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Abstract

Interspersed repeats are a major component of most eukaryotic genomes and have an impact on genome size and stability, but the

repetitive element landscape of crocodilian genomes has not yet been fully investigated. In this report, we provide the first detailed

characterization of an interspersed repeat element in any crocodilian genome. Chompy is a putative miniature inverted-repeat transposable

element (MITE) family initially recovered from the genome of Alligator mississippiensis (American alligator) but also present in the

genomes of Crocodylus moreletii (Morelet’s crocodile) and Gavialis gangeticus (Indian gharial). The element has all of the hallmarks of

MITEs including terminal inverted repeats, possible target site duplications, and a tendency to form secondary structures. We estimate the

copy number in the alligator genome to be ¨46,000 copies. As a result of their size and unique properties, Chompy elements may provide a

useful source of genomic variation for crocodilian comparative genomics.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The order Crocodylia is an excellent group for studying

evolutionary patterns because it is not only ancient and

ecologically diverse, but is also characterized by an easily

manageable number of extant species (<25). The small

number of taxa makes it relatively easy to handle data for

comparative analyses. However, while the number of

species is low, members of the order have colonized every

tropical habitat and some temperate zones. Species occupy

not only freshwater lakes and rivers, but can also be found

miles offshore in the ocean and may traverse long distances
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over land (Ross, 1998). In addition, extant species provide

examples of divergence times ranging from >60 my

between Alligator and Crocodylus to <6 my between

certain members of Crocodylus (Brochu, 2003, 2004).

Data on the genome structure of crocodilians is scarce.

Genome size has been estimated for only five species

representing only two of the three extant families (Alliga-

toridae, Crocodylidae, and Gavialidae) (Mirsky and Ris,

1951; Atkin et al., 1965; Olmo, 1976, 1981; De Smet, 1981;

Capriglione et al., 1987). As with other reptiles, genome

sizes are intermediate between birds and mammals. The

largest observed genome sizes are found in Crocodylus

niloticus (3.95) (Capriglione et al., 1987) and Caiman

latirostris (3.90) (Olmo, 1981). The smallest genome

observed belongs to Alligator mississippiensis (2.49)

(Mirsky and Ris, 1951). Diploid chromosome numbers in

crocodilians range from 30 to 42. However, the level of
5) 1 – 10
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conservation of the genome is striking when it is noted that

all species have a corrected number of arms of 42 and a

fundamental number showing only 10% variation among all

taxa. These observations contribute to the idea that the basic

crocodilian karyotype is highly conserved and suggests

relatively static genomes among members of the order

(Cohen and Gans, 1970).

Our understanding of issues related to crocodilian

biology and genome evolution may be improved by

determining whether interspersed repeats have affected the

relative stability of crocodilian genomes. For instance, the

movement of these elements can change genomes by

insertion mutagenesis (Deininger and Batzer, 1999; Kidwell

and Lisch, 2001; Batzer and Deininger, 2002; Baust et al.,

2002; Brouha et al., 2003; Ostertag et al., 2003), insertion-

mediated genomic deletions (Kidwell and Lisch, 2001;

Gilbert et al., 2002; Symer et al., 2002; Callinan et al.,

2005), and transposition-mediated transduction (Goodier et

al., 2000; Pickeral et al., 2000; Kidwell and Lisch, 2001;

Jiang et al., 2004). Further, the presence of essentially

identical fragments of DNA scattered throughout a genome

promotes recombination, including both equal and unequal

crossover events (Deininger and Batzer, 1999; Gebow et al.,

2000; Kidwell and Lisch, 2001), segmental duplication

(Bailey et al., 2003), gene conversion (Kass et al., 1995;

Roy-Engel et al., 2002; Fischer et al., 2003), exon shuffling

(Ejima and Yang, 2003; Jiang et al., 2004) and chromoso-

mal rearrangements (Gray, 2000).

MITEs (miniature inverted-repeat transposable elements)

are repetitive DNA elements typically ranging in size from

¨80 to 500 bp in length but also reaching lengths of up to

1.6 kb (Feschotte et al., 2002). While these elements were

first reported and have been best characterized in plants,

several studies over the past decade have revealed their

existence in other organisms including amphibians (Lepetit

et al., 2000), fish (Izsvak et al., 1999), nematodes (Oosumi

et al., 1995, 1996) mosquitoes (Tu, 1997, 2001), fungi

(Yeadon and Catcheside, 1995), and humans (Morgan,

1995; Smit and Riggs, 1996).

These elements are characterized by the presence of

terminal inverted repeats (TIR), a relatively small size, no

coding potential and A+T richness. They are often found

associated with genes and, along with other repetitive

elements in the genome, are thought to contribute substan-

tially to genome instability. Many families of MITEs have

been identified, but classification has been difficult because

they rarely share significant sequence identity (Feschotte et

al., 2002) despite their common structural motifs.

We have identified a group of MITE-like families,

dubbed chompy, in the genomes of three crocodilians.

These elements share a common terminal inverted repeat

motif, are highly variable in size, and can be grouped into

several families. This study represents the first character-

ization of an interspersed repeat family in any crocodilian

genome as well as the first steps in increasing our under-

standing of the repetitive landscape of crocodilian genomes.
2. Materials and methods

2.1. Sequence characterization of chompy elements

Computational analysis of available BAC sequences

from the A. mississippiensis genome (~0.81 Mb, accession

numbers AC148578,AC148923, AC148964, AC149025,

AC149026, AC149028, and AC149029) using RECON

(Bao and Eddy, 2002) revealed several potential repetitive

DNA elements. The presence of conserved terminal inverted

repeats in one of these potential interspersed repeat families

prompted further investigation of an element we termed

chompy.

To experimentally determine the boundaries of the

chompy element, we implemented a linker PCR protocol

described previously (Roy et al., 1999; Ray et al., 2005). To

summarize, forward and reverse primers were designed to

amplify in both directions from within the element to

oligonucleotide linkers ligated to genomic DNA previously

digested with AvrII. Because we had limited access to A.

mississippiensis DNA, we used Crocodylus moreletii

(Morelet’s crocodile) genomic DNA for the linker ligation

protocol. Oligonucleotide primer and linker sequences are

listed in Table 1. Digestions, ligation reactions, PCR

amplifications, cloning reactions and sequencing of cloned

fragments were performed as previously described (Ray et

al., 2005).

Endpoints of the representative chompy sequences were

first determined manually, using sequence alignments of

109 linker PCR fragments. The endpoints were confirmed

by using BioEdit v7.0 (Hall, 1999) to generate entropy

plots, which measure the entropic variability at any given

position in an alignment. Fig. 1 illustrates the increase in

entropy at the ends of the 5V and 3V conserved sequences

relative to flanking sequence for chompy elements.

Once the boundaries of the chompy elements had been

determined, a consensus sequence for the 5V and 3V ends
was constructed (see Fig. 2 for a diagram illustrating

sequence relationships). The original BAC sequence data

plus an additional ¨1.17 Mb of data not available during

the initial RECON analysis of A. mississippiensis sequen-

ces (AC154087, AC154169,AC154170, AC154945,

AC155799, AC155800, AC155801, and AC155802) were

masked for the ends of the element using a local version of

repeatmasker (A.F.A. Smit and P. Green, unpublished data

Current Version: 20040306-web; http://www.repeatmasker.

org). The recovered ends and the intervening sequences

were aligned in BioEdit.

We designed oligonucleotide primers at the extreme 5V and
3V ends of the chompy consensus sequence to amplify full-

length representatives from A. mississippiensis, C. moreletii,

and Gavialis gangeticus (Indian gharial) through intra-

element PCR. Twenty-five Al PCR amplifications were

performed under the following conditions: 10–50 ng

template DNA, 7 pM each of primers chompy-F and

chompy-R (Table 1), 200 mM dNTPs, 50 mM KCl, 10 mM

http://www.repeatmasker.org


Table 1

Oligonucleotide sequences used for the characterization of chompy elements using intra-element PCR (IE PCR), linker PCR, iPCR (shaded), and population

and phylogenetic analyses

Primer Sequence (5′–3′)

chompy-F GGCTAGGGACAGAHATTACACATAAACYNG

IE PC
R

chompy-R GGCTAGGGACAGACATTCAAAAAGCC

chompy7-F CAGACTTAACTGATTTGGCTCAAACCGG
chompy7-R CCGGTTTGAGCCAAATCAGTTAAGTCTG
chompy8-F ATTAGCTAGCCGACCACATGCTGGC
chompy8-R GCCAGCATGTGGTCGGCTAGCTAAT
chompy7B-F CTTCTAGCCTGAGCCACTACAGG
chompy7B-R CCTGTAGTGGCTCAGGCTAGAAG
chompy8B-F CCTGACCAGGTTAGACTAACCTGC
chompy8B-R GCAGGTTAGTCTAACCTGGTCAGG
chompy8(C)-F CAGATGTTCAGTGCACATAAACCAG
chompy8(C)-R CTGGTTTATGTGCACTGAACATCTG
Avr-top CCTAGGAAGGAGAGGACGCTGTCTGTCGAAGG
Avr-bottom GAGCGAATTCGTCAACATAGCATTTCTGTCCTCTCCTTC

L
in

ke
r 

pr
ot

oc
ol

LNP GAATTCGTCAACATAGCATTTCT

Cmor_iPCR_4_14-F CCCGTCCTCGGTGCCTGATAC
Cmor_iPCR_4_14-R CTGTCAGCCCAGTCTTACCTTGGTC
Cmor_iPCR_4_16-F GGTCAACATCCAAGTGGAGCCAG
Cmor_iPCR_4_16-R GGCTCTGTCCCTGCACTCCTG
Cmor_iPCR_4_4-F GCATTGAAACTTTTGCCACTCCCTCTC
Cmor_iPCR_4_4-R CTGCCCATTGTGCTAGGAAGTGTAC
Cmor_iPCR_3_20-F GACAGGTGCATAAAACGAGGA
Cmor_iPCR_3_20-R GCACAACATTTTGGGTGAAA
Cmor_iPCR_3_27-F CATGGGTAGGAGGACCAGAA
Cmor_iPCR_3_27-R TGTCCAAGAACAATTTAGGATTTG
Cmor_iPCR_3_30-F CTATGTGGGTGGTTGGAAGC
Cmor_iPCR_3_30-R CAGAGCCCTGACCTTACTGG
Cmor_iPCR_4_30-F CTCTCAGGGAGCAGAACAGG
Cmor_iPCR_4_30-R GGCCTGTCAATGACCAAGAT
Cmor_iPCR_4_11-F CACCAACCCAGGCACAACTGG
Cmor_iPCR_4_11-R AAAGACATCTATGTGTAGATGCATGAGGC
Cmor_iPCR_4_22-F CATCCTGCCCTGCTTATGTA
Cmor_iPCR_4_22-R GTGGCAGTAGGAGCACCTTT
Cmor_iPCR_3_21-F GCTCTCTGAACAGGACATGCT
Cmor_iPCR_3_21-R GTCTCAGGGTTTGGGCTTAC
Cmor_iPCR_3_31-F TGCCTTTTTCCTTTCAGTTCC
Cmor_iPCR_3_31-R GGCACAAAAAGCACTGGAAT
Cmor_iPCR_3_33-F CAGGCATGACCACAGAGTCA

Po
pu

la
tio

n 
an

d 
ph

yl
og

en
y 

pa
ne

ls
 

Cmor_iPCR_3_33-R CACTTTGTAGCTAGCAGGGTCA
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Tris–HCl (pH 8.4), 2.0 mM MgCl2 and Taq DNA polymer-

ase (2.5 units). An initial denaturation at 94 -C (120 s) was

followed by 32 cycles of 94 -C (15 s), 58 -C (15 s), and 72 -C
(70 s). A final incubation at 72 -C (3 min) prepared the

fragments for TA cloning.

The resulting smeared PCR products were excised from

agarose gels as three fragment ranges (200–400, 400–700,

and 700+ bp) to limit preferential insertion of smaller

fragments into the cloning vector. Products were purified

using the Wizard PCR gel purification kit (Promega) and

cloned using the TOPO-TA cloning kit (Invitrogen, Carls-

bad, CA). For each of the three taxa, 96 colonies (32

colonies per fragment range) were randomly selected for

sequencing using chain termination sequencing (Sanger et

al., 1977) on an ABI 3100 Genetic Analyzer. Duplicated

sequences were removed and the remaining unique sequen-
ces were organized into groups representing families of

similar sequences and lengths. Consensus sequences for

these families of chompy elements were generated in

BioEdit v7.0 using a simple ‘‘majority rules’’ approach for

families with �4 representatives. Standard IUBMB codes

were used when there was no majority at a particular site.

2.2. Inverse PCR

We used genomic DNA from C. moreletii to perform

inverse-PCR (iPCR) in an effort to identify full-length

elements with flanking sequences. First, genomic DNA (5

Ag) was digested with the restriction endonuclease PvuII,

using the manufacturer’s instructions. Afterwards, the

digested DNA (500 ng) was self-ligated in a volume of

500 Al; the circularized products were ethanol precipitated



Fig. 1. Entropy plots spanning 100 bp around the 5V and 3V ends of chompy elements.
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using a glycogen carrier and resuspended in 50 Al TLE (10

mM Tris/0.1 mM EDTA). The circularized products (5 Al)
served as template for a 50 Al iPCR reaction using the

primers chompy7B-F and chompy8(C)-R (Table 1). Reac-

tion conditions were as described above. PCR products were

purified, cloned and sequenced. Oligonucleotide primers

flanking the insertions were designed using Primer3 (Rozen

and Skaletsky, 1998) and tested on C. moreletii DNA.

Positive results were cloned and sequenced as described

above to verify the presence of the chompy insertion. All of

the alignments mentioned above are available as supple-

mentary files from our website, http://batzerlab.lsu.edu,

under publications. Sequences generated for this project
Fig. 2. Diagram representing the structure of chompyI and II elements. Color

sequences. Numbers indicate approximate sizes for the regions. Lower case letter

Arrows indicate the terminal inverted repeat (TIR) sequences.
have been deposited in Genbank under accession numbers

DQ063271–DQ063547.

2.3. Chompy element distribution

We were able to test twelve of the iPCR-generated loci

(Table 1) for evidence of recent mobilization within C.

moreletii by amplifying each locus from a panel of fifteen

individuals. We also tested a crocodilian DNA panel (C.

moreletii, C. acutus, C. intermedius, C. niloticus, C.

porosus, Osteolaemus tetraspis, G. gangeticus, and A.

mississippiensis) to determine when these elements had

inserted relative to the various speciation events.
coded regions indicate highly similar sequence among family consensus

s indicate the family(s) of chompyI elements bearing the sequence motifs.

http://batzerlab.lsu.edu


Table 2

Potential target site duplications and occurrences recovered for chompy

elements

TSD sequence Count Sequence ID

AA 1 Cmor_iPCR_3_29

AAA 3 Cmor_iPCR_3_20, Cmor_iPCR_4_23,

AC154088.1_Al_C_fam7_con_25

ACT 1 Cmor_iPCR_3_30

AG 1 Cmor_iPCR_4_30

AGR 1 Cmor_iPCR_3_36

AR 1 Cmor_iPCR_4_25

ATA 1 Cmor_iPCR_4_33

ATG 1 AC154088.1_Al_C_fam7_con_26

CA 2 AC155801.1_Al_C_fam7_con_46,

AC154170.1_Al_C_fam7_con_32

CAA 1 Cmor_iPCR_3_23

CAG 1 AC155799.1_Al_+_fam7_con_42

CCT 1 Cmor_iPCR_3_21

CT 2 Cmor_iPCR_3_19,

AC154170.1_Al_+_fam7_con_29

CTG 1 Cmor_iPCR_4_17

CYA 1 Cmor_iPCR_4_21

CYT 1 Cmor_iPCR_3_28

TA 1 AC154170.1_Al_C_fam7_con_30

TAA 1 Cmor_iPCR_3_27

TAG 3 Cmor_iPCR_3_32, Cmor_iPCR_4_28,

Cmor_iPCR_4_42

TAT 1 Cmor_iPCR_3_25

TGA 1 Cmor_iPCR_3_17

TR 1 Cmor_iPCR_3_33

TTA 1 Cmor_iPCR_3_35

TTR 2 Cmor_iPCR_4_29,

AC148578.2_Al_+_fam7_con_6

TTT 1 Cmor_iPCR_3_26

WAG 1 Cmor_iPCR_3_22

YA 1 Cmor_iPCR_4_20

YAG 1 Cmor_iPCR_3_31

YTA 1 Cmor_iPCR_4_22

Sequence IDs refer to sequences alignments available as supplemental data.
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To investigate the broader phylogenetic distribution of

chompy, consensus sequences from each family were

subjected to BLAT (UCSC Genome Browser: http://

genome.ucsc.edu/, (Kent et al., 2002) searches of all

complete genome sequences available at the time of writing

(human, chimpanzee, chicken, mouse, rat, opossum, cow,

dog, zebrafish, Fugu, Tetraodon, Xenopus, Caenorhabditis

intestinalis, and Drosphila spp.). BLAST searches of the

NCBI non-redundant (nr) and high-throughput genomic

sequence (htgs) databases were also performed.

2.4. Copy number estimation and coding potential

The copy number for chompy elements in the A.

mississippiensis genome was estimated by counting occur-

rences of the 5V and 3V conserved ends of the element

separately in the ¨2 Mb available from the NIH sequence

database. We then extrapolated each of these numbers to the

whole genome. Representative sequences from each

chompy family were submitted to tBLASTX (translated

query vs. translated database) and BLASTX (translated
query vs. protein database) searches to investigate similarity

to known protein sequences.
3. Results

3.1. Chompy element structure

All chompy elements share conserved 5V and 3V end

sequences. The first 47 bp of all chompy elements are nearly

perfectly conserved, and this region contains a perfect TIR

with the sequence GGCTAGGGACAGACATT (Fig. 2).

Based on length and sequence identity, there are at least two

distinct groups of MITE-like families (chompyI and

chompyII).

The chompyI group of MITE-like families is very

diverse, with consensus sequences ranging from 277 to

894 bp (Fig. 2) and considerable variation in length among

its members (a–l). The conserved 5V end of chompyI

elements consists of a 132 bp fragment that is shared among

all families. The 3V end is also highly conserved and consists
of a 69–75 bp fragment. Between these ends, the elements

demonstrate a hierarchical nature with some sections being

shared among particular families and others being unique to

one family or another. For example, the most common

family (chompyI-g) is 503 bp long and contains three major

parts: sections 1 (132 bp), 2 (69 bp) and 3 (45 bp); a 77 bp

family-specific region; and sections 5 (26 bp), 6 (21 bp), 7

(58 bp) and 8 (75 bp). Unlike elements of families I-a to I-f,

chompyI-g elements lack section 4. This pattern suggests

that each family may have originated from a distinct

progenitor while relying on the same source of transposase

for expansion.

With 59 members, the chompyI-g family was represented

most frequently in the various sequence alignments (17 was

the next highest representation). Family sequence align-

ments are available as supplementary files on our website,

http://batzerlab.lsu.edu.

Only six ChompyII elements were identified, and their

consensus sequence of 249 bp (Fig. 1b) is considerably

shorter than that of most chompyI elements. These

elements consist mainly of the conserved 5V and 3V ends
with a short G+C-rich central section. Although the 5V end
shares high sequence similarity with the first 122 bp of

chompyI elements, it remains distinct. This is demonstrated

by the 3.9% mean within group sequence divergence

(K2P) for all chompyI elements along the first 122 bp

versus the 20% average divergence between the chompyII

5V consensus and the 5V end of chompyI elements. A

similar pattern is found at the 3V end. The final 103 bp of

chompyII elements is very similar to a portion of section 7

and all of section 8 of chompyI elements. However, the

mean divergence (K2P) between the final 103 bp of

chompyI elements is 2.7%, while the average divergence

between chompyI and chompyII elements over the same

region is 10 times higher.

http://genome.ucsc.edu/
http://batzerlab.lsu.edu.
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The A+T content of chompy elements tends to decrease

as the total length of the elements increases. Nevertheless,

chompy elements can be subdivided into A+T and G+C

rich zones. For instance, the conserved 5V and 3V ends (i.e.,
the core components) of chompy elements are A+T rich

(¨58%). By contrast, the variable central sections (2–7, and

H) found in the chompyI families are so C+G rich that the

longest elements (chompyI-a) have an overall A+T content

of only ¨47%, despite the A+T rich 5V and 3Vends.
To examine whether the chompy elements encode any

proteins, representative sequences from each chompy family

were submitted to tBLASTX (translated query vs. translated

database) and BLASTX (translated query vs. protein data-

base) searches search to investigate similarity to known

protein sequences. No potential coding sequences were

identified among the chompy consensus sequences that were

examined. This is not unexpected given that MITEs are

typically non-coding entities (Feschotte et al., 2002).

3.2. Evidence of previous mobilization

MITEs tend to have short (2–3 bp) A+T rich target site

duplications (TSD) (Feschotte et al., 2002). From the 37

iPCR unique sequences generated for chompy elements, we

found 28 with potential TSDs (80%, Table 2); of the eleven

full-length elements recovered from the Alligator BAC

sequences, eight contained potential TSDs (73%). TSDs

were either two or three bases long and tended to be A+T

rich (74% of the total non-ambiguous bases). No single TSD

sequence dominated. Examination of the first three bases

adjacent to either end of the element compared to 100 bases

flanking either end showed a small, but not significant,

increase in average A+T content. Given the lack of

homogeneity in the sequences of these potential TSDs it is

premature to definitively identify them as authentic target

site duplications. Future characterization of orthologous

‘‘filled’’ and ‘‘empty’’ sites to verify the sequence duplica-

tion will serve to confirm this hypothesis.
Table 3

CpG to non-CpG mutation density ratios in the members of various chompy

families

Element

type

Sample

size

CpG

substitution

density

Non-CpG

substitution

density

CpG:non-CpG

mutation ratio

chompyI-a 17 0.29 0.19 1.47

chompyI-b 16 0.26 0.11 2.44

chompyI-c 11 0.24 0.11 2.21

chompyI-d 9 0.31 0.10 3.07

chompyI-e 9 0.35 0.09 3.76

chompyI-f 13 0.24 0.10 2.48

chompyI-g 59 0.67 0.12 3.13

chompyI-h 4 0.27 0.09 2.87

chompyI-i 6 0.00 0.12 0.00

chompyI-j 6 0.25 0.10 2.51

chompyI-k 6 0.25 0.13 1.85

chompyI-l 8 0.27 0.18 1.52

chompyII 6 0.10 0.20 0.50
3.3. Copy number and genomic representation

A. mississippiensis has an estimated genome size of ¨2.5

Gb (Mirsky and Ris, 1951; Gregory, 2005). Thirty-seven

instances each of the 5V and the 3V conserved ends of chompy
were recovered from the ¨2 Mb of sequence data using a

local version of repeatmasker (http://repeatmasker.genome.

washington.edu/cgi-bin/RepeatMasker). The resulting cal-

culations suggest a copy number of around 46,000 full-

length elements in the A. mississippiensis genome, which is

within the range found for other MITEs in vertebrate

genomes (Tu, 1997, 2001; Izsvak et al., 1999; Feschotte et

al., 2002; Gaffney et al., 2003). Using this copy number and

an average length of 503 bp (the length of the most common

consensus sequence) we estimate that ¨23 Mb (0.92%) of

the A. mississippiensis genome is made up of chompy

elements. It should be noted, however, that MITEs display a

strong tendency to insert in genic regions (Tu, 1997;

Feschotte and Mouches, 2000). This may influence their

distribution and future estimates of copy number.

3.4. Nucleotide diversity

During the course of our sequence analysis, we noted

what appeared to be relatively high rates of mutation at CpG

dinucleotides in chompy elements. To investigate this

further, we used a perl script originally designed to estimate

CpG dinucleotide mutation rates in primate Alu elements

(Xing et al., 2004). Briefly, this script identifies CpG

dinucleotides in the consensus sequence, and then compares

the number of substitutions at these sites to the number of

mutations at non-CpG sites. These data were used to

determine the ratio of CpG to non-CpG mutations, which

in chompy elements averaged 2.14 (Table 3).

3.5. Chompy element distribution

Within the C. moreletii population panel, no size

variation was observed at any of the iPCR-derived loci.

When these same loci were tested for members of more

divergent taxa representing Alligatoridae, Gavialidae, and

Crocodylidae, amplification was often difficult to obtain.

However, when successful amplification was achieved in

multiple taxa from all three families, fragments of identical

or near-identical sizes were always obtained. Thus, at least

at these loci, the chompy elements were inserted prior to the

divergence of the three crocodilian families.

Chompy-like elements were not identified in BLAT

searches of all genome sequences available through the

UCSC Genome Bioinformatics database. No matches of

greater than 34 bp of contiguous sequence were found.

Thus, this family of MITEs appears to be specific to

crocodilians. Searches of the nr and htgs databases at NCBI

resulted only in matches to the Alligator sequences that had

been used in the original RECON and Repeatmasker

searches.

http://repeatmasker.genome.washington.edu/cgi%1Ebin/RepeatMasker
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4. Discussion

Crocodilians represent a fascinating group for evolu-

tionary biologists for multiple reasons. One feature of

crocodilian biology that has been of interest is the

apparently high potential for morphological convergence

and its role in confounding certain aspects of phylogenetic

reconstruction in the group (Langston, 1973; Gatesy et al.,

2003). Superficially, working from the neck backwards, one

crocodilian is much like any other. While there are some

differences in body musculature that have been investigated

(Frey et al., 1989), the general body plan has been very

successful and has been retained since at least the late

Cretaceous.

The apparent lack of reproductive isolation among

members of genus Crocodylus is another intriguing aspect

of crocodilian evolutionary biology. Although considered

valid species, it is well-known among persons farming

crocodilians that all species from the genus have the

potential to hybridize and produce fertile offspring. Exam-

ples of such events have been reported between both

sympatric (Ramos et al., 1994) and allopatric species

(Fitzsimmons et al., 2002). Thus, the traditional biological

species concept (Mayr, 1942) does not seem to apply to the

genus. This has complicated efforts to reintroduce captive

individuals of C. siamensis to the wild (Fitzsimmons et al.,

2002) and attempts to resolve population structure in C.

moreletii (Ray et al., 2004).

It might be suggested that the relative stability of

crocodilian genomes as identified by Cohen and Gans

(1970) could contribute to both of the above issues. For

example, a relatively static genome may result in morpho-

logical stasis. It may also delay the development of post-

zygotic reproductive isolation mechanisms as is exemplified

by Crocodylus spp. The influence of repetitive elements on

genome structure and stability has been well characterized

in insects (Deininger and Roy-Engel, 2002; Labrador and

Corces, 2002; Nouaud et al., 2003), rodents (Waterston et

al., 2002) and humans (Kazazian and Moran, 1998;

Deininger and Batzer, 1999; Lander et al., 2001; Kazazian

and Goodier, 2002). Thus, the study of repetitive DNA

elements in the genomes of crocodilians may be critical to

our understanding of these and other aspects of their

evolution.

Unfortunately, investigations of interspersed repeats in

crocodilians have been limited to only a few studies. For

example, L2 elements were not found in Caiman or

Alligator (Lovsin et al., 2001), while CR1 elements were

found in a Caiman genome (Ohshima et al., 1996). The

current study represents the first characterization of an

interspersed repeat family in any crocodilian genome.

When we were able to amplify full-length iPCR-

recovered chompy loci in representatives of all three

families in our crocodilian panel, amplicon sizes showed

no evidence that the element was missing in any taxa. This

observation suggests that chompy elements are evolutio-
narily relatively old and probably expanded during a short

period before the divergence of the three extant families. It

should be noted, however, that we were only able to test a

limited number of loci that may have been subject to

sampling error. For example, when examining the Alu

family of SINEs in humans, over 80% of the elements

inserted before the divergence of Old and New World

primates ¨35 mya (Shen et al., 1991; Deininger and Batzer,

1999). Thus, a phylogenetic analysis of primates using a

small number of randomly chosen Alu insertion loci would

be unlikely to show any evidence of polymorphism.

Nevertheless, we know that examination of large numbers

of carefully chosen Alu loci are informative at all levels of

primate phylogeny (Salem et al., 2003b; Singer et al., 2003;

Roos et al., 2004; Ray et al., 2005; Xing et al., in press) and

even within populations (Batzer and Deininger, 1991, 2002;

Perna et al., 1992; Batzer et al., 1994; Stoneking et al.,

1997; Salem et al., 2003a; Watkins et al., 2003; Xing et al.,

2003; Carter et al., 2004; Otieno et al., 2004; Ray et al.,

2005). The observation that the average sequence diver-

gence at the 5V and 3V ends of chompyI elements is between

2% and 4% suggests that some of these elements may

actually be relatively young.

Regardless of whether chompy elements are polymorphic

between or within species, the presence of these elements

has prompted certain observations that have contributed to

our nascent understanding of crocodilian genomics. One

example involves an increased rate of CpG dinucleotide

mutations. Methylation of deoxycytosine to create 5-

methylcytosine (5mC) is a common epigenetic modification

within vertebrate genomes. Methylation has been associated

with several important cellular functions including control

of gene expression, organismal development and repression

of transposable element activity (Batzer and Deininger,

1991; Bestor et al., 1994; Bestor, 1998; Schmid, 1998;

Paulsen and Ferguson-Smith, 2005). In vertebrate genomes,

60–90% of the CpG dinucleotides contain 5mC (Tweedie et

al., 1997; Hendrich and Tweedie, 2003). The 5mC at CpG

sites mutates unidirectionally to thymine by spontaneous

deamination at a much higher transition rate compared to

non-CpG dinucleotides (Coulondre et al., 1978), leading to

a rapid decay of CpG sites. This process is in turn thought to

cause the observed deficiency in CpG dinucleotides and the

corresponding increase in TpG and CpA dinucleotide

frequency in vertebrate genomes. In the human genome,

for example, CpG dinucleotides are present only at about

20% of their expected frequency (Lander et al., 2001).

While the mutation density difference between CpG and

non-CpG dinucleotides in the A. mississippiensis sequences

we obtained was not as high as the 6-fold increase described

for primate genomes (Xing et al., 2004), there was a

consistently higher mutation rate for these sites when

compared to non-CpG sites. Furthermore, the true value

may actually be higher than what we have reported. In the

process of generating consensus sequences, there were YpG

or CpR locations where the conversion of a C to a T or a G



Fig. 3. Observed proportions of each possible dinucleotide recovered for

¨2 Mb of sequence data from the genome of A. mississippiensis. The line

at 1.0 represents the expected proportions if each dinucleotide was

distributed randomly in the genome.
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to an A appeared saturated (assuming the original sequence

was CpG). This gave rise to several sites where the

consensus was TpG or CpA when the original site may

have been a CpG dinucleotide, and thus the actual number

of CpG sites may have been underestimated. This sugges-

tion is further supported by the observation that the

frequency of CpG dinucleotides in the ¨2 Mb of A.

mississippiensis sequence data examined is similar to the

observed human distribution of ¨20% of the expected value

(Fig. 3).

There were two exceptions to the general rule of higher

CpG mutation rates. Comparisons between chompyI-i and

chompyII consensus sequences and the representatives

recovered (n=6 in both cases) revealed comparatively low

CpG to non-CpG mutation rate ratios. This result may

simply be due to sampling issues. However, it may also be

indicative of recent insertion activity if chompyI-i elements

have inserted so recently that the rate of CpG mutation has

not yet overtaken the non-CpG mutation rate. Unfortunately,

none of the loci ascertained by iPCR and amplifiable in

multiple taxa belonged to the chompyI-i or chompyII

families. Thus, further studies will be needed to fully

explore this hypothesis.

Evidence suggests that MITEs are related in sequence to

transposons and likely use the transposase encoded by these

partner elements to mobilize (Feschotte et al., 2002). In

addition, biochemical evidence of interactions between

MITEs and mariner-like transposases was recently reported

in rice (Feschotte et al., 2005). Thus, it appears that one

potential next step in our studies of chompy elements will be

to investigate the identity of the transposon partner for these

putative MITEs. The identification of an active partner

transposon will confirm the identity of these elements as

MITEs and may also explain some of their differences when

compared to other miniature inverted terminal repeat

elements (e.g. non-conserved TSDs).

The characterization of chompy elements provides

evidence that crocodilians are not an exception to the rule

regarding the presence of interspersed repeats in eukaryotic

genomes. This point is supported by a query of repeat-
masker using the BAC sequences from A. mississippiensis

which identified large numbers of CR1 elements (data not

shown). Similarly, we subjected the A. mississippiensis

BAC sequences to a BLAST search using MER consensus

sequences and several were identified (data not shown).

While our limited attempts to locate chompy loci that would

be informative at the population and species levels were

inconclusive, further work will be necessary to verify

whether or not these MITEs have recently been active. In

addition, CR1 repeats as well as other interspersed repeats

may have had recent bursts of activity, and investigations of

their activity should also be pursued. Future research should

focus on all of these elements to determine whether

additional and active repetitive element families are present

in crocodilian genomes. In addition, identifying rates of

genome-changing events such as non-homologous recombi-

nation, segmental duplications and chromosomal rearrange-

ments that are associated with interspersed repeats in

crocodilian genomes will either support or refute some of

our speculations on the relationship between repetitive

elements and genome stability in this order.
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