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ABSTRACT

Arabidopsis halleri and lyrata have three different major centromeric satellite sequences, a unique finding
for a diploid Arabidopsis species. Since centromeric histones coevolve with centromeric satellites, these
proteins would be predicted to show signs of selection when new centromere satellites have recently
arisen. We isolated centromeric protein genes from A. halleri and lyrata and found that one of them,
HTRI2 (CENP-A), is duplicated, while CENP-C is not. Phylogenetic analysis indicates that the HTRI2
duplication occurred after these species diverged from A. thaliana. Genetic mapping shows that HTRI12
copy B has the same genomic location as the A. thaliana gene; the other copy (A, at the other end of the
same chromosome) is probably the new copy. To test for selection since the duplication, we surveyed
diversity at both HTRI2loci within A. lyrata. Overall, there is no strong evidence for an “evolutionary arms
race” causing multiple replacement substitutions. The A. lyrata HTRI2B sequences fall into three classes
of haplotypes, apparently maintained for a long time, but they all encode the same amino acid sequence.
In contrast, HTRI2A has low diversity, but many variants are amino acid replacements, possibly due to

independent selective sweeps within populations of the species.

T is thought that variation in the sequence-binding
specificity of centromere-specific histone H3-like pro-
teins and evolutionary changes in centromere sequen-
ces are causally related. When a centromere sequence
mutates to a sequence with a competitive advantage
over the existing one, conferring preferential segrega-
tion (PARDO-MANUEL DE VILLENA and SAPIENZA 2001),
this could induce a selection pressure on the genes
encoding binding proteins to resist preferential segre-
gation (HENIKOFF et al. 2000, 2001; MaLIK and HENIKOFF
2002). Centromere evolution in Drosophila seems to
involve adaptive evolution of one of the centromere-
specific histone H3-like proteins, Cid, the Drosophila
CENP-A (HENIKOFF et al. 2001; MALIK and HENIKOFF
2001; MALIK et al. 2002). An excess of amino-acid-
changing substitutions is observed in the Cid sequence
between different Drosophila species, suggesting adap-
tive evolution, consistent with these changes being
driven by differences in centromeric satellite sequences
between species (MALIK and HENIKOFF 2001; MALIK
et al. 2002). The “arms race” theory of centromere
evolution is, however, still controversial (e.g., SULLIVAN
2002). First, it is not yet clear whether specific DNA
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sequences are essential for centromere functions.
Second, CENP-A proteins of different species can
sometimes replace one another (in transgenic experi-
ments), proving that they are not specialized to func-
tion only with their own satellite sequences.

Recent work in the genus Arabidopsis has found
evidence of adaptive evolution in the centromere-
specific histone genes of these species also (TALBERT
et al. 2002). In Arabidopsis thaliana, the single-copy
HTRI2 gene (Atlg01370) is thought to encode the
protein with the equivalent centromere-binding func-
tion and to represent the CENP-A gene of this species.
The A. thaliana HTRI2 gene has nine exons and
encodes a protein of 178 amino acids, which localizes
to centromere regions (TALBERT et al. 2002) and binds
the A. thaliana centromeric satellite sequence (NAGAKI
et al. 2003). Like the centromeric histone H3 proteins of
other organisms, the HTR12 protein has two domains,
an N-terminal tail and a histone core domain. The
histone core domain, which forms histone octamer
nucleosomes, has ~60% amino acid identity to A. tha-
liana histone H3 proteins. A. thaliana and A. arenosa
each have a single major satellite sequence (with some
minor variants), which is highly repeated at the cen-
tromeres of all the chromosomes (KaMM et al. 1995); in
A. thaliana, this is called pALl, and in A. arenosa (an
autotetraploid species), the centromere sequences dif-
fer and are called pAa (see Figure 1). Studies of HTRI12
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suggest adaptive evolution between A. thaliana and A.
arenosa (TALBERT et al. 2002), and a recent study of seven
more Arabidopsis species (including three tetraploids)
inferred that two regions, the N-terminal tail and loop I
of the histone core domain, show evidence of adaptive
evolution (CooPER and HENIKOFF 2004).

In addition to CENP-A genes, CENP-C, another non-
sequence-specific DNA-binding protein, has been re-
ported to evolve adaptively. This has been inferred
especiallyin mammals and grasses, whose CENP-A genes
show no signatures of adaptive evolution (TALBERT et al.
2004). In contrast, in Drosophila species, there is evi-
dence of positive selection on CENP-A (Cid; HENIKOFF
et al. 2001; MaLIK and HENikorr 2001; MALIK e al.
2002), but not on CENP-C (HEEGER et al. 2005). Com-
parisons between distant Drosophila species indicated
adaptive evolution in CENP-C (HEEGER et al. 2005;
RICHARDS et al. 2005), suggesting that different species
may have experienced adaptive evolution in different
centromere-binding protein genes. Comparisons of
sequences of regions of the CENP-C from Arabidopsis
species identified regions that appear to have under-
gone adaptive evolution on the basis of high K,/ K, ratios
between A. thalianaand A. arenosa (TALBERT et al. 2004).
These, however, are mainly caused by low synonymous
divergence values (the same is true for the subregion
studied here, see below). Furthermore, since it is based
on comparison of sequences from only two species, it
was not determined in which lineages positive selection
occurred, since comparisons including additional spe-
cies are needed to allow determination of the lineages in
which substitutions occurred.

In A. halleri ssp. gemmifera, one of the closest relatives
of A. thaliana (MivAsHITA et al. 1998; KAwABE and
MiyAasHITA 2002a), there are three major centromeric
satellite families with different sequences in different
chromosomes: the pAa satellite found in A. arenosa, plus
two different sequences, pAgel and -2 (KAwABE and
Nasupa 2005; see also Figure 1). The other A. haller:
subspecies (ssp. haller:) and the closely related A. lyrata
(both subspecies lyrata and petraea) also have the same

F1GURE 1.—Schematic of the centromeric satel-
lite sequence families of A. thaliana, A. arenosa,
and A. halleri ssp. gemmifera (from KamMm et al.
1995 and KawaBE and Nasupa 2005). The cen-
tromere satellite families present on each individ-
ual chromosome have not yet been identified in
A. haller:.

three major centromeric satellite families (A. KAWABE,
unpublished observations).

If competition for binding to centromeric proteins
with different DNA-binding specificity (or competition
in relation to some other centromere function) caused
the rapid change in centromere satellite sequences
across all the chromosomes since the divergence from
A. thaliana, we might expect these species to respond to
the selection pressure outlined above, which will exist
as long as multiple satellite DNA sequences are present
at centromeres. The existence of multiple major cen-
tromere satellite sequences in A. halleri and A. lyrata
suggests that these species may be in a transient stage,
undergoing the proposed competitive centromere
protein evolution, and it is thus interesting to study
centromere-specific proteins (CENP-A and CENP-C) in
these species to test whether they also vary, i.e., whether
there are different alleles at these loci that might in-
teract differently with the different satellite DNA fam-
ilies, and whether there is evidence of recently arisen
new alleles, suggesting recent selective sweeps caused by
the spread of advantageous alleles. Here, we describe
results from the CENP-A (HTRI12) and CENP-C genes of
species of plants related to A. thaliana.

The CENP-C gene is single copy, as in the related
species, but the CENP-A gene is not just polymorphic
with different HTRI12 alleles, but the A. halleri and A.
lyrata genomes have more than one gene copy encoding
CENP-A protein, i.e., paralogous genes, and one of them
is highly polymorphic. Among species of plants related
to A. thaliana, duplication of centromeric histone H3
genes has previously been reported only in polyploids
(Cooper and HEeNIKOFF 2004). It therefore seems
significant that these species with clear signs of centro-
mere satellite sequence evolution also have multiple
centromeric histone H3 genes. We describe the evi-
dence that the new copies arose in the lineage leading
to A. halleri and A. lyrata and that both are functional
genes, findings that are consistent with the new CENP-A
sequence having evolved because it was able to associate
with a new centromeric satellite sequence in these
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species. The coexistence of both multiple centromere
satellite families and centromeric histone H3 genes
(HTRI2 in Arabidopsis) in A. lyrata and A. halleri sug-
gests possible multiple satellite—protein interactions in
the “arms race” of centromere evolution. A major pur-
pose of this study therefore was to further test this, by
testing for signatures of selection in the derived HTR12
gene copy of A. halleri and A. lyrata, using both diver-
gence between the species and diversity within them.
Surprisingly, we failed to detect any evidence for fixation
of advantage mutations in either locus in these species,
or in their CENP-C.

MATERIALS AND METHODS

Plant materials and DNA isolation: To investigate the
HTRI12 gene sequences of the study species and to estimate
divergence between them, we used the following individual
plants from the following species: an A. halleri ssp. gemmifera
plant from Ohtani (Kasumi, Hyogo, Japan), an A. halleri ssp.
halleri individual (AH-P1-13, from Pontresina, Switzerland),
an A. lyrata ssp. lyrata individual (Ontario4, from Ontario,
Canada, given to us by. B. K. Mable, University of Glasgow),
an A. lyrata ssp. petraea plant (99R11-2, from Mount Esja,
Iceland), and an A. glabra plant from Ohmi-Shirahama
(Takashima, Shiga, Japan). The sample used for diversity
estimates is described below. Total DNA was isolated from
dried leaves by a modified CTAB method or using a FastDNA
kit (Q-BIOgene) according to the manufacturer’s instructions.

Isolation of centromeric histone H3 (HTR12) and CENP-C
genes: Primers were designed on the basis of the sequence of
the HTRI2 (Atlg01370) gene of the A. thaliana strain Col0.
The primers ATC1672+ (5'-TAA AAA TCA ATG GCG AGA
AGC-3") and ATC3536— (5'-CGA AAA GCA GAT AGA AAC AC-
3") were designed for the 5’ region, including the initiation
codon, and the 3’ flanking region of the Atlg01370 sequence,
respectively. PCR reactions yielded two different sequences
from genomic DNAs of A. halleri ssp. gemmifera. As described
later, these two sequences appear to represent two loci, de-
noted in what follows by HTRI2A and HTRI2B. Primers
specific for each putative locus were then designed (a 5’
primer ATC1672+ for both loci, and 3" primers for loci A and
B: HTR12a—: 5"-ATT CCG CTT TCC AGT TAT GTT T-3' and
HTRI12b—: 5'-GGA TCC TAG ATATTG TTA ACT ATT C-3').
These primers yielded two sequences from A. hallerissp. halleri,
A. lyrata ssp. lyrata, and A. lyrata ssp. petraea and from whole
young shoot cDNA of A. hallerissp. gemmifera. The exon—intron
junctions were determined by comparing the HTR12sequences
from cDNA and genomic DNA. For CENP-C amplification,
two primers designed in exon 6 (5'-AAA AGG AAA AGA GGT
AGA TGT GC-3') and exon 11 (5-ATG CCG ATA ACA GTA
GTC AAA C-3') were used. The sequences were deposited
in the DDBJ and GenBank databases under accession nos.
AB081500-AB081505, DQ450543-DQ450605, and DQI87606—
DQ987610.

Genotyping of the mapping family: A set of 99 Fy, mapping
family plants (KUITTINEN ef al. 2004; HANSSON et al. 2006) was
used to determine the chromosomal locations of the dupli-
cated lociin A. lyratassp. petraea. Four Fy plants were chosen to
determine partial sequences of the two HTRI2 genes, using
primers HTR1229+ (5’-GCC CCT CCC CAA ATC AAT G-3')
and either HTR12a— or HTR12b— (see above). Polymorphic
restriction enzyme recognition sites found in the sequenced
regions among the Fy plants were then analyzed by PCR-RFLP

TABLE 1

Sources and numbers of A. lyrata plants used in the
diversity study

No. of plants
Sequence and PCR-RFLP

Population Country PCR-RFLP only
Subspecies petraea

Mount Esja Iceland 7 18

Reykjanes Iceland 0 2

Stubbsund Sweden 4 3

Plech Germany 4 4

Karhumaki Russia 4 5

Spiterstulen Norway 0 8

Lom Norway 0 8

Clogwyn Wales 2 2

D’ur Arddu

Glaslyn Wales 0 8
Subspecies lyrata

Ontario Canada 4 0

Indiana United States 0 4

(HinfI was used for scoring the HTRI2A genotypes, and Haelll
for HTR12B).

Sequence diversity analysis: A total of 21 plants from five
populations of A. lyrata ssp. petraea and 4 plants from a single
population of A. lyrata ssp. lyrata were sampled and used to
survey DNA polymorphism in the HTRI12 loci (Table 1). For
these plants, sequences of at least three clones were deter-
mined for each sample and consensus sequences were used
in the analyses below. If one clone differed from the others,
more clones were sequenced to obtain both alleles of each
plant. In total, 30 HTRI2A and 30 HTRI2B sequences were
obtained from A. lyrata. Coding regions were assigned using
cDNA information from A. halleri ssp. gemmifera obtained in
this study and A. thaliana (TALBERT et al. 2002).

Sequence analyses: The sequences were aligned manually.
The DnaSP version 3.5 (Rozas and Rozas 1999) and MEGA2
(KUMAR et al. 2000) programs were used to analyze divergence
and diversity (using nucleotide diversity, , as the estimate of
intraspecific polymorphism) and population differentiation,
to test linkage disequilibrium (LD), and to apply several tests
for neutrality (see below), including McDonald—Kreitman
tests (McDoNALD and KrerrMAN 1991). The other tests for
neutrality were those of HKA (HUDSON et al. 1987), Tajima’s D
(Tajima 1989), Fu and Li’s D (Fu and L1 1993), Fu’s F; (Fu
1997), and Fay and Wu’s H (Fay and Wu 2000). Wall’s Band Q
(WALL 1999), and Kelly’s ZnS (KELLY 1997) were used to test
for LD, using only parsimony informative sites. Recombina-
tion rates were estimated as R per site (R/site) and as R,,, the
minimum number of recombination events, using DNAsp.

Trees were constructed from the sequences by the neighbor-
joining method with Jukes—Cantor distances, using the MEGA2
program (KuMmAR et al. 2000). Synonymous and replace-
ment divergence values were estimated by Nei and Gojobori’s
method with Jukes—Cantor correction, using MEGA2. The
directions of mutations in A. halleriand lyratawere determined
by parsimony with the A. thaliana sequence as the outgroup.
When the nucleotides in both species differed from that in
A. thaliana, or when the site was in a sequence gap in the
A. thaliana sequence, the site was excluded from this analysis.
For the CENP-C gene, mutations were assigned to individual
branches by parsimony and then Dy, Ds, and Di,yon values
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were calculated for each branch by dividing the number of
mutations by the numbers of sites using Jukes—Cantor correction.

PCR-RFLP: Three sequence types were found at the
HTRI2B locus (see below). To estimate the haplotype fre-
quencies in samples from natural populations, we used PCR-
RFLP. Two HTR12B primers (HTR1229+: 5’-GCC CCT CCC
CAA ATC AAT C-3' and HTR12b—) were used to obtain a PCR
product of ~550 bp, which was digested by either EcoRV or Psil
and separated on 1.5% agarose gels. The Psil recognition site
is specific to sequence type 1 and the EcoRV recognition site is
present in both types 1 and 2. Thus, the three sequence types
can be distinguished.

RESULTS

Duplicated HTRI2 genes: Unlike other diploid ani-
mals and plants, two apparently distinct HTRI2 loci,
HTRI2A and HTRI12B, were found in the genomes of all
four A. halleri and lyrata subspecies, and in cDNA. The
CENP-C gene is single copy, as in other related species,
and will be discussed below. The exon—intron structures
of the HTRI2A and HTRI12B genes of A. lyrata are the
same as for the previously reported Arabidopsis HTRI12
genes (TALBERT et al. 2002). In both A. hallerisubspecies,
however, the HTR12A gene has a 16-bp deletion relative
to either the A. halleri ssp. gemmifera HIT'RI2B or the
A. thaliana HTRI12 sequence. This deletion is located
near the 3’-end of intron 1 and includes the putative 3’
AG splice site. There is a new functional splice site 22 bp
upstream of the usual splice site, so that the A. halleri
HTRI2A exon 2is two amino acids longer than the other
HTRI2 loci. Both duplicates are probably functional,
since this product was obtained from cDNA from A.
halleri ssp. gemmifera whole young shoots. Furthermore,
mean site divergence values per replacement site (K,)

are low between the A and B copies, compared with
silentsite divergence values (K, = 0.020, K; = 0.078,
Kgien: = 0.069), and between each of them and the
A. thaliana HTR12 sequence (K, = 0.064, K; = 0.132,
Ksilcnt = 0102)

Chromosomal locations of the duplicated HTRI2
genes: To test the interpretation that the two types of
HTRI2 sequences represent a duplication, we used
genetic mapping using polymorphisms in a mapping
family of A. lyrata ssp. petraea (KUITTINEN et al. 2004).
Because one parent was homozygous for HTRI12B, and
the other for HTRIZ2A, linkage of the duplicated loci
could not be tested directly, but we infer that they
are unlinked from their positions in the genetic map
(Figure 2). In A. thaliana, the marker closest to the sin-
gle HTRI2 locus (Atlg01370) is PVV4 (Atlg01480), at
3.2 cM, near the tip of the short arm of chromosome 1.
HTRI2Bis probably located at the same position as the
A. thaliana HTRI12, as it is closely linked (in the A. lyrala
linkage group 1) to several genes that, in A. thaliana, are
near HTR12: LHY (MIPS code Atlg01060, one recom-
binant/82 meioses scored), F20D22 (Atlg04120, one
recombinant/83 meioses), CRY2 (Atlg04400, two re-
combinants/80 meioses), and PHYA (At1g09570, four
recombinants/87 meioses). In contrast, HTRI2A is
closely linked to the following genes in the long arm
of A. thaliana chromosome 1, also in the A. lyratalinkage
group 1: VIP1 (Atl1g43700, eight recombinants/81 mei-
oses) and RHL1 (At1g48380, one recombinant/75 mei-
oses). The locations of closely linked genes in A. thaliana,
together with the general conservation of gene order
between the A. thaliana and A. lyrata maps of this chro-
mosome (KUITTINEN et al. 2004; KocH and Kierer 2005;
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YOGEESWARAN et al. 2005; HANSSON et al. 2006), indicate
that the duplicate HTRI2genes are probably at opposite
ends of the chromosome corresponding to the A. lyrata
linkage group 1.

The origin of the duplication: The divergence be-
tween the A. thaliana sequence and the duplicated
HTRI2]oci is much larger than between the duplicated
loci in A. halleri and A. lyrata, suggesting that the du-
plication occurred after the ancestor of A. halleri and
A. lyrata split from that of A. thaliana, assuming that
mutations accumulated in the two lineages at similar
rates. The respective mean divergence values for all sites
are 0.0916 vs. 0.0557; the silentsite divergence from the
A. thaliana sequence is also about twice that between

Type3

—— «—— recombinant

the duplicated loci (see above). In A. glabra, moreover,
we found only a single HTRI2 gene, supporting the
conclusion that the duplication occurred after the split
of A. thaliana from the lineage leading to A. halleri and
A. lyrata. The phylogeny, with A. glabra as an outgroup
species, is shown in Figure 3 (the diversity results within
A. lyrata are described below).

These findings seem to rule out the alternative pos-
sibility, suggested by the location of the HTRI2A locus,
that the duplication is an ancient one that was lost from
A. thaliana as part of the fusion event that created its
chromosome 1, which is the derived state (KocH and
Kierer 2005). HTRI2B is probably the ancestral copy,
because of its identical location to A. thaliana HTRI2
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TABLE 2

Nucleotide variants and diversity estimates () in the HTRI2 loci

Coding region

Entire region Synonymous Nonsynonymous Noncoding

Taxon N No. of sites S y No. of sites S, y No. of sites S, y No. of sites Sh y
HTRI2A

All 30 1600 57 (60) 0.0085 129.32 3 0.0072 377.68 8 0.0062 1087 46 (49) 0.0095

ssp. petraea 26 1626 50 (53) 0.0076 129.27 3 0.0056 377.73 6 0.0048 1113 41 (44) 0.0088

ssp. lyrata 4 1767 3 0.0009 139.67 00 406.33 1 0.0012 1218 2 0.0009
HTRI2B

All 30 1546 114 (115) 0.0262 124.33 12 0.0374 361.67 3 0.0033 1055 98 (99) 0.0328

ssp. petraca 26 1546 111 (112) 0.0247 124.33 11 0.0340 361.67 2 0.0024 1055 97 (98) 0.0312

ssp. lyrata 4 1776 0 0 136.67 00 391.33 0 0 1245 0 0

Numbers of mutations are shown in parentheses. S,, number of polymorphic sites.

and HTRI2A, a recently duplicated copy in the lineage
leading to A. halleri and A. lyrata. Since HTRI12A has an
exon—intron structure in A. lyrata identical to that of
other HTRI2 genes, the duplication event was not via a
messenger RNA intermediate, but probably involved
a transposition of genomic sequence.

Diversity in the duplicated HTR12 loci: To test for the
action of selection, we also obtained data on diversity
within species for the duplicate loci.

Within-population diversity: A. lyrata HTRI12A is con-
siderably less polymorphic than HTRI2B. For the entire
region sequenced, the nucleotide diversity estimates, 1r,
are 0.8 and 2.6%, respectively (Table 2; similar values
of 0.7 and 2.5%, respectively, are found in A. lyrata ssp.
petraea), but the difference is nonsignificant by a HKA
test (P = 0.187). In addition to 57 single nucleotide
polymorphisms, there are 41 length variants in the
HTRIZ2A locus, 4 of these indels being in the coding
region. In the HTR12Blocus, there are 114 polymorphic
sites and 29 length variants (only 1 in the coding re-
gion). Two plants from the Plech population have an
identical large deletion in HTRI2B (101 bp), starting in
intron 2; this causes loss of the intron-exon junction
and part of exon 3 and shifts the reading frame, so this
sequence is probably an inactive allele. Alternatively,
since this deletion causes loss of the splicesome recog-
nition site in intron 2, part of the intron 2 sequence
may be included in the mRNA. The transcript of this al-
lele would then include 10 bp of intron 2 sequence, but
would have lost 28 bp of exon 3, forming a protein 6
amino acids shorter than that encoded by the non-
deletion alleles, and with no homology between the 7
amino acids changed in the deletion alleles and the
presumably wild-type sequence (13 amino acids), al-
though we could not test this hypothesis by analyzing
cDNAs because only dried leaves were available, from
which mRNA could not be extracted.

The diversity estimates (Table 2) are similar to those
for other nuclear genes in A. lyrata ssp. petraea (WRIGHT

et al. 2003; WricHT 2003; RaM0os-ONSINS et al. 2004).
The mean silent site m-value based on 30 non-HTRI2
loci is 1.4%, excluding PgiC, whose diversity is very high,
but may be duplicated (see KAWABE and MIYASHITA
2002b).

The higher polymorphism in HTRI12B is due mainly
to the presence of three divergent types of sequences
with high synonymous and noncoding site divergence
(6/12 synonymous and 47/99 noncoding variations
were fixed between sequence types, although, with our
small sample size, the numbers of fixed sites will be
overestimated), but there are only three nonsynony-
mous variants, and these are not fixed between the
sequence types, so they appear not to represent func-
tionally different alleles. Two of the three types have
diversity similar to that of the entire set of HTRI2A se-
quences. The three types are not simply local variants,
since all are widely distributed geographically, and
some populations include several (the Plech popula-
tion from Germany has all three). Type 1 is found in the
North American subspecies, A. lyrata ssp. lyrata, and in
four European A. lyrata ssp. petraea populations, as well
asin A. hallerissp. gemmifera (Figure 3). Sequence type 2
is much less polymorphic than the other types (or than
HTRI2A) and was found in three geographically dis-
tant European ssp. petraea populations: Mount Esja
(Iceland), Stubbsund (Sweden), and Plech (Figure 3).
All the sequences from the Karhumaki population
(Russia) are of type 3, together with some from Plech.
Further evidence for long-term persistence of the
three different HTRI2B sequence types is that there
are many shared polymorphisms between A. lyrata and
A. halleri. The sequences of an A. halleri ssp. halleri plant
from Switzerland cluster separately from the other se-
quences, but are most similar to sequence types 2 and
3, whereas the A. halleri ssp. gemmifera sequence is sim-
ilar to sequence type 1. These results suggest that the
different HTRI12B sequence types originated before A.
halleriand A. lyrata split from one another.
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TABLE 3

Frequencies of the three major HTRI2B sequence types determined by PCR-RFLP analyses

Genotypes
Homozygotes Heterozygotes Sequence types Frequencies of sequence types
Population Country  No. of plants 1 2 3 1/2 1/3 2/3 1 2 3 1 2 3
Mount Esja  Iceland 25 8 12 5 21 29 0 0.420 0.580 0
Reykjanes Iceland 2 2 4 0 0 1 0 0
Clogwyn Wales 4 4 8 0 0 1 0 0
D’ur Arddu

Glaslyn Wales 8 8 16 0 0 1 0 0
Plech Germany 14 1 2 3 3 5 8 10 8 0.308 0.385 0.308
Lom Norway 8 8 16 0 0 1 0 0
Spiterstulen  Norway 8 8 16 0 0 1 0 0
Stubbsund Sweden 13 10 3 20 6 0 0.769 0.231 0
Karhumaki ~ Russia 9 9 0 0 18 0 0 1
Ontario Canada 4 4 8 0 0 1 0 0
Indiana United States 4 4 8 0 0 1 0 0
Total 99 57 17 9 8 3 5 125 45 26 0.638 0.230 0.133

See MATERIALS AND METHODS.

In contrast, the HTRI2A sequences of A. lyrata and
A. halleri cluster separately from one another, and
even sequences from the two A. lyrata subspecies, lyrata
and petraea, can be distinguished in the phylogenetic
tree (with 99% bootstrap support; Figure 3). In both
HTRI2A and HTRIZ2B trees, sequences from the pop-
ulations from Wales, Karhumaki, and Ontario form
clusters, supporting previous suggestions of some iso-
lation between these geographically distant A. lyrata
populations (WRIGHT et al. 2003; RAMOS-ONSINS et al.
2004). However, all these populations have very low
within-population polymorphism that could cause sep-
arate clustering.

Fst for HTRI12A exceeds 70% for 10 of 15 between-
population comparisons, and the mean for all popula-
tions is 0.71 (average Fsr in subspecies petraea is 0.62,
similar to the value based on 18 reference loci studied
in the same populations, which yielded a mean of
0.58, including ssp. lyrata and 0.54 for the European
ssp. petraea populations; A. Kawabe, S. 1. WRIGHT,
A. ForresT and D. CHARLESWORTH, unpublished
data).

Frequencies of the different HTRI2B sequence types:
Because our samples are small, they only poorly esti-
mate the frequency distribution of the three HTRI2B
sequence types. To estimate frequencies, we therefore
also did PCR-RFLP analyses for 99 plants from 11 pop-
ulations from seven countries (Table 3). Eight of the
populations were found to be monomorphic for one
sequence type, mostly type 1 (the only exception is the
Karhumaki population, fixed for sequence type 3).
However, three populations showed polymorphism by
PCR-RFLP, where two or three sequence types were
found by sequence analyses. All three polymorphic pop-
ulations have intermediate frequencies of each sequence

type. In the Mount Esja population, the genotype fre-
quencies do not deviate from Hardy-Weinberg equilib-
rium frequencies (x* = 0.877). However, Plech has an
excess of heterozygotes and deviates significantly (11
heterozygotes of 14 plants, x* = 7.942, P < 0.01), while
none of the 13 plants in the Stubbsund sample was het-
erozygous (x> = 10.692, P < 0.01).

Patterns of polymorphism at the HTRI12loci: Despite
the highly divergent HTRI2B sequences, only Fu’s
E statistic (Fu 1997) for the HTRI2A locus suggests
a significant deviation from neutrality (Table 4). This
statistic is highly sensitive to hitchhiking events and
population growth. Thus this locus may have experi-
enced a recent bottleneck event. This result remains
significant for just the A. lyrata ssp. petraea sequences.

We found a high proportion of significant linkage
disequilibria between pairs of sites in HTRI12B data sets
(27% of site pairs are significant after Bonferroni cor-
rection). Wall’s B and Q statistics are also both signifi-
cant for the HTR12Bsequences (Table 4). Nevertheless,
many recombination events are detectable in both
HTRI2A and HTRI12B (Table 4).

In the A. lyrata sequences, HTRI12A has eight replace-
ment polymorphisms and three synonymous ones, while
for HTRI2B the ratio of replacement-to-synonymous
polymorphisms is 3:12, a significant difference. A
McDonald-Kreitman test using divergence between
the duplicated loci in A. lyrata gave a significant excess
of replacement polymorphisms in H7TRI2A, whereas
HTRI2B showed no significant difference from neutral-
ity. The only form of selection suggested by these results
is purifying selection in HTRI12B since the gene dupli-
cation. Using divergence from the A. thaliana sequence,
a McDonald-Kreitman test was not significant for
HTRI2A, but was significant (P < 0.05) for the HTRI12B
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TABLE 4

Tests of neutrality and results of estimates of linkage disequilibrium and recombination

HTRI2A HTRI2B
Locus and taxa All ssp. petraea  ssp. lyrata All ssp. petraea
Sample size (alleles) 30 26 4 30 26
Tajima’s D —0.389 —0.444 0.168 1.518 1.172
Fu and Li’s D* 0.063 0.009 —0.368 0.997 0.986
Fu’s F —7.9627: —5.664* —2.181 4.271 2.987
Fay’s H" —0.055 —2.055 0.667 —1.113 —5.772
LD
No. of parsimony informative sites 38 31 1 98 95
Significant pairs (P < 0.05 by Fisher’s exact test) 215/703 169/465 NA 2831/4753 2326/4465
Significant pairs after Bonferroni correction 44 (6.26%) 32 (6.88%) NA 1296 (27.27%) 707 (15.83%)
Kelly’s ZnS 0.173 0.229 NA 0.374 0.376
Wall’s B 0.162 0.167 NA 0.433* 0.457*
Wall’s Q 0.263 0.29 NA 0.602* 0.632*
R/site 0.0090 0.0045 NA 0.0025 0.0021
R, 11 10 NA 7 7

HTRI2B was not analyzed separately for A. lyrata ssp. lyrata because there were no polymorphic sites. *P < 5%; **P < 0.01.

“Estimated using A. thaliana sequence as the outgroup.

locus, which shows an excess of fixed replacement var-
iants, but few replacement polymorphisms (Table 5),
suggesting the action of directional selection. Previous
studies of HTRIZ2 also found unusually high replace-
ment divergence between several Arabidopsis species
(TALBERT et al. 2002; CooPER and HENIKOFF 2004). To
infer when these substitutions (and thus the selection)
occurred, we determined the direction of each muta-
tion by parsimony using the sequence of the single copy
in A. glabra. This analysis placed seven synonymous and
13 replacement substitutions in the A. thaliana lineage,

while four synonymous and 5 replacement substitutions
are assigned to the A. lyrata lineage before the duplica-
tion event (for two of the replacement sites that differ
between the Arabidopsis species, we cannot determine
the lineage, because there is a sequence gap in A.
glabra). These differences between substitutions before
and after the duplication are not significant by a G-test.
The replacement fixations are therefore probably not
specifically related to the recent duplication. Overall,
there is little evidence for selectively driven substitutions
in either A. lyrata gene.

TABLE 5

McDonald-Kreitman tests

Polymorphisms within

A. lyrata Fixed differences from A. thaliana Fixed differences from other locus
Locus Synonymous Replacement Synonymous Replacement Significance Synonymous Replacement Significance
HTRI2A 3 8 15 21 NS 6 2
HTRI2B 12 3 12 19 * 6 2 NS
Polymorphisms within
A. lyrata
Lineage’ Synonymous Replacement
A. thaliana 7 13
A. lyrata
Before duplication 4 5
HTRI2A 4 1
HTRI2B 2 1

Note that the number of polymorphic sites differs between the comparisons because of alignment gaps. *P < 0.05.

“One replacement polymorphic site in HTRI2A is found in polymorphic indel variation in HTRI12B. If this mutation is ex-
cluded, the comparison between 3:7 vs. 6:2 is not significant (P = 0.063).

’ Directions of mutations are determined by parsimony with A. glabra sequence. Two replacements found only in A. thaliana
sequence locate in a sequence gap in A. glabra. One synonymous and two replacement changes in the A. thaliana lineage are

in the polymorphic indel variation in HTRI2B.
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CENP-C gene divergence: To test for selection acting
on the other centromere protein gene, CENP-C, we se-
quenced the gene in A. lyrataand A. halleriand analyzed
divergence from A. thaliana. We determined sequences
for one plant from each A. halleri and A. lyrata sub-
species for this genomic region for which adaptive evo-
lution was suggested between A. thaliana and A. arenosa
(TALBERT et al. 2004); the region extends from exon 6 to
intron 10 and its length is ~1.4 kb. Using the A. glabra
sequence as an outgroup, most mutations could be
assigned to individual branches by parsimony. In the
coding region analyzed (~600 bp), the high Dy/Ds
values tend to be found for branches that have high Ds.
The highest Dy/Ds ratio is inferred in the A. glabra
lineage (1.423), and the lowest in the A. halleri lineage
(0.184). Exceptin the A. glabra and A. thalianalineages,
Dy values are lower than Dg or Diy,.on Values.

Although relatively high Dy/Ds ratios are seen in
CENP-C, in almost all species comparisons this is mainly
due to low synonymous divergence. Exons 8 and 9,
which are a putative region undergoing adaptive evo-
lution (TALBERT et al. 2004), have no synonymous
substitutions, even in comparison with the A. glabra
sequence. On the other hand, there are many sub-
stitutions at replacement and intron sites (Figure 4).

Among the taxa that have multiple centromere satel-
lite families (A. halleri and A. lyrata), divergence esti-
mates for this gene are not unusually low (Ds = 0.042,
Dy = 0.018, and Diperon = 0.032 between the species),
ruling out a recent selective sweep before the split of
the two species, such as could be due to selection associ-
ated with the fixation of centromere satellite sequences
shared between these two species. The sequences from
the two subspecies within both A. lyrata and A. haller:
have very few differences (Figure 5; note that no intron
sequence is available for A. arenosa). Thus an interpre-
tation involving independent selective sweeps in each
species after their split is possible, but it is evident that
neither species has maintained different CENP-C alleles
that could have different DNA—protein interactions.

The gene trees for synonymous and replacement sites
also suggest a divergence time for CENP-C sequences
of A. lyrata and A. halleri very close to these species’ split
from the A. arenosa sequence. Two major centromere
satellite families, pAgel and pAge2, are shared by
A. lyrata and A. halleri but not found in A. arenosa. If
their appearance has led to replacement of CENP-C by
new, functionally different alleles since these species
split, one would expect the A. lyrata and A. halleri se-
quences to be much more similar to each other than
to A. arenosa. Our results do not, therefore, support a
conclusion of adaptive changes in CENP-C.

DISCUSSION

Duplication of the HTRI2 gene in A. halleri and
A. lyrata: This is the first known case of duplication of
the centromeric histone H3 (CenpA) gene in a diploid
Arabidopsis species. TALBERT et al. (2002) suggested
that, in allopolyploid species, the two CENP-A proteins
from the different parent species might form hetero-
dimers, sometimes allowing coexistence of both spe-
cies’ centromeric satellite sequences. However, this state
probably does not persist in the long term. In Zea mays,
which is a fairly recent allotetraploid (due to an event
estimated to be ~11 MYA; GauT and DoOEBLEY 1997),
there is now only one centromeric histone H3 gene
copy (ZHONG et al. 2002). The only other known case of
duplication is in the nematode Caenorhabditis elegans,
which has two CENP-A loci, while the related species
C. briggsae has just one copy, but one copy is not ex-
pressed, or is expressed very weakly (MONEN et al. 2005).
Duplication and maintenance of two or more copies
of CENP-A thus appears to be rare in both plant and
animal species. A. halleri and A. lyrata may be in a situa-
tion similar to thatin the early stage of allopolyploid for-
mation; the HTR12 proteins encoded by the duplicate
genes have diverged in sequence, and it remains to be
tested in the future whether they now colocalize at
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different centromere regions and bind different cen-
tromere repeats. Since there are three major satellite
families, but only two HTRI12genes, there is notasimple
one-to-one relationship between HTRI12 and centro-
meric satellite families. A. halleri and A. lyrata may thus
represent a transient stage with protein—-DNA interac-
tions whose specificity is not stringent.

Evidence for selection: If centromere evolution drives
the evolution of differences in centromeric histone
H3 genes (HTRI2 in Arabidopsis) to acquire altered
binding specificities to prevent distorted segregation of
different centromere satellite variants (HENIKOFF et al.
2001; MaLik and HeNikorr 2001), the two HTRI2 loci
may be expected to have experienced different selective
pressures. For example, one of the duplicates might ex-
perience an evolutionary “arms race” with a centromere
and should then have many fixed replacement substi-
tutions (and low within-locus diversity may be found,
if a selective sweep has occurred recently). Neither of
the two duplicated HTRI2 loci in A. lyrata shows clear
evidence of the expected multiple replacement substi-
tutions fixed in their lineages even though relaxed selec-
tive constraint might be expected for duplicated genes.

The HTRI2A locus: Polymorphism in A. lyrata is low
for the duplicated HTR12Alocus, which might suggest a

recent selective sweep, and we find a significant result
from one test that can detect such events (Fu’s F; test,
which detects an unusually low frequency of old alleles,
i.e., an excess of variants at frequencies lower than
predicted by a constant population size and neutral
model, indicating recent mutations on the external
branches). The low HTRI2A locus polymorphism, and
also the high relative number of replacement polymor-
phisms, could be due to a recent bottleneck affecting
either this species or just this gene, since a prolonged
bottleneck of low population effective size can hinder
the elimination of slightly deleterious replacement mu-
tations. The significant I5 value is seen only for HTRI12A,
whereas a recent strong bottleneck should affect all loci
(e.g., the one inferred in A. halleri ssp. gemmifera, which
was detected at four loci; see KAWABE and MIYASHITA
2003). However, data from other A. lyrata loci do
not suggest a bottleneck in population size (only 2
of 18 reference loci showed significantly negative I
values, A. KAwWABE, S. I. WrRiGcHT, A. FORREST and D.
CHARLESWORTH, unpublished results). In the future,
it will be interesting to analyze more loci, including
genes near the HTRI12A locus.

If bottlenecks are ruled out, a selective sweep in
the HTRI2A locus in A. lyrata may be a possible
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explanation for our results for this locus, although there
is certainly no evidence for an “arms race”-driven sub-
stitution process and no significant excess of replace-
ment substitutions.

The HTRI2B locus: An excess of replacement sub-
stitutions was found for HTRI2B, which is probably the
ancestral copy, but this was due to substitutions in the
A. thaliana lineage, not in HTRI2B. Moreover, this
gene has high diversity in A. lyrata and shows evidence
of long-term maintenance of several different haplo-
types, clearly dating to before the split between A. lyrata
and A. halleri. Our segregation analyses establish that
the different sequence types are allelic. HTRI2B has
therefore not undergone the repeated selective sweeps
expected under an “arms race” scenario.

It is possible that persistence of these sequence types is
related to the presence of the different major centromere
sequences in our study species. The linkage disequilib-
rium that we observe is consistent with long-term balanc-
ing selection, but none of the tests that we applied detects
significant deviations from neutrality. A low recombina-
tion frequency (or a high degree of selfing, implying a
low effective recombination rate) can also cause linkage
disequilibria (NORDBORG et al. 2000). However, HTRI2B
is not in a genomic region of low recombination rate
(HanssoN et al. 2006), and A. lyrata is an outcrossing
plant in most populations; of the populations studies
here, only the Ontario population (population TC in
MABLE et al. 2005) may be partially inbreeding. Larger
samples from individual populations may be needed to
detect a signature of balancing selection by Tajima’s test,
since pooled data from different populations can be mis-
leading (see SCHIERUP ¢t al. 2000). However, the fact that
no replacementsites are fixed between the three HTRI2B
sequence types suggests that they may not represent
functionally different types. We also cannot exclude the
possibility that a gene very closely linked to HTRI2B ex-
periences balancing selection and influences the HTR12B
locus polymorphism. The surrounding genome region
should then show linkage disequilibrium with HTRI2B
and should also have high diversity (CHARLESWORTH et al.
1997; TAKAHATA and SATTA 1998; SCHIERUP et al. 2000;
NAVARRO and BARTON 2002); these are testable predic-
tions, but have not yet been tested.

Although the reasons for the maintenance of the
divergent HTRI2B alleles are thus unclear, it is clear
that this locus has not been the target of a centromere
satellite—protein coevolutionary arms race. The only
clear evidence that we have found for selection suggests
that the HTRI2B locus is under purifying selection. The
HTRI2B locus results suggest purifying selection, while
HTRI2A has low polymorphism and might possibly
have undergone a selective sweep. HTR12B might have
maintained interactions with the ancestral satellite se-
quence families, while HTR12A evolved to interact with
new satellite families. However, the evidence is weak
that HTR12A has been repeatedly selected for func-

tional changes involving interaction with the new cen-
tromere sequences, because there is no evidence of
an “arms race” since we do not observe multiple amino
acid substitutions at this locus.

If these species have undergone a centromere “evo-
lutionary arms race,” it might perhaps have involved
the other centromere protein, CENP-C, which, as men-
tioned above, has been reported as acting as a player of
the centromere “arms race” evolution in both plants
and animals (TALBERT e al. 2004), including Arabidop-
sis species. Our finding of high divergence between
A. halleri and A. lyrata, and low divergence within these
species, does not, however, support CENP-C evolution
associated with the multiple centromere satellite fami-
lies shared between A. haller: and A. lyrata. The high
Dy/ Ds ratios between many species appear to be due to
low synonymous changes, whose cause is not under-
stood, and not to adaptive evolution or relaxed selective
constraints. The cause of the reduced rate of synony-
mous change in the CENP-C gene of Arabidopsis is not
understood, but constraints affecting synonymous sites
are reported in other organisms and can cause local het-
erogeneity of synonymous divergence, and consequently
high Dy/Ds ratios in certain regions of some genes
(e.g., POND and MuUsE 2005; CHARMARY et al. 2006).

We thank H. Kuittinen and O. Savolainen for DNA samples from
the mapping family, B. K. Mable for plant material, S. Preuss for iso-
lation of genomic DNAs, and the Institute of Evolutionary Biology,
Edinburgh University Sequencing service for sequencing.
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