias.
Among the chimps, orangutan and gorilla, for example,
parsimony analysis predicts that AGG interruptions
were added distal to the first three primary AGG inter-
spersions, resulting in a 5' tract of pure CGG repeats
which is largely invariant (ranging from 8-11 triplets
among the different species, Table 2 and Fig. 2). These
observations are consistent with recent findings in
humans where mutational change is biased toward the

3' end of the repeat!® 14 15, Hylobatids (gibbon and sia-
mang), in contrast, appear to have proliferated their
CGA interspersions at the 5' end of the repeat suggest-
ing an opposite polarity in the variation of the FMRI
CGG repeat locus in these species.

It is highly unlikely that the multiplicity of intersper-
sions in hominoid FMR1 CGG repeats arose by a series
of independent mutational events. The rapid prolifera-
tion of interspersions over a short evolutionary period
and the homogeneity of the type of interspersion are
incompatible with known rates of mutation and ran-
dom mutation theory?2. More likely is that prolifera-
tion of interspersions has occurred primarily by a
mechanism of recombination such as unequal crossing
over or by gene conversion as has been suggested for
VNTR evolution??, Intergenerational transmission
studies of repeat length in human pedigrees in which
substantial contractions and enlargements of normal
alleles have been documented?® ?” further support such
a model. The implication that unequal crossing-over
or gene conversion has played a part in the evolution
of the FMRI CGG repeats is unexpected as most previ-
ous models promote polymerase slippage as the pri-
mary force of microsatellite evolution? 2831,

The existence of higher-order periodicity of AGG
interspersions in the gorilla FMRI CGG repeat
sequence and, as has been suggested for the human
FMR] repeat!3, may be taken as strong evidence that
there has been a relatively high rate of recombination
at this locus®, for replication slippage alone would not
be capable of generating such a highly organized struc-
ture within a short tandem repeat®® 32, Larger alleles, at
least in gorilla and man, historically may have been

nature genetics volume 11 november 1995
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Table 3 Variability of the FMR1 CGG repeat among different mammalian populations

Species Total # %Hetero- Mean length of Sequence content of CGG repeat #of Repeat
of alleles  zygosity longest CGG alleles length
Mus musculus 15 0 6.0 (CGG);CGA(CGQ), " 15 9
Orinthorhyncus anatinus 10 CGG=66.0 6.0+/-0.4 (AGG)¢/(CGG)5 1 5
AGG=74.0 (AGG),/(CGG); 2 5
(AGG)y/(CGG)5 1 5
(AGG)¢/(CGG)g 1 6
(AGG)5/(CGG), 3 6
(AGG)y/(CGG), 1 7
(AGG),/(CGG)q 1 8
Gorilla gorifla *** 16 30.2 8.0 (CGG),AGGCGGAGG(CGG);-
AGG(CGG),AGG(CGG) 13 22
(CGG),AGGCGGAGG(CEG),-
AGG(CGG);AGG(CGG),AGGICGG); 3 26
Artibeus jamaicensis 9 99.9 8.4 +/-04 (CGG)gCAG(CGG),, 1 19
(CGG),CAG(CGG), 1 15
(CGG),CAG(CCC)g 1 15
(CGG),CAG(CGG),4 1 20
(CGG)sCAG(CGG), 1 16
{CGG)gCAG(CGG), 1 17
(CGG),CAG(CCG), 1 14
(CGG),CAG(CGC)g 1 15
(CGG);CAG(CGG), 1 14
Pan troglodytes 10 99.9 152 +/-48 seeTable2 11(1) 20-38

Paolymorphic variability both in sequsnce content and length is shown for five diverse mammalian species at the FMR?T CGG
repeat tract. (For ascertainment of individuals within each population see Methods.) Repeat length indicates the total number of

triplets observed, including CGG repeats and interspersions. Mean

length of longest CGG repeat defines the triplet repeat length

of the longest tract of uninterrupted CGG's. *Only five individuals (3 wild-type derived strains and 2 inbred strains) were sequenced

in their entirety, the remaining 10 alleles were assessed by length vi

ariation only. **The platypus contains an AGG repeat 12 bp

upstream from its CGG repeat, heterozygosity was assessed for both triplets independently. **Within the gorilla population, all
three subspecies were represented: 11 alleles from G. g. gorilla, 4 alleles from G. g. beringei and 1 allele from G. g. graueri.

constructed in a stepwise fashion, with the position of
AGG interruptions demarcating the cassette unit of
recombination. It is interesting that in gorillas the core
sequence AGG(CGG), is different from the repetitive
core sequence found in humans, AGG(CGG),. These
differences in substructure may suggest simple sto-
chastic differences in the position and occurrence of
interspersions within the ancestral lineages or could
reflect subtle differences in the mechanics of recombi-
nation between species such as differences in match
length requirements® . An alternative explanation,
excluding the involvement of recombination-based
processes, may be that the unit of slipped-strand mis-
pairing extends beyond the triplet repeat to include a
larger array (ie. AGG(CGG), or AGG(CGG),). Such a
model, we believe, is less likely since it would require
two different match length requirements for slippage
at the same locus within the same familiy of species®®,
the larger being less thermodynamically stable,
Recent investigations into the substructure of the
human FMR! CGG repeat'® 131> suggest a dichotomy
in the type of variation found at this locus. The vast
majority of human variation involves differences of a
single CGG repeat occuring at the 3' end of the
repeat!4 5. A second class of variation, accounting for
less than 5% of all differences in FMR1 CGG repeat
structure (E.E.E. et al., submitted), involve reiterations
of the AGG(CGG), core sequence!® 1*-15, Recombina-
tion processes such as unequal chromosome exchange
or gene conversion have been invoked to account for
these changes. In humans, then, it would appear that
intraspecific variation of AGG interruptions can result
from recombination, replication slippage or a combi-
nation of these two events. Among other species, such
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as bonobo and chimpanzee, no higher-order structure
for the FMR1 CGG repeat has been observed (Table 2).
Populations which lack alleles with higher-order sub-
structure may be the result of both relatively high rates
of recombination and replication slippage, as has been
suggested for other short tandem repeats with a com-
plicated cryptic substructure®. In such a scenario,
both forces could be envisioned to act antagonistically.
Recombination could reduce the length of the longest
tract required for slipped-strand mispairing by the for-
tuitous interjection of an interspersion after an
unequal exchange, while replication slippage might
disrupt the ability of interspersions to align during
meiotic exchange, forcing out-of-register recombina-
tion events. Such an antagonism would clearly be
dynamic, allowing for the generation of a diverse set of
alleles ranging from no interspersions to many differ-
ent interruptions without higher-order periodicity.
This may explain the surprisingly high level of het-
erozygosity of chimpanzee alleles when compared to
the human FMRI CGG repeat locus which retains
some higher-order periodicity (see below).

Intraspecific variability of the FMR1 CGG repeat.
Our survey of FMRI CGG intraspecific variability
within five diverse mammalian populations indicates
that polymorphism as measured by percentage het-
erozygosity can not be predicted based solely on the
total length of the repeat (Table 3). Previously, it was
shown that the polymorphic stability of dinucleotide
and trinucleotide repeats correlates well with the
longest tract of pure repeatsi4 '% 36 Some cross-species
sequence comparisons support this model. Chim-
panzee FMR1 CGG repeat alleles, for example, appear
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more heterozygous than human alleles (99.9% vs.
67.7%). Although humans and chimps both have on
average similar numbers of interspersions per allele (1.8
+/—0.4 and 2.6 +/- 1.8 AGG interruptions, respectively
P =0.20), the position of interspersions differs radically
between these two species. In humans, AGG intersper-
sions are symmetrically located within the tract occur-
ring once every 9/10 CGG repeats, while among
chimpanzees this distribution is without periodicity.
The net effect is that the mean length of the longest
tract of pure CGG repeats among chimps (15.2 +/- 4.8)
is greater (t test, P<0.05) than the longest tract in
humans (11.3 +/~ 3.6). This longer tract of repeats in
chimpanzee may be more apt to undergo replication
slippage to generate new alleles, accounting for the high
level of heteozygosity in this species.

Examination of polymorphic stability of the FMR]
CGG repeat in other species, however, suggests that
this model may be too simplistic. For example, platypi
demonstrate modest polymorphic variability, with
their CGG repeat number ranging from 5-8 (mean 6.0
+/— 0.4 repeats; Table 3). In contrast, both wild-type
and inbred strains of Mus musculus showed no poly-
morphic variability, although the mean length of the
longest tract of pure repeats (6.0 +/— 0.0) was similar
to the platypus (Table 3). In addition, a survey of the
FMRI1 CGG repeat locus in distantly related gorilla
subspecies revealed no variation in the longest tract of
pure repeats which was, in this case, 8.0 CGG repeat
units. Once again, this observation contrasts with the
extensive polymorphic variability observed within the
phyllostomid bat species, Artibeus jamaicensis, in
which the average length of the longest tract of unin-
terrupted repeats was 8.4 +/~ 0.4 (Table 3). Thus, in
these species a reliable prediction of polymorphic
potential could not be made based solely on the
longest tract of pure repeats. This lack of correlation
may reflect differences in gene flow and heterogeneity
within founder populations. However, based on mito-
chondrial D-loop investigations, it is highly unlikely
that the different subspecies of gorilla or that the dif-
ferent strains and species of mouse, considered in our
analysis, have been subjected to similar evolutionary
genetic bottlenecks and founder effects (OAR unpub-
lished data)®. It is interesting that the polymorphic
and non-polymorphic FMR1 CGG repeat species are
more apt to be distinguished by the position of the
longest tract of pure repeats relative to the intersper-
sions, rather than by length alone. Among the gorilla
and mouse, both relatively static in terms of length
variation, the longest tract of pure repeats is located 5'
to the position of the first interruption. In contrast,
among artibean bats and humans, the longest tract of
CGG repeats appears to be located 3' to the CAG and
AGG interruptions respectively. Both species, similarly,
are highly polymorphic. In man, bias in the polarity of
mutational change has already been documented, with
most differences occurring at the 3' end of the repeat!* 15,
It appears that polarized variability, like the CGG
repeats themselves, has been conserved throughout
mammalian evolution.

Implications. The conservation of the CGG repeat for
over 150 million years of evolution provides strong
evidence of its functionality in the 5' UTR of FMRL

Based on comparative sequencing and parsimony
analysis of this locus from 44 mammalian species, we
propose a model for how the repeat has evolved. The
mammalian ancestral state was short (approximately
4-9 repeats) and without interruption. In primates,
there has been a tendency to expand the length of the
repeat beyond 20 repeats. Accompanying primate
enlargement of the FMRI CGG repeat, there has been
a polarized proliferation of lineage-specific intersper-
sions. In some species, such as man and gorilla this
event has involved the vectorial and incremental addi-
tion of smaller arrays demarcated by an interruption.
Our data support a model in which both recombina-
tion-based mechanisms, such as unequal chromatid
exchange or gene conversion, and replication slippage
have been operative during the evolutionary construc-
tion of larger repeats. These results, furthermore, con-
firm the need to consider both sequence content and
length variation in any attempt to model intraspecific
and interspecific variability at triplet repeat loci.

The propensity for primates to enlarge repeats has
been reported for other triplet repeat loci?®38. Does
this generalized phenomenon of primate expansion
serve a functional role or does it represent a deficiency
in some mechanism that limits the length of triplet
repeats? If length control is a molecular shortcoming
among primates, then the recent proliferation of inter-
spersions in lineages, which have increased their over-
all repeat length, may be seen as compensatory, from
an evolutionary perspective. These studies of intraspe-
cific variability of this locus within diverse mammalian
populations clearly confirm the stabilizing effect of
interruptions. Since most mammalian species posess
short and/or highly interrupted CGG repeats, it is likely
that CGG repeat hyperexpansion and its associated
genetic disease, the fragile X syndrome, is a phenome-
non restricted to man with a possible extension to our
closest relatives (bonobo and chimpanzee).

Methods

DNA samples. DNA samples were prepared or obtained from
several sources. DNA from Panthera leo (gir lion), Herpestes
ichneumon (mongoose), Microtus agrestis (vole), Ammosper-
mophilus harrisi (ground squirrel), Carrolia perspicillata
(short-tailed fruit bat), Artibeus jamaicensis (Jamaican fruit-
eating bat), Myotis yumaneni (Indian bat), Euarctos americanus
(polar bear), Lemur fulvianus (brown lemur) and Zalophus cali-
fornianus (seal) were obtained from lymphoblast cell lines
obtained from Dr. T.C. Hsu, Houston, Texas. Similarly, DNA
from Stenella plagiodon (dolphin) was obtained from a kidney
fibroblast cell line, Sp1K, from the American Type Culture Col-
lection. DNA was prepared from cell lines using a standard lysis
protocol. Briefly, 2 x 10° cells were transferred to a microcen-
trifuge tube, washed with 500 pl of Hank’s balanced salt solu-
tion, and resuspended in 40 pl of PCR lysis buffer (1X exo(~)
Pfu Buffer {20 mM Tris-Cl pH 8.75, 10 mM KCl, 10 mM
(NH,)SO,, 2mM MgCl,, 0.1% Triton X-100, 100 pg mi!
BSA}, 0.45% Tween-20, 0.45% Nonidet P-40) with 2 pl of 1 mg
ml™! proteinase K. Samples were lysed for 1 h at 56 °C and then
heated to 94 °C for 5 min to inactivate the proteinase K. Cellu-
lar debris was pelleted in a microcentrifuge (14,000 rpm for
30 s) and samples were stored at —20 °C for future use.

The remaining DNA samples were obtained directly from
tissue samples. DNA from Bos taurus (cow), Felis domesticus
(domestic cat), Ovis aries (sheep), Canis familiaris (domestic
dog), Mesocricetus auratus (hamster), Sus scrofa (pig), Rattus
norvegicus (rat), Callithrix (marmoset) and 3 individuals of
Pongo pygmaeus (orangutan) was commercially available from
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BIOS laboratories. DNA from Chaetophractus villosus (South
American hairy armadillo) was obtained from Dr. Mark
Springer, University of California, Riverside. Similarly, pri-
mate DNA samples for Hylobates lar (gibbon), Macaca rhesus
(rhesus monkey), Saimiri sciureus (squirrel monkey), and
Papio (baboon) were kindly provided by Dr. Xiangwei Wu,
University of Princeton. Primate DNA samples for Varecia
variegata (black and white ruffled lemur), Colobus guereza
(colobus monkey), Rhinopithecus roxellana (golden monkey),
Nasalis  larvatus  (proboscis monkey), Allenopithecus
nigroviridis (Allen’s monkey), Pygathrix nemaeus (Douc’s lan-
gur), Hylobates syndactylus (siamang), Mandrillus leucophaeus
(drill), 2 unrelated samples of Nycticebus coucang (slow loris)
and 4 unrelated individuals of Pan paniscus (bonobo) were
obtained from the collection of O.A.R.

Within the five populations chosen for assessment of
FMR1 CGG repeat polymorphic variability, individuals were
selected, wherever possible, to maximize genetic diversity. A
collection of DNA samples from 9 gorillas (4 females and 5
males) representing all three subspecies (Gorilla gorilla goril-
la, Gorilla g. beringei and Gorilla g. graueri ) was assembled in
which the individuals were known to be distantly related
based on mitochondrial D loop data (QO.A.R. et al., in prepa-
ration). DNA for the platypus (Ornithorhynchus anatinus)
was obtained from individuals that originated from diverse
river localities in Australia and were unlikely to be closely
related (2 samples from the Brisbane River, South Queens-
land; 4 samples from Shoothaven River, New South Wales; 1
sample from Victoria; 1 sample from the Thedbo River, New
South Wales; and 1 sample from the DuckMaloi River, New
South Wales). Mouse DNA samples (Mus caroli, Mus muscu-
lus and Mus spretus) were all purchased from the Jackson Lab-
oratory, Bar Harbor. Survey of variability in Mus musculus
was based on 15 different stocks of mice (3 wild-type derived
strains {Mus musculus poschiavinus (Tirano), Mus musculus
poschiavinus (Zalende), and Mus musculus musculus (Czech
I} and 12 inbred strains (AKR/J, SJL/WtBm, SWR/],
BalbC/C], C3H/He], C57BL/10], C57BL/6By, C57BL/6],
C57BR/cd], CBA/], DBA/1J and DBA/2J)*’. Thirteen
Jamaican fruit-eating bats (Artibeus jamaicensis) were tested
for FMR! CGG repeat variability. Samples were collected by
Dr. J. T. Baker, Lubbock, from bat colonies located in diverse
geographic locations. DNA samples from Artibeus obscura
and Micronycteris hirsuta were also obtained from Dr. Baker’s
collection. The chimpanzee (Pan troglodytes) samples were
derived from a random collection of DNAs from both BIOS
laboratories as well as the Yerkes Primate Center. Other sam-
ples from Yerkes included one gibbon (Hylobates lar), one
gorilla (Gorilla gorilla), one orangutan (Pongo pygmaeus) and
one bonobo (Pan paniscus). Finally, for a comparison with
humans, 60 DNA samples were cbtained from random blood
donors in Houston, Texas in which the ethnic background
was known (15 Caucasian, 15 African- American, 15 Hispanic,
and 15 Asian).

PCR analysis. Amplification of the FMR1 CGG repeat from
the various species was performed as previously described®,
using a modified protocol which replaces Tag (Roche) with
exo(~) Pfu (Stratagene)?. Typically, PCR reactions were per-
formed as previously reported?’ with the exception that the
annealing temperature was reduced from 65 °C to 55 °C to
allow for the generation of lower stringency PCR products
from the different species. Size estimates of products were
made on a 5% denaturing sequencing gel relative to an M13
sequencing ladder and/or by comparison of digested PCR
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products to a 10-bp ladder (Stratagene) on a 3.0% Metaphor™
agarose gel (FMC Bioproducts)>*,

Sequencing analysis. PCR products were subcloned both into
a blunt ended cloning vector, pCRScript KS+ (Stratagene), and
into a TA cloning vector, pCR I {Invitrogen), using manufac-
turers’ suggested protocols. Ligation products were transformed
into XL1-Blue supercompetent cells (Stratagene), and transfor-
mants were screened by PCR to identify clones which contained
inserts of correct length. Positive clones were sequenced with
M13 forward primers and fluorescently labelled dideoxy termi-
nators from a single-strand template using an automated DNA
sequencer (ABI 373). Multiple clones from independent liga-
tions were analysed to determine the identity of the CGG
repeats and their flanking sequence. To confirm the sequence of
longer clones, particularly among the hominoids, direct
sequencing of PCR products was performed as described!®.

Evolutionary genetic analysis. PAUP (v. 3.1.1, Illinois Natural
History Survey) and MacClade (v. 3.1, Sinauer Associates) were
employed to derive relationships among the various primate
sequences. The sequences were aligned at the nucleotide level
using GeneWorks software, version 2.3.1(Intelligenetics) and
parsimony analysis was performed. During alignment, parame-
ters were chosen (low gap penalty assignment and an encoded
data set) which allowed for the occurrence of slippage events
(changes in length of one or two triplets). The non-default phy-
logenetic option was used to assume hard polytomies (mutliple
speciation events may be allowed). As the differential repeat
lengths are problematic for alignment of the sequences, a strate-
gy of encoding the data (by triplet repeat length and content)
was employed in addition to use of the unencoded data. The
results were identical with and without defining the intersper-
sion types as equate macros. Uninformative sites were excluded
from the analysis. Branch-and-bound and heuristic searches
were performed. Strict and majority-rule consensus methods
were used to construct a phylogenetic tree of the FMRI CGG
repeat sequences. Initially, cercopithecoid and hominoid
sequences were considered, using E. macaco and N. coucang as
outgroups (#=17). The most likely ancestral sequences were
determined at the branch points in the cladogram using the
character change reconstruction option. Using the derived
ancestral states at each branchpoint, a second round of parsi-
mony analysis was performed using M. spretus and O. anati-
nus as outgroup sequences (n=6). Due to the extreme
sequence heterzygosity of some species (P, troglodytes and P,
paniscus), different allele variants were added in subsequent
parsimony analyses to determine their effect on branching
points of the phylogenetic tree. Similar parameters and ances-
tral-state determination methods were employed in the parsi-
mony analysis of the non-primate mammalian FMRI CGG
repeat sequences.
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