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Abstract Tandemly repeated sequences are a common

feature of vertebrate mitochondrial DNA control regions.

However, questions still remain about their mode of evo-

lution, function, and phylogenetic distribution. We report

phylogenetic and geographic patterns of variation of con-

trol region repeat sequence and number in a nonparasitic

lamprey, Lampetra aepyptera. A survey of populations

from throughout the species’ range revealed remarkably

low repeat sequence polymorphism but some interpopula-

tion variation in repeat number. The high sequence simi-

larity extended to repeats observed in other species in the

genus Lampetra and other lamprey genera. The very low

levels of variation suggest a high copy turnover. Our data

are consistent with the illegitimate elongation model of

repeat gain and loss and further suggest that repeat change

occurs at internal copies. However, the limited variation

across some species of lamprey suggests that functional

constraints may further limit variation.
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Introduction

Numerous studies have documented DNA sequence vari-

ation in the mitochondrial control region. Despite the

presence of several highly conserved sequences (Saccone

et al. 1987), this region is known to exhibit some of the

highest rates of evolution of any region on the mitochon-

drial DNA (e.g., McMillan and Palumbi 1997). Much of

this variation consists of nucleotide substitutions and small

insertions and deletions. However, considerable length

variation has been observed in an ever-growing list of

species (Lunt et al. 1998). This length variation is due to

variation in the number of tandemly repeated sequences.

These repeats can be observed near the 50 end of the control

region (e.g., Arnason and Rand 1992; Starner et al. 2004;

Ludwig et al. 2000; Faber and Stepien 1998) or near the 30

end (e.g., Broughton and Dowling 1994; Mundy and Hel-

big 1994), vary in size from four to hundreds of nucleo-

tides, and may number from 2 to more than 100 copies

(Lunt et al. 1998).

Length variation is thought to arise via various mecha-

nisms that incorporate misalignment of tandem repeats in

the control region during mtDNA replication (Buroker

et al. 1990; Broughton and Dowling 1994; Mundy and

Helbig 1994). The misalignment is stabilized by secondary

structures that form in the displaced strand. Among those

species that exhibit mtDNA length variation, many are

heteroplasmic, though the frequency of heteroplasmy can

vary among populations (Wilkinson and Chapman 1991;

Arnason and Rand 1992; Starner et al. 2004) and species

(Ludwig et al. 2000). Some recent studies have suggested

that mtDNA recombination can generate tandem repeat

variation (Piganeau et al. 2004), particularly in species with

heteroplasmy (Hoarau et al. 2002; Mjelle et al. 2008).

One of the great strengths of utilizing mtDNA in pop-

ulation genetics and systematics is the conserved gene

arrangement (Meyer 1993; Boore 1999), particularly

among vertebrates. One exception to this arrangement is

the organization of the lamprey mitochondrial genome,

which differs from the consensus vertebrate order (Lee and

Kocher 1995; Boore 1999) including that of the hagfish
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(Delarbre et al. 2001). The lamprey control region is

located between ND6 and CYTb instead of between the

tRNAPro and the tRNAPhe genes (Fig. 1). The lamprey

control region is also distinctive in that it is divided into

two noncoding regions (Lee and Kocher 1995; Delarbre

et al. 2000) by the tRNAGlu and tRNAThr genes. Noncoding

region 1 (NC1) is thought to be the control region due to

the presence of conserved sequence blocks (CSB2 and

CSB3) known to be important in the regulation of mtDNA

replication (Lee and Kocher 1995). At the 50 end of NC1

there are three copies of a 39-base repeat whose secondary

structures may be involved in regulation of D-loop DNA

replication (Lee and Kocher 1995). Unlike other lamprey

species, which have three copies of the 39-base repeat, the

Least Brook lamprey, Lamptera aepyptera, has 4–6 copies

(Martin and White 2008).

In this study, we assessed repeat variation in Least

Brook lamprey NC1. We examined sequence variation

among repeats and within and among populations and

species. The geographic distribution of repeat variants was

mapped on a phylogeny of populations sampled from

throughout the distribution of the Least Brook lamprey.

Patterns of variation among repeats and among populations

and species allowed us to infer the mode of evolution of

repeat number.

Materials and Methods

The Least Brook lamprey is a nonparasitic species with a

distribution in the eastern United States. Specimens were

collected from throughout the range (Table 1) and pre-

served in 95% ethanol. DNA was purified using DNeasy

(Qiagen, Inc.). Polymerase chain reaction (PCR) was used

to amplify the control region and ND3 gene of the lamprey

mitochondrial DNA. The ND3 gene region was amplified

using light-strand (50 ACG TGA ATT CTA TAG TTG

GGT TCC AAC CA 30) and heavy-strand (50 ATG CGG

ATC CTT TTG AGC CGA AAT CA 30) primers (Docker

et al. 1999). NC1 (Fig. 1), from the ND6 gene to Glu-

tRNA, was amplified with the primers LACR3F [(50

TACCCCCATGCTACAAAATAACA 30) and LACR3R

(50 CTGGTTTACAAGACCAGTGCTTT 30).

Polymerase chain reactions (PCRs) consisted of an ini-

tial denaturation step at 94�C for 3 min, followed by 30

cycles at 94�C for 30 s, 50�C for 30 s, and 72�C for 30 s.

All amplification products were verified on 0.8% agarose

gels. PCR products were purified using Qiaquick PCR

purification kits (Qiagen Inc.). Between 5 and 30 ng of

purified PCR product was used as template for the

sequencing PCR. Sequences were determined on a 3730

DNA Analyzer (Applied Biosystems, Inc.). Between one

and four individuals were sequenced from each population.

Chromatograms were read using FinchTV v1.3.0

(Geospiza, Inc.) and aligned for comparison using CLU-

STALX v1.81 (Thompson et al. 1997). ND3 and control

region sequences were aligned with Lampetra fluviatilis

(GenBank accession number NC001131), the sister taxon

of L. aepyptera (Docker et al. 1999). Due to the presence of

the tandem repeats and some short indels, sequence

alignments were further adjusted manually. Control-region

sequences of four additional lamprey species, L. richard-

soni (AY205574), Entosphenus lethophagus (AY205570),

E. similis (AY205565), and E. tridentatus (AY205567),

were included in the comparisons. Potential secondary

structures of the tandem repeats and their free energies

were evaluated using MFOLD (Zucker 2003). To test the

significance of the free energy estimates, 20 random DNA

sequences of lengths corresponding to different numbers of

repeats (Table 3) were generated. Folding energies were

estimated for each of the random sequences and means and

standard deviations determined. Free energies for the

lamprey repeats were compared to the estimates for the

random sequences by a Z-test.

To evaluate the geographic and phylogenetic distribu-

tion of NC1 repeat numbers and motifs within L. aepyp-

tera, ND3 sequences were used to construct a phylogenetic

hypothesis. The ND3 gene region was chosen for con-

struction of the phylogeny to avoid the possibility that

sequence variation in other parts of the control region

influenced repeat copy number. ND3 sequences for L.

richardsoni and three species of Entosphenus were from

Docker et al. (1999). Relationships among haplotypes were

evaluated with maximum parsimony in MEGA 3.1 (Kumar

et al. 2004) using the Close Neighbor Interchange option

with random tree addition. Support for nodes and branches

Fig. 1 Structure of the lamprey mitochondrial control region iden-

tifying the approximate location of the repeat region in noncoding

region 1. The lamprey control region is flanked by the ND6 and

CYTB genes. Noncoding regions 1 and 2 are separated by the Glu-

tRNA and Thr-tRNA genes. The approximate locations of the

presumed conserved sequence blocks (CSBs) are shown
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was obtained by bootstrapping (Felsenstein 1985) with

1,000 pseudoreplicates. Ichthyomyzon unicuspis

(DQ889805) was used as outgroup. We tested for phylo-

genetic signal in repeat number on the ND3 phylogeny

using Mesquite v2.5 (Maddison and Maddison 2008). The

tandem repeat number states were randomly shuffled on the

terminal taxa of the 50% majority consensus tree. Ten

thousand trees were simulated.

Results

The ND3 gene region is 351 nucleotides long. Sequences

were obtained for 29 haplotypes from 47 individuals of

L. aepyptera (GenBank numbers DQ532785–DQ532804,

EU350075–EU350082). The parsimony analysis, rooted to

Ichthyomyzon (Fig. 2), identifies a monophyletic L. ae-

pyptera with several well-supported clades whose rela-

tionships are poorly resolved. Average sequence

divergence among L. aepyptera haplotypes was 3.5% (0.3–

6.3%). Sequence divergence among taxa varied from 6.3%

to 19.3% (Table 4).

Approximately 650 bases of NC1 were resolved in the

same 47 individuals of L. aepyptera, 3e individuals of L.

appendix, and 1 Ichthyomyzon unicuspis. There was no

evidence from either sequencing or electrophoresis to

suggest the presence of heteroplasmy. Electrophoresis

yielded a single amplification product in all individuals,

Table 1 Sample collection numbers, locations, sample sizes, and voucher numbers of Lampetra aepyptera (samples 1–28), L. appendix
(samples 29–30), and Ichthyomyzon unicuspis (sample 31)

Sample County, state Drainage N Vouchera

1. Davis Mill Creek Dorchester, MD Chesapeake 2 OUVC11001

2. Neuse River Johnston, NC Atlantic 1 NCSM40904

3. Burnt Mill Creek Wicomico, MD Chesapeake 1 OUVC11003

4. Tar Creek McNairy, TN Mississippi 4 OUVC11004

5. Gaylor Creek Hardeman, TN Mississippi 3 OUVC11005-07

6. Schultz Creek Bibb, AL Mobile 3 OUVC11008

7. Terrapin Creek Graves, KY Mississippi 5 OUVC11009-10

8. Middle Fork Obion Henry, TN Mississippi 1 OUVC110011

9. Bear Creek Henry, TN Tennessee 1 UAIC11140.01

10. McCollough Fork Calloway, KY Tennessee 1 OUVC110013

11. Weatherford Creek Wayne, TN Tennessee 1 UAIC10649.01

12. Little Bear Creek Franklin, AL Tennessee 1 UAIC11140.01

13. Strouds Run Athens, OH Ohio 1 OUVC110016

14. Indian Run Hocking, OH Ohio 2 OUVC110017

15. Big Sinking Creek Carter, KY Ohio 1 OUVC110018

16. Big Caney Creek Elliott, KY Ohio 1 OUVC 110019

17. Camp Creek Pike, OH Ohio 1 OUVC 110020

18. Shade River Athens, OH Ohio 2 OUVC 110021

19. Raccoon Creek Athens, OH Ohio 1 OUVC 110025

20. Cooney Creek Scioto, OH Ohio 1 OUVC 110026

21. Sunday Creek Athens, OH Ohio 1 OUVC 110027

22. Turkey foot Run Scioto, OH Ohio 1 OUVC 110028

23. Wolfpen Run Athens, OH Ohio 1 OUVC 110029

24. Hocking River Athens, OH Ohio 1 OUVC 110030

25. Long Creek Gallia, OH Ohio 1 OUVC 110031

26. Little Black River Ripley, MO White 3 OUVC 110022

27. Yellow Leaf Creek Lafayette, MS Yazoo 2 OUVC 110023

28. Kettle Creek Lafayette, MS Yazoo 3 OUVC 110024

29. Zekiah Swamp Run Charles, MD Potomac 1 UAIC 12263.09

30. Big Sycamore Creek Claiborne, TN Tennessee 2 UAIC 9838.13

31. Ohio River Meigs, OH Ohio 1 OUVC 110025

a OUVC Ohio University Vertebrate Collection; NCSM North Carolina State Museum; UAIC University of Alabama Ichthyology Collection
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and the size of the amplification product varied with the

number of tandem repeats. Tandem repeat sequence was

similar to that observed in sea lamprey (Petromyzon

marinus [Lee and Kocher 1995]) and identical to that in

river lamprey [Lampetra fluviatilis (Delarbre et al. 2000)].

Each repeat was 39 bases long and included two copies of a

12-base subrepeat (50 ATGGCATAGGTA 30; Table 2).

Lampetra aepyptera had 4–6 copies of the repeat; L.

appendix, four copies; L. richardsoni, three copies; L. flu-

viatilis, three copies; Entosphenus species, three copies; P.

marinus, three copies; and I. unicuspis, six copies. We

designated repeat copies as 50, internal, or 30 based on their

position on the light strand relative to the ND6 gene.

The number of NC1 repeats was mapped onto the ND3-

based phylogeny (Fig. 3). Most aepyptera populations

displayed four copies. Some populations had a complete

fifth copy (Bear Creek, Hocking River, Sunday Creek,

Shade River, Strouds Run, Camp Creek, and Big Sinking

Creek). The Little Bear Creek population had six copies.

Two populations, Yellowleaf Creek and Kettle Creek, in

the Yazoo River drainage, had a fragment of a fifth copy in

the 50 position. This copy fragment included the first 21

bases and was missing 6 bases plus the second 12-base

subrepeat. The three species of Entosphenus also exhibited

a fragment of the 50 copy, though this fragment sequence is

different from that observed in the Yazoo River L. ae-

pyptera fragment (Table 2). In Entosphenus there was also

a 5-base sequence (ATACC or CTACC) in nucleotide

positions 8–12 not seen in any other species. In the test for

phylogenetic signal in the distribution of repeat number,

97.6% of the simulated trees were significantly different

from the observed tree. This suggests that there is a phy-

logenetic signal of tandem repeat number distribution in

the ND3 phylogeny.

In most L. aepyptera, the sequences of the 50 and

internal copies of NC1 repeats were identical. Most

instances of sequence variation were limited to the 30 copy,

where a polymorphic site was detected in the second 12-

base subrepeat at position 36. Thirty-four of 47 samples

(72%) exhibited a G/A substitution at this site. A single

fixed difference was observed in all complete repeat copies

from the Yazoo River system (Table 2). Only two other

substitutions were observed in any L. aepyptera repeat

copies (position 25 in copy 3 in one individual from

locality 7 and position 24 in copy 4 in one individual from

locality 5). Single fixed differences were also seen in all

copies from L. appendix and L. richardsoni. Two substi-

tutions were observed in all repeats of P. marinus. Four

substitutions were observed in all repeat copies of I. uni-

cuspis (Table 2). Sequence divergences of the internal 39

base repeats (Table 2) between taxa varied from 2.5% to

12.8% (Table 4).

The MFOLD analysis indicated that the 39-base repeats

are capable of stable secondary structures (Fig. 3). Dif-

ferent repeat copy numbers and a combination of whole

and partial repeats were also capable of secondary struc-

tures (Table 3). Increasing the number of repeats increased

the potential stability of the folding. All repeat sequence

arrays produced free energy estimates significantly lower

than random sequences (P \ 0.001). The MFOLD analysis

also identified a possible hairpin structure involving the

first 17 bases of a repeat (Table 2).

Discussion

Variation in repeat copy number was observed among

populations of L. aepyptera. Most haplotypes had four

copies of the repeat. Haplotypes with five copies are

Fig. 2 Maximum parsimony analysis of 29 mitochondrial ND3

haplotypes of Lampetra aepyptera. The tree is rooted to L. fluviatilis.

Numbers at the nodes are bootstrap support values. The number

preceding a haplotype refers to the locality in Table 1. The number

following a haplotype is the number of 39-base repeats in NC1 of the

control region. A plus sign refers to a fragment of an additional copy
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distributed in two clades, Ohio River and Tennessee River

(Fig. 2). Although localities with multiple samples were

few, we did not observe any instances of intrapopulation

variation in repeat number. Within the Ohio River clade,

different streams had either four or five copies. It is pos-

sible that four or five repeat copies might be widespread

throughout the range of L. aepyptera. Larger sample sizes

at each locality might reveal instances of intrapopulation

variation in copy number.

The test for phylogenetic signal of repeat number vari-

ation suggests that a signal is present. Thus repeat number

is not randomly distributed on the phylogeny (Fig. 2).

Several observations are worth noting. The ancestral con-

dition (P. marinus) in the clade including L. aepyptera is

three repeats. With the exception of the loss of a repeat

fragment in the L. richardsoni/Entosphenus clade (3?2?),

all instances of repeat variation appear to involve repeat

gain (3?4?5, 4?4?, 4?6). Further, the L. aepyptera

clades that exhibited repeat variation (Ohio River, Yazoo

River, and Tennessee River clades) are geographically and

genetically distant, suggesting independent origins for

repeat gains (Purdue et al. 2006).

Petromyzon marinus has three copies of the repeat (Lee

and Kocher 1995). Lampetra fluviatilis, the hypothesized

sister-taxon of L. aepyptera, and L. richardsoni also have

three copies. Lampetra appendix, a more distantly related

species (Docker et al. 1999), has four. A minimum number

of three repeats in the family would be consistent with one

of the predictions of the illegitimate elongation model

(Buroker et al. 1990) of repeat addition and loss. However,

three species in the genus Entosphenus have only a frag-

ment of a third copy in the 50 position, possibly due to a

loss of part of the 50 repeat. In addition, there are numerous

examples of other taxa with fewer than three repeat copies

(e.g., Lunt et al. 1998).

Because we did not detect heteroplasmy, the evolu-

tionary rate of change in copy number may be slow. Dif-

ferences in copy number between streams within drainages

(Fig. 2) may also reflect limited gene flow and the effects

of drift and lineage sorting. However, a low occurrence of

heteroplasmy in some individuals and low frequencies of

intrapopulation variation might not be detectable without

large sample sizes.

Compared to other examples of larger tandem repeats

(Broughton and Dowling 1997; Mundy and Helbig 1994;

Wilkinson and Chapman 1991) there was remarkably little

sequence variation among repeats within and between

populations of L. aepyptera. Other than one fixed difference

in the Yazoo River haplotypes and two single substitutions,

sequence variation was restricted to the 30 repeat (position

36). This is similar to patterns of variation seen in a few

other species [sturgeon (Buroker et al. 1990), shrews

(Fumagalli et al. 1996), arawana (Yue et al. 2006)]. In the 30

repeat, a G was observed in 72% of the samples. Our data

suggest that L. appendix does not have the polymorphic site

but our sample size is small (N = 3). Lampetra fluviatilis,

L. richardsoni, and Entosphenus species have the site but

Petromyzon and Ichthyomyzon may not. The presence of the

polymorphic site at position 36 only in the 30 repeat copy

suggests that repeat addition or deletion occurs either at an

internal position or at the 50 end. The substitution was never

observed in an internal copy. Wilkinson and Chapman

(1991) suggested that the direction of replication in the D-

loop would result in repeat duplication at the end (50) of the

Table 2 Sequences of the complete 39-base repeat for populations and species of lamprey

Taxon                                    *    

L. aepyptera T A T G C C T C T A T G G C A T A G G T A T A T A T A A T G G C A T A G G T A 

Yazoo River . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . .

L. appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . . .

L. fluviatilis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

L. richardsoni . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . .

E. similis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A A . . . . . . . .

E. tridentatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A A . . . . . . . .

E. lethophaga . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A A . . . . . . . .

I. unicuspis . . . . . . . A . . . . . . . . . . . . . . . . C . . . . A A . . . . . . . .

P. marinus . . . . . . . A . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . .

Nucleotides identical to the standard L. aepyptera sequence are designated by a period. Yazoo River refers to haplotypes from localities 27 and

28 of L. aepyptera. The asterisk designates the polymorphic nucleotide site at position 36 in the 30 repeat copy. Boldfaced nucleotide sequences

(CTATGCCAT and ATGGCATAG) and underlined nucleotide sequences (TATGCC and GGCATA) are capable of forming stem structures
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array. Further, the presence of the site in only position 36 of

the 30 copy was observed in other species in the family. This

suggests that this polymorphism is not random although a

functional role can not yet be inferred.

Based on morphological characters, Gill et al. (2003)

concluded that Petromyzon and Ichthyomyzon formed a

monophyletic group sister to the other northern hemisphere

lampreys (including Lampetra). However, we observed that

the repeat sequence in Petromyzon differs by only two sub-

stitutions from L. aepyptera (Tables 2 and 4). The repeat

sequence from Ichthyomyzon shows the greatest divergence.

Based on ND3 sequences, Ichthyomyzon is more divergent

from other lamprey taxa than Petromyzon (Table 4).

The high similarity in repeat sequences among popula-

tions, species, and genera of lampreys is notable. An

important process for determining copy number and vari-

ation is the rate of copy addition/deletion (turnover rate)

relative to the copy sequence mutation rate. If the turnover

rate is low, copies should diverge and we should see

sequence variation among copies, populations, and species

(Rand 1994). High copy turnover should result in repeat

sequence homogenization (Broughton and Dowling 1997).

Although the lack of variation among so many of the repeat

copies would suggest rapid turnover, the presence of copy

fragments at the 50 end and the single substitution in the 30

copy does not support rapid turnover and homogenization.

However, repeat copy turnover may be more frequent in

internal copies, resulting in homogenization of the internal

repeats (Rand 1994). Copy number is correlated with het-

eroplasmy and repeat sequence variation in bats

Fig. 3 Potential secondary

structures for different numbers

of 39-base repeats of Lampetra
aepyptera. Unless otherwise

noted, the sequence is from the

Hocking River (locality 24). a
One repeat (-5.9 kcal); b 1.5

repeats (-11.5 kcal); c 2

repeats (-15.8 kcal); d 1.5

Yazoo repeats (-11.1 kcal)
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(Wilkinson et al. 1997). In the absence of detectable het-

eroplasmy and the paucity of intra- and interspecific repeat

sequence variation, the applicability of this relationship to

lampreys is limited. It is likely that the number of repeats is

a balance between length mutation rate and selection

(Wilkinson et al. 1997).

Alternatively, these repeats could be under functional

constraints themselves or near sequences that are selec-

tively constrained. The control region is the location of

sequences that regulate replication and transcription of the

mtDNA molecule. In mammals, the light-strand promoter

is usually found near the CSB sequences and the heavy-

stand promoters between the nearby 12S RNA gene and the

start of the control region (Bonawitz et al. 2006). Both

CSB-II and CSB-III have been observed in the lamprey

control region (Lee and Kocher 1995; this study) but at the

30 end of NC1. We observed a sequence similar to CSB-I

58 bases upstream from CSB-II. There was no evidence of

a light-strand promoter sequence upstream of the CSBs

where it is observed in humans (Pham et al. 2006). How-

ever, the mammalian consensus promoter sequence likely

shows little similarity to the lamprey sequence. Further, the

structure of the lamprey control region and the gene order

are very different from the consensus vertebrate pattern

(Lee and Kocher 1995). Although almost nothing is known

about transcription initiation in lampreys, the lamprey

repeat sequences could be involved in transcription initia-

tion by helping to stabilize unwinding of the promoter

region (e.g., Asin-Cayuela and Gustafsson 2007).

Typically, noncoding regions show higher levels of

divergence than coding regions often thought to be due to

constraints on protein structure and function. We compared

divergences among taxa at the ND3 gene and the sequence

from an internal repeat (Table 4). Divergences among the

repeats were always less than those observed among ND3

sequences, suggesting that there may be functional con-

straints on the repeat sequence. Alternatively, concerted

evolution may be homogenizing the repeats (Tatarenkov

and Avise 2007). However, repeat sequence divergences

between orthologous repeats are almost identical to diver-

gences between parologous repeats, an observation incon-

sistent with the predictions of concerted evolution.

The Yazoo River haplotypes possess a fragment of a

repeat at the 50 end. If repeats are only capable of folding in

multiples of complete (39 base) repeats, we would not

expect to see partial repeats. However, it is possible for

incomplete repeats to be involved in stable secondary

structures (Fig. 3b, d and Table 2). Since each 39-base

repeat includes two 12-base subrepeats, each subrepeat

could conceivably pair with any other. If 12-base subre-

peats from different 39-base repeats were to pair, there

would be the potential to gain or lose parts of repeats. A

gain would occur when the newly synthesized D-loop

strand looped; a loss would occur when the light strand

looped (Buroker et al., 1990). Thus, the Yazoo River

haplotypes resulted from the gain of a 21-base fragment or

the loss of an 18-base fragment. The missing piece of that

repeat does include the second 12-base subrepeat. The

Table 3 Free energy estimates (kcal) of folded secondary structures for combinations of tandem repeats in noncoding region 1 of Lampetra
aepyptera

Repeat array Size (bp) Repeat free energy Mean random sequence free energy (SD)

Hocking River, OH 1 repeat 39 -5.9 -2.3 (1.5)

1.5 repeats 60 -11.5 -4.5 (2.0)

Yazoo 1.5 repeats 60 -11.1 -4.5 (2.0)

2 repeats 78 -15.8 -5.9 (2.8)

3 repeats 117 -24.2 10.7 (3.7)

4 repeats 156 -28.6 -15.5 (3.6)

4.5 repeats 176 -35.5 -17.3 (4.0)

5 repeats 195 -38.8 19.0 (4.6)

Little Bear Creek 6 repeats 234 -47.2 -23.9 (4.6)

Notes: Hocking River, OH, refers to locality 24. Yazoo refers to locality 28. Little Bear Creek refers to locality 12. The half repeat includes the

first 21 nucleotides of a second repeat. All free energy estimates for the lamprey repeat arrays were significantly lower than free energies

estimated for random DNA sequences (P \ 0.001)

Table 4 Percentage sequence divergence between lamprey taxa:

values below the diagonal are divergences at the mitochondrial ND3

gene; those above are divergences at internal copies of the 39-bp

repeat in noncoding region I

Taxon 1 2 3 4 5 6 7

1. Lampetra aepyptera 0 2.5 2.5 5.1 5.1 10.0

2. L. fluviatilis 6.3 2.5 2.5 5.1 5.1 10.0

3. L. appendix 8.2 9.1 5.1 2.5 7.7 7.7

4. L. richardsoni 9.8 9.4 10.5 7.7 7.7 12.8

5. Entosphenus 10.7 11.5 11.5 10.0 10.0 5.1

6. Petromyzon 14.8 15.9 15.6 16.8 17.2 5.1

7. Ichthyomyzon 17.2 18.8 14.5 19.3 17.3 17.3
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fragment in the 50 copy in Entosphenus is missing most of

the first 12-base subrepeat and likely arose from a different

base pairing than the Yazoo River repeat. The MFOLD

analysis also detected a potential hairpin in the first 16

bases of each repeat (Table 2) and between bases 30–35 of

one repeat and bases 1–6 of the following repeat (Fig. 3d).

This base-pairing complexity could contribute to repeat

fragment formation.

Determination of whether additions or deletions occur at

the 50 end or internally would require detection of certain

repeat combinations. In those populations or species that

possess a fragment of the 50 repeat, can we observe repeat

number variation? If there is a gain or loss of a complete

repeat, it would suggest that turnover involves the internal

copies. If additional fragmentary repeats are observed, then

additions or losses might also occur at the 50 end. Larger

samples in the Yazoo River L. aepyptera populations and

in Entosphenus species might detect such variation.

The NC1 repeats are capable of achieving a secondary

structure, either singly or in combinations. A common

characteristic of these structures is the presence of the

sequence 50 TATATAA 30 (50 TAGATAA 30 in Yazoo

River haplotypes) in one of the loops (Fig. 3a, b). This

sequence is found in all repeats and lies between the two

12-base subrepeats. It is similar to sequences identified by

Doda et al. (1981) and Wilkinson and Chapman (1991) as

termination-associated sequences (TASs). Wilkinson and

Chapman (1991) also detected these sequences in the loops

of repeat secondary structures. These sequences direct

termination of D-loop synthesis (Doda et al. 1981), which

begins near CSB2 and CSB3. In L. aepyptera, CSB2 and

CSB3 are located near the 30 end of NC1. Thus, like some

other species with larger tandem repeats (e.g., Buroker

et al. 1990; Wilkinson and Chapman 1991; Starner et al.

2004), each lamprey repeat may contain a TAS sequence.

These multiple TASs would result in the synthesis of

multiple D-loop strands that differ in size (Doda et al.

1981).

Several models have been proposed for repeat number

change. The heavy-strand model of repeat expansion sug-

gests that repeats are added at the 50 end of the repeat array

(Broughton and Dowling 1997); however, the repeats in

their study were located at the 30 end of the control region.

Mundy and Helbig (1994) suggested that repeat expansion

in shrikes (Lanius) occurred at the 50 end and was made

possible by a secondary structure that formed at an inverted

repeat sequence 30 of the tandem repeats. No equivalent

inverted repeat was observed in lampreys. However,

sequences in NC2, located 30 of NC1 (Fig. 1), are capable

of secondary structures and could function in this capacity.

Further, NC1 and NC2 are separated by two tRNA genes.

These could also stabilize repeat slippage in NC1 and allow

for the gain or loss of repeats at the 50 end.

Recombination can generate tandem repeat variation

(Hoarau et al. 2002; Mjelle et al. 2008). In these cases,

recombination was detected in species with extensive het-

eroplasmy and inter-repeat sequence variation. Hoarau

et al. (2002) suggested that recombination would be diffi-

cult to detect when the tandem repeat arrays are perfect.

Although we cannot rule out a role for recombination in

lamprey repeats, the very low levels of repeat sequence

variation preclude a test of this hypothesis. We believe that

the structure, position, and variation of the NC1 repeats in

lampreys are consistent with the illegitimate elongation

model (Buroker et al. 1990). Similar to sturgeon, lamprey

repeats are located in the 50 end of the control region, the

repeats can achieve a secondary structure, and each repeat

has an apparent TAS. Buroker et al. (1990) predicted that

the minimum number of repeat copies would be three and

that the internal copies should be perfectly conserved. They

also predicted that the copies at each end could diverge.

Despite the very limited divergence observed at 30 and 50

copies, and the presence of repeat fragments at the 50 end in

two clades, our data are largely consistent with these pre-

dictions. However, the sequence homogeneity, both

between repeats and among populations, species, and

genera, suggests that these repeats may be under functional

constraints, the nature of which is not yet known.
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