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ABSTRACT

Microsatellite loci are among the most commonly used molecular markers. These loci typically exhibit
variation for allele frequency distribution within a species. However, the factors contributing to this
variation are not well understood. To expand on the current knowledge of microsatellite evolution, 20
microsatellite loci were examined for 126 accessions of the flowering plant, Arabidopsis thaliana. Substantial
variability in mutation pattern among loci was found, most of which cannot be explained by the assumptions
of the traditional stepwise mutation model or infinite alleles model. Here it is shown that the degree of
locus diversity is strongly correlated with the number of contiguous repeats, more so than with the total
number of repeats. These findings support a strong role for repeat disruptions in stabilizing microsatellite
loci by reducing the substrate for polymerase slippage and recombination. Results of cluster analyses are also
presented, demonstrating the potential of microsatellite loci for resolving relationships among accessions of

A. thaliana.

ICROSATELLITE loci are tandemly repeated
DNA motifs of 1-6 bp in length; they are also
referred to as simple sequence length polymorphisms
(SSLPs), simple sequence repeats, simple tandem re-
peats, and variable number tandem repeats (VNTRs).
These loci occur at high frequency in all eukaryotes
examined (KATTI et al. 2001) and at some lower fre-
quency in prokaryotic genomes (METZGAR et al. 2001).
The use of microsatellite loci as polymorphic DNA mark-
ers has expanded considerably over the past decade
both in the number of studies (EsToup and ANGERS
1998) and in the number of organisms (BARKER 2002),
primarily due to their facility and power for population
genetic analyses. Microsatellite loci are typically highly
variable, even in organisms that otherwise display little
genetic variation (ZWETTLER el al. 2002), are relatively
straightforward to identify (ZANE et al. 2002), and can be
scored via many different methods. Although originally
described from humans for use in genetic fingerprint-
ing (L1tT and LuTy 1989), microsatellite locus use today
includes genetic mapping (e.g., McCoucH et al. 1997;
SakaMOTO and OkaMOTO 2000), assessments of genetic
diversity (CRUzAN 1998; DRriscoLL et al. 2002), forensics
(GILL et al. 1985; KuBo et al. 2002) and studies of human
genetic disease proliferation (CuNnirr 2001; RaNnum
and Day 2002).

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under accession nos. AY295838—
AY295871 and AY293992-AY294004.
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Microsatellite loci increase and decrease in length
due to polymerase slippage during DNA replication
(EckERT et al. 2002) and recombination (RiCHARD and
Paques 2000), both of which are consequences of hav-
ing a series of identical tandemly repeated units. With
these phenomena in mind, discussions of microsatellite
evolution primarily center around two models, the step-
wise mutation model (SMM) and the infinite alleles
model (IAM; BarLLoux and LucoN-MouLiN 2002). In
short, the SMM suggests that the mutation of microsatel-
lite alleles occurs by the loss or gain of a single tandem
repeat, and the IAM describes mutations involving the
loss or gain of any number of repeats, but always gener-
ates new, previously unsampled alleles (see review by
Estour and CORNUET 1999). One commonality be-
tween these two models is that they consider only changes
in tandem repeat number. More recently it has been
suggested that microsatellite locus evolution is most
strongly influenced by the balance between locus length
and point mutation rate (KRUGLYAK et al. 1998). Spe-
cifically, longer microsatellite alleles are hypothesized
to be more prone to generate new length variants than
are shorter alleles (WIERDL ¢t al. 1997). However, nonre-
peat mutations (substitutions, insertions, and deletions)
thatinterrupt perfect tandem repeats affect the function
of length. The disruption of a set of tandem repeats by
any process, including indels and point mutations, in
effectlessens the number of perfectly repeated units and
is expected to reduce the likelihood of locus evolution
(RovrsMEIER and Lanur 2000). Despite advances in
development of molecular evolution models and the
widespread use of microsatellite markers, detailed analy-
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sis of microsatellite evolution and the underlying forces
remains limited to relatively few studies representing
even fewer organisms (for examples, see NOOR el al.
2001; VIGOUROUX et al. 2002).

Arabidopsis thalianahaslong been a model genetic and
molecular system for plant biology. Recently, natural
variation within this species has come into focus (ALONSO-
Branco and KoorNNEEF 2000), expanding its utility
toward addressing evolutionary and population biology
questions. Unfortunately, the genetic infrastructure, in-
cluding mapping data, in place for the few most com-
monly used accessions of A. thaliana, does notyet extend
to the several hundred wild-collected accessions avail-
able. An examination of microsatellite variation within
A. thaliana, therefore, serves at least two purposes: im-
proving upon the genetic tools available for this model
organism and expanding our knowledge of microsatel-
lite evolution.

Previous studies on A. thaliana microsatellite loci have
shown that they are abundant (CASACUBERTA et al. 2000;
KATTI et al. 2001) and highly variable (INNAN et al. 1997;
VAN TREUREN et al. 1997; Crauss ef al. 2002). However,
these works are limited to <50 accessions and the studies
minimally overlap in marker usage. To develop the util-
ity of microsatellite loci among wild accessions and to
investigate factors affecting mutation patterns at these
loci, we have gathered size and sequence data for a
diverse collection of A. thaliana accessions. We find sub-
stantial variability in mutation pattern among micro-
satellite loci and among accessions, most of which spe-
cifically conforms to neither the SMM nor the IAM.
Contributing to this variation is sequence complexity
and the presence of repeat disruptions within loci. Here
we show that high-diversity loci tend to possess long
stretches of contiguous repeats, while low-diversity loci
either are uninterrupted with few total repeats or con-
tain repeat interruptions that result in few contiguous
repeats. Further, sequence data indicate that there is a
wealth of intraspecific, potentially phylogenetically in-
formative variation at these loci, an important point in
a model system for which we possess little genealogical
information.

MATERIALS AND METHODS

Plant materials: Genetic variation among 120 “wild” acces-
sions and several commonly used reference accessions (includ-
ing Col-0, Ler, and WS) of A. thaliana was surveyed (Table 1).
Line selection was based on global population coverage and,
for a subset of lines, local proximity. That is, a few nested
accessions including separate collections made from near the
same location were selected. Although microsatellite size data
exist for the three reference accessions, different size scoring
methods tend to yield varying results (our personal observa-
tion). Therefore, the reference accessions were included in
our analyses to derive data directly comparable with all other
accessions included. Two stocks, Cal-0 and Tac-0, were gener-
ously provided by Johanna Schmitt and Lisa Dorn. Three of
the reference accessions used were lab stocks. All remaining

seed stocks were acquired from the Arabidopsis Biological Re-
source Center. Although all accessions of A. thaliana are re-
portedly nearly completely homozygous (BERGELSON et al.
1998), all accessions included here underwent at least one
round of additional selfing in our lab prior to genotyping.
Seed for all lines were imbibed in water and vernalized at 4°
for 3 days prior to germination at 22° under 24 hr light.

Microsatellite survey: Total DNAs were extracted from sev-
eral rosette leaves of a single individual for each accession
following a modified CTAB method (modified from DoyLE
and DoyLE 1987). Approximately 50 ng of total DNA was used
as template in individual microsatellite amplification reac-
tions.

All lines were screened at 20 microsatellite marker loci.
These loci were selected to provide approximately equal cover-
age across the genome at a density equivalent to that required
for rough-scale mapping (approximately every 30 cM), taking
into consideration both the distance between pairs of markers
and the distance between centromere and chromosome end
positions (Table 2). Primer sequences for all loci, which were
originally described by BELL and EckER (1994) and LukowITz
et al. (2000), were acquired through the Arabidopsis Informa-
tion Resource (http:/www.arabidopsis.org). Each locus was
amplified by PCR and fluorescently labeled by one of two
methods: either the forward primer in each reaction was la-
beled directly with one of the three dyes (D2, D3, and D4)
used on Beckman-Coulter instruments or an MI3 tailing
scheme was followed as described by BouTIN-GANACHE et al.
(2001), whereby the forward primer was 5'-tailed with the
M13 forward sequence and used in conjunction with a 15-
fold excess of a fluorescently labeled M13 forward primer. All
primers used in amplification reactions were synthesized by
ResGen (Invitrogen, San Diego). The switch was made to the
M13 tailing scheme because it requires only three fluores-
cently labeled primers, rather than independently labeling all
forward primers.

Amplification reactions were carried out in 10-ul volumes
containing 1X PCR buffer (Invitrogen), 1.5 mm MgCly, 50 M
each dNTP, and either 600 nM each primer (for reactions
with labeled forward primer) or 150 nm labeled M13 and
reverse primers and 10 nm unlabeled forward primer (for
M13 tailed primer scheme). Approximately 50 ng of each
DNA extraction was used as template for individual locus am-
plification in a standard 96-well plate format. Standard ampli-
fication conditions consisted of 95° for 3 min, 30 cycles of
denaturing at 94° for 1 min, annealing at 55° for 1 min, and
polymerization at 72° for 1 min, followed by a final extension
for 6 min at 72°. As the annealing temperature for the M13
primers is lower than that of the average SSLP primer, amplifi-
cation conditions for the M13 scheme were modified by low-
ering the annealing temperature to 52°. Although two ampli-
fication schemes were used, the amplification conditions for
each locus were consistent among all accession templates am-
plified and no significant difference in amplification rate was
observed between the two protocols.

Microsatellite length polymorphisms were detected and
scored by capillary electrophoresis on a Beckman-Coulter
CEQ 2000XL DNA analyzer. Although all amplification reac-
tions were carried out individually, the use of three different
dyes allowed for the pool-plexing of samples during separation
and allele sizing. Typically, the PCR products of three separate
reactions for one individual, each labeled with a different dye
(D2, D3, and D4) were pooled. The pooled products were
then purified in vacuum filter plates (Millipore MANUO030)
at 20 in. Hg for 4 min (manufacturer’s specifications) and
subsequently eluted in 30 wl HyO. A total of 1.25 ul of each
cleaned, pooled sample was then added to 0.5 I of 400-bp size
standard (labeled with D1 dye) and 38 pl of sample loading
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TABLE 1

List of the 126 accessions used in this study

Stock no. Background Stock no. Background Stock no. Background
1394 No-0 6798 Mir-0 6843 Pt-0
1516 St-2 6799 Mt-0 6844 Ra-0
3081 No-0 6800 Mz-0 6845 Rd-0
6173 Est 6801 Na-1 6848 Rsch-0
6175 Condara 6803 Nd-0 6850 Rsch-4
6600 Aa-0 6804 Nie-0 6851 Ru-0
6601 Ag-0 6805 No-0 6852 Se-0
6607 Ba-1 6806 Np-0 6853 Sei-0
6608 Bay-0 6807 Nok-0 6854 Sap-0
6615 Bl-1 6808 Nok-1 6855 St-1
6616 Bla-1 6809 Nok-2 6856 Sav-0
6624 Bla-12 6810 Nok-3 6857 St-2
6625 Bla-14 6811 Nw-0 6859 Sg-2
6626 Br-0 6812 Nw-1 6860 Sh-0
6627 Bs-1 6813 Nw-2 6861 Si-0
6643 Bir-0 6814 Nw-3 6862 Sp-0
6659 Cal-0 6815 Nw-4 6863 St-0
6660 Can-0 6816 Ob-0 6864 Ste-0
6664 Chi-0 6818 Ob-2 6865 Stw-0
6665 Chi-1 6819 Ob-3 6867 Ta-0
6666 Chi-2 6820 Old-1 6868 Ts-1
6669 Co-1 6821 Old-2 6869 Ts-2
6672 Co-4 6822 Or-0 6870 Ts-3
6675 Cvi-0 6823 Ove-0 6871 Ts-5
6685 Dra-0 6824 Oy-0 6872 Ts-6
6686 Dra-1 6825 Pa-1 6873 Ts-7
6700 Est-0 6826 Pa-2 6874 Tsu-0
6701 Est-1 6827 Pa-3 6878 Ty-0
6702 Et-0 6828 Per-1 6879 Uk-1
6716 Gd-1 6829 Per-2 6880 Uk-3
6723 Gr-1 6830 Per-3 6884 Van-0
6734 Hau-0 6831 P£-0 6885 Wa-1
6736 Hi-0 6832 Pi-0 6889 Wil-2
6745 JI-3 6833 Pi-2 6891 Ws-0
6751 Kas-1 6834 Pla-0 6897 Wu-0
6754 Kil-0 6835 Pla-1 6898 X-0
6762 Kn-0 6836 Pla-3 6899 XX-0
6765 La-0 6838 Pn-0 Cal-0 Calvert
6769 Lc-0 6839 Po-0 Col Col
6783 LI-2 6840 Po-1 Ler Ler
6784 Lm-2 6841 Pr-0 Tac-0 Tacoma
6789 Ma-0 6842 Pog-0 WS WS

solution (Beckman-Coulter) in a well of a 96-well sample plate
and overlaid with mineral oil. Each pool-plexed sample was
separated on the CEQ using the standard Frag-1 method. This
pool-plexing system resulted in the separation of products at
three different loci simultaneously through a single capillary
along with an internal size standard. Fragments were sized
using the default fragment analysis protocol for the appro-
priate set of dyes used (AE2 or PAl options).

Microsatellite data analyses: The CEQ raw data from each
run were analyzed using the appropriate dye mobility calibra-
tion settings for each dye and the default fragment analysis
settings for the 400-bp size standard. Alleles reported here
reflect the amplification product size, as scored on a CEQ
2000XL DNA analyzer. Simply inferring the number of repeats
from size dataignores potentially informative data from indels.
Often alleles are sized on the basis of assumptions regarding

the locus; for example, alleles at a dinucleotide repeat locus
are often assumed to fall only into size classes 2 bp apart.
However, our sequence data show real indels and real 1-bp
differences among alleles at dinucleotide repeat loci in our
data set. Therefore, we report all observed size classes, regard-
less of the repeat type.

Microsatellite cloning and sequencing: To investigate the
nature of length variations within loci, several alleles were
cloned and sequenced for six loci. Three loci were randomly
selected from among the low-diversity loci (ngal107, ngal145,
and ngal29) and three from among the high-diversity loci
(CIW7, ngal72, and nga8). Individual alleles were amplified
with unlabeled (no dye) forward and reverse primers as de-
scribed in the preceding section from individual accessions.
One microliter of PCR product was then added to a cloning
reaction using the TOPO-TA cloning kit (Invitrogen). Colo-
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nies with inserts were initially identified by blue /white screen-
ing, followed by PCR amplification from individual colonies
and size confirmation on agarose gels. Multiple clones for each
reaction were identified and plasmid DNA minipreparations
were prepared from selective overnight liquid cultures. DNA
minipreparations were carried out following a modified SDS
protocol where DNA precipitation is preceded by separate
phenol and chloroform extractions. Approximately 500 ng of
vector with insert were used as template in sequencing reac-
tions using either the T7 or the M13 reverse primer. Sequenc-
ing reactions were purified using Sephadex G-50 columns and
the sequences were analyzed on an MJ Research (Watertown,
MA) BaseStation DNA analyzer. Postrun data were processed
using the Cartographer v. 1.2.4sg software (M] Research).
Sequence alignments for alleles of each locus were carried
out using Megalign (DNASTAR, Madison, WI).

Associations between locus length and locus diversity: Asso-
ciations between the genetic diversity of a locus and some
measure of locus length, typically mean length, are commonly
reported for microsatellite loci (BACHTROG et al. 2000; MORI-
GUCHI et al. 2003). To investigate this association for the loci
examined here, the mean allele size was determined for each
locus. That allele or the nearest in size was cloned and se-
quenced from multiple accessions for 10 loci, as described
above. From these sequences and available Col sequence, the
total number of repeats was counted or inferred for each locus
by subtracting the shared, nonrepeat flanking sequence from
the total locus length. Association strength between repeat
number and locus diversity was assessed by calculating the
correlation coefficients between the two; both Pearson prod-
uct moment correlation and Spearman’s coefficient of rank
correlation were calculated. To examine the potential role
of repeat interruptions on locus diversity, from those same
sequences the largest number of contiguous repeats was
counted. For example, in the following sequence, ACTGAGA
GATTGAGAGAGACTT, the total number of repeats is seven,
and the largest number of contiguous repeats is four. Again,
association strength was determined by calculating correlation
coefficients between the largest number of contiguous repeats
and locus diversity. Because different repeat types often have
different mutation rates (BACHTROG et al. 2000; HiLE el al.
2000), for these analyses data were partitioned into two groups,
according to repeat type: 15 GA repeat loci and 4 TA repeat
loci; the one trinucleotide repeat locus in this study was omit-
ted from these analyses. To further examine these relation-
ships, data for the GA repeat loci were divided into groups
of high and low locus diversity.

Genetic analyses: Gene diversity estimates for each locus
were calculated by n(1 — 2p7)/(n — 1), where nis the number
of samples and p; is the frequency of the ith allele, following
the methods of N1 (1973) and MATSUOKA et al. (2002). The
value n is used here in place of 2n because all A. thaliana
accessions are expected to be nearly completely homozygous
due to inbreeding.

The fit of each locus’ distribution to expected distributions
under three different mutation models, the SMM, the IAM,
and an intermediate two-phase model (TPM), was tested using
the program BOTTLENECK (CorRNUET and LUIKART 1996).
Because of sampling, data for all accessions were treated as
a single population, which is not ideal, but is unavoidable.
Observed allele frequencies and sample sizes were input pa-
rameters. These analyses provide a test statistic for the proba-
bility that an observed allele distribution with a given heterozy-
gosity (gene diversity) was generated under each of the three
mutation models.

To describe the distribution of alleles for each locus, mea-
sures of skewness (g;) and kurtosis (g) were calculated follow-
ing SOKAL and RoHLF (1995). Significant differences between

low- and high-diversity loci were tested for by a simple ttest
for each measure. Because of different mutation rates between
dinucleotide and trinucleotide loci (CHAKRABORTY et al. 1997;
S1A et al. 1997), the GapAB locus was omitted from these
analyses.

For similarity analyses, allele size class data were transformed
into alphanumeric codes. From this transformed data set,
pairwise distances were obtained on the basis of the proportion
of shared alleles, as implemented in PAUP*4.0b10 (SWOFFORD
2002). As the complete evolutionary history of A. thaliana
accessions is partially reticulate and therefore cannot be accu-
rately represented by a bifurcating tree, a majority-rule (70%)
consensus tree of 1000 independent cluster analyses using
unweighted pair group method using arithmetic averages (UP-
GMA) is presented to simply illustrate genetic similarityamong
accessions. In the course of building trees, cluster analyses
have to randomly break ties between equivalent relationships.
As a result, there is a stochastic component to resulting trees.
One thousand independent UPGMA analyses were run on
the complete data set and only relationships consistent with
the 70% majority rule are presented to provide a more rigor-
ous analysis and conservative tree. More detailed analyses
aimed at reconstructing the intraspecific phylogeny of A. thali-
ana will be presented elsewhere.

Because low- and high-diversity loci may be influenced by
differing mutation dynamics, we conducted a partition homo-
geneity test implemented in PAUP (FARRIs el al. 1994, 1995;
Sworrorp 2002), which tests for the probability of significant
conflict between data partitions with regard to phylogeny.
The total data set was partitioned into two mutually exclusive
groups, conservatively excluding the ngal29 locus altogether
because of its intermediate diversity measure. The low-diversity
group included all loci with gene diversity measures <0.70
and the high-diversity partition included all loci with gene
diversity measures >0.80.

RESULTS

Amplification fidelity: Amplification success varied
both across the 20 loci and among the 126 accessions
of A. thaliana. Amplification frequencies for each of the
20 loci investigated are listed in Table 2. Amplification
success ranged from 77 to 98% across loci and from 70
to 100% among accessions (excluding four accessions;
data not shown), with a total of 90% amplification suc-
cess. No significant correlation was found between am-
plification success and any measure of locus diversity
(analyses not shown). Of the 2526 marker-by-individual
data points, only 4 (0.2%) were found to be heterozy-
gous. This frequency is similar to that reported for 12
accessions of A. thaliana by CLAUSS et al. (2002). Ampli-
fication of two loci, GapAB and CIWIO0, consistently
yielded two products for all accessions. In each case,
the size of one of the products was constant among all
accessions and the other varied. Considering the high
level of gene duplication within A. thaliana (VISION et al.
2000), this observation may represent the simultaneous
amplification of two distinct loci. In each case, only the
variable allele was included in our analyses.

Allelic diversity within and among loci: There is a
high degree of variation for allelic diversity among mi-
crosatellite loci (Figure 1). The most striking differences
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TABLE 2

Microsatellite locus table

Position Repeat % amplification Allele No.of Gene
Marker Chromosome  (cM) type success range alleles diversity SMM TPM 1AM
ngab9 1 1.6 CT 92 111-192 31 094 P<0.05 NS NS
7ZFPG 1 37.4 TC 98 127236 26 087 P<001 P<0.05 NS
Centromere 1 62.0 — — — — — — — —
ngal28¢ 1 83.0 TC 90 177-227 13 0.90 NS NS NS
nga692 1 119.0 GA 83 106-152 25 090 P<0.01 P<0.05 NS
ngall45* 2 9.6 GA 94 208-239 11 0.45 P<0.001 P<0.001 P<0.005
Centromere 2 19.0 — — — — — — — —
ngall26 2 50.6 GA 93 182-221 17 0.87 P<0.05 NS NS
AthUbique* 2 82.0 CT 95 164-172 5 0.52 NS NS NS
ngal72¢ 3 7.0 GA 92 152-244 31 0.95 NS NS NS
GaPAB 3 43.8 TTC 98 135-150 4 0.50 NS NS NS
Centromere 3 59.0 — — — — —
nga707 3 78.0 TC 83 119-141 10 0.52 P<0.001 P<0.01 P<O0.05
CIW5 4 5.3 TA 77 155-200 14 0.62 P<0.001 P<0.001 P<0.05
Centromere 4 20.0 — — — — — — — —
nga8 4 24.2 GA 91 122-222 38 0.96 NS NS NS
CIW7¢ 4 65.0 TA 87 126-180 22 0.92 P<0.05 NS NS
ngall39 4 83.4 TC 97 74-142 22 0.93 NS NS P < 0.05
ngall07 4 105.0 GA 90 134-155 9 0.41 P<0.001 P<0.006 P<0.05
nga249 5 23.1 TC 98 115-139 11 0.49 P<0.001 P<0.001 P<0.05
CDPK9 5 44.5 TC 87 86-179 22 0.86 P <0.006 P<0.01 NS
Centromere 5 70.0 — — — — — — — —
CIW9“ 5 88.0 TA 83 138-208 28 0.89 P<0.006 P<0.006 P<0.05
ngal29“ 5 105.0 GA 83 179-205 14 0.71 P<0.001 P<0.001 NS
CIW10“ 5 128.0 TA 83 136-187 20 0.93 NS NS P < 0.05

NS, not significant.

“Loci utilizing the M13 tailing scheme. True allele sizes for these loci are expected to be 19 bp smaller than those reported

here because of the use of the M13 forward sequence.

are in the variation at a locus (number of alleles scored)
and how that variation is distributed among alleles at a
locus (gene diversity). These two measures are reported
for all loci in Table 2. The average number of alleles
detected per locus is 17.6 (range, 4-38). The average
gene diversity estimate from our data is 0.76 (range,
0.41-0.96; Figure 2) and does not differ appreciably
from that of 0.79, reported by INNAN et al. (1997). Sev-
eral different distribution patterns of allelic diversity are
evident (Figure 1). For further analysis, loci were split
into two very broad categories (Figure 2): high diversity
(above the mean) and low diversity (below the mean).

High-diversity loci tend to be either somewhat nor-
mally distributed or strongly positively skewed (X skew-
ness = 1.11). These loci also tend to have leptokurtotic
distributions (Xkurtosis = 1.71). Low-diversity loci show
distribution patterns similar to those of the high-diver-
sity loci, typically positively skewed (X skewness = 1.79)
and leptokurtotic (X kurtosis = 3.98), but to a signifi-
cantly greater degree (P < 0.05 for both tests). The
tendency of microsatellite loci to mutate more fre-
quently to larger allele sizes than to smaller sizes (be-
coming positively skewed) is well documented (RUBIN-
SZTEIN et al. 1999; BROHEDE et al. 2002).

Sequence results: As initially scored, PCR products for
many loci displayed single-base-pair differences among
alleles; however, our sequence data showed that ~95%
of single-base-pair differences initially detected were ar-
tifactual. Reexamination of the original electrophero-
grams determined that these discrepancies were attrib-
utable to the inconsistent nontemplate-dependent
terminal transferase activity of Tag polymerase that adds
a single deoxyadenosine (A) to the 3’ ends of PCR
products. Although at a low frequency, instances of true
single-base-pair differences were also revealed (e.g., see
alleles of locus ngal29 in Figure 3). All sequenced size
outliers proved to be the expected locus.

Molecular variation at high-diversity loci: Individual
alleles of three loci demonstrating high gene diversity
were cloned and sequenced. An allelic alignment for a
representative locus is shown in Figure 3 (Nga8). All 34
alleles sequenced from these loci were found to be ei-
ther “perfect,” that is, without interruptions of any kind
within the repeated region (Ngal72 and CIW7), or pos-
sessing nearly fixed interruptions in the extreme end
of the repeat region (Nga8). With this one exception,
the only source of size variation identified at these high-
diversity loci was changes in repeat number. Although
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Frcure 1.—Histograms showing allelic distributions for the 20 microsatellite loci examined. Allele size in base pairs is shown
along the xaxis and the frequency of each allele class is displayed along the y-axis. Loci are arranged from lowest to highest
gene diversity. Sample size (n) and gene diversity (d) are shown in the top right of each histogram.
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Frequency
O =4 N W s 1O N

:

0.42 0.62 0.82
Gene diversity

F1GURE 2.—Distribution of gene diversity measures among
the 20 microsatellite loci. Xindicates placement of the mean.

point mutations were identified in flanking regions, no
insertions and deletions were revealed.

Molecular variation at low-diversity loci: The three
low-diversity loci for which alleles were sequenced each
revealed alleles with interruptions within the repeated
region (Figure 3). In each case, the interruptions con-
sisted of 2-bp insertions, back-to-back nucleotide substi-
tutions, or some combination thereof; the origins of
interruptions within tandemly repeated regions typically
cannot be distinguished from among these possibilities.

Of the 17 alleles of the ngal29 locus that were se-
quenced, only one size class (the most common) re-
vealed an interruption. The 190-bp allele possesses a
CT doublet within the repeat region, along with a 2-bp
mutation, that immediately flanks the 3" end of the
microsatellite locus. These two mutations were always
found to be linked. That is, no alleles were sequenced
that possess one mutation and not the other. This pair
of mutations was found only in the 190-bp allele, and
all 8 alleles of this size that were sequenced are identical.
The remaining variation detected among alleles at this
locus appears to be the result of varying repeat number
only.

Upon sequencing 25 alleles from the ngall45 locus,
an AA interruption three repeat units from the 3’ end
of the locus was discovered. Unlike the ngal29 locus,
this interruption is evident in many alleles (size classes),
rather than in only the most common allele. Other
sources of variation at this locus include a unique GG
mutation, immediately flanking the AA interruption,
and a single finding of an apparent duplication event
composed of the entire microsatellite locus (accession
no. 6672). For this locus also, all remaining allelic diver-
sity appears to be due to repeat-number variation.

As with most loci, the primary source of size variation
is change in repeat number for the ngall07 locus also;
however, this locus is the most complex with regard
to interruptions. It consists of four GA repeat regions,
separated by 11-, 14-, and 2-bp interruptions, from the
5" to 3’ ends, respectively. The second of these three
interruptions appears to be a complex of successive
VNTR loci (GCGC/TT/AAA/CCC/TA). Excepting its

absence from one line, however, no sequence variation
was uncovered within this complex among the seven
accessions sequenced. Interestingly, the accession miss-
ing this insertion is the common reference strain, Col-0.
Col-0 also lacks the second insertion and, despite these
deletions (or lack of insertions), possesses the longest
allele sampled at this locus due to many more repeats.

Relationship between contiguous repeat length and
gene diversity for all loci: Correlation analyses show a
general positive relationship between number of repeats
possessed by the mean allele of a locus and locus diver-
sity; however, this relationship varies depending on how
the data are partitioned (Table 3). For the comparisons
made, Pearson’s and Spearman’s correlation coeffi-
cients are in general agreement; therefore, unless stated
otherwise, discussion applies to results of both tests. For
the 15 loci with GA repeats, the total number of repeats
possessed by the mean allele does positively correlate
with locus diversity. However, the number of uninter-
rupted repeats demonstrates a stronger and (for Pear-
son’s) more significant correlation with locus diversity.
Analyses including only high- or low-diversity loci show
the same trend, with one clear exception; for low-diver-
sity loci, the total number of repeats in the mean allele
shows nosignificant correlation with locus diversity. The
four TA repeatloci show the same general positive corre-
lation between locus diversity and repeat number, again,
with the number of contiguous repeats being more
tightly correlated with diversity than the total number
of repeats. The smaller sample size for TA repeat loci
precluded more detailed analyses.

Testing the SMM, TPM, and IAM: Results of mutation
model tests are shown in Table 2. Of the 20 loci exam-
ined, 5 potentially fit all three models of evolution tested
and 6 display distributions that do not differ significantly
from the expected distribution under any of the three
models tested (SMM, TPM, and IAM). Only 3 loci re-
jected two of the three models, suggesting the third as
a reasonable fit. On average, low-diversity loci show a
much higher model rejection rate than do high-diversity
loci (Table 4), although the relative rejection rate among
tests is consistent between the two sets of loci. Consistent
with other reports (see review by ELLEGREN 2000), the
SMM was the most frequently rejected model (13/20
loci), although most loci show hallmarks of SMM-like
evolution (Figure 1). Under the SMM and TPM, there
is a general heterozygosity deficiency (19/20 and 17/
20 loci, respectively), and under the IAM, there are an
equal number of loci with heterozygosity excess and
heterozygosity deficit.

Performance of microsatellite data in cluster analy-
ses: To evaluate the performance of A. thaliana microsa-
tellite loci for estimating intraspecific relationships, a
majority-rule consensus tree based on 1000 UPGMA
cluster analyses was generated (Figure 4). Because of
the inclusion of particular pairs and sets of accessions,
many relationships could be predicted. For example,
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FiGure 3.—Sequence alignments
for representative high (nga8) and
low (ngal29, ngall45, and ngall07)
gene diversity loci. Interruptions
within repeat regions are highlighted
in boldface type. As repeat-number
variation was the only source of varia-
tion revealed at two of the high-diver-
sity loci sequenced, CIW7 and
ngal72, only sequences from a repre-
sentative locus, nga8, are shown.
Dashes indicate gaps and dots serve
to break up the sequence to aid
viewing.

Nga8

Col (157): GGTA.GAGAGA.G.GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA
6811 (163): GGTA.GAGAGA.G.GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA
6819 (167): GGTA.GAGAGA.G.GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA
6829 (168): GGTA.GAGAGA.-.GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

Col (157): GAGAGAGAGA--—------——-—~- TTGT

6811 (163): GAGAGAGAGAGAGAGA------ . TTGT

6819 (167): GAGAGAGAGAGAGAGAGAGA--.TTGT

6829 (168): GAGAGAGAGAGAGAGAGAGAGA.TCGT

Ngal29

6833 (179): CATT.GAGAGAGA.--.GAGAGAGAGA--——————-=——————=—=—————~———~—~~ .GGGAAA
6863 (181): CATT.GAGAGAGA.--.GAGAGAGAGAGA-————=———-——————————————— .GGGAAA
6845 (190): CATT.GAGAGAGA.CT.GAGAGAGAGAGAGAGAGAGA-——————————————— .=TGAARA
6702 (190): CATT.GAGAGAGA.CT.GAGAGAGAGAGAGAGAGAGA-——————==——=———~ .=TGARA
6854 (190): CATT.GAGAGAGA.CT.GAGAGAGAGAGAGAGAGAGA--————=—~——=——-———— .=TGAAA
6824 (191): CATT.GAGAGAGA.--.GAGAGAGACAGAGAGAGAGAGA-—=======m==m=m .GGGAAA
Col (201): CATT.GAGAGAGA.--.GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA----.GCGAAA
6827 (205): CATT.GAGAGAGA.--.GAGAGAGAGAGAGAGAGACAGAGACAGAGAGAGAGA . GGCAAA
Ngall4s

6854 (207): TAAA.GAGAGAGAGA——-———————=—————————— o~ ——— ATTG

6867 (215): TAAA.GAGAGAGAGA--—-——————-—————————— AA.GAGAGA.ATTG

6832 (215): TAAA.GAGAGAGAGA--—-————————————————— .AR.GAGAGA.ATTG

6825 (215): TAAA.GAGAGAGAGA~=====—=e———mo— e .AA.GAGAGA.ATTG

6624 (227): TAAA.GAGAGAGAGAGAGAGAGAGAGA- == —w=== .AA GAGAGA .ATTG

Col (227): TAAA.GAGAGAGAGAGAGAGAGAGAGA-~=—=——=== .AR.GAGAGA.ATTG

6827 (231): TAAA.GAGAGAGAGAGAGAGAGAGAGAGAGA----.AA.GAGAGA.ATTG

6734 (235): TAAA.GAGAGAGAGAGAGAGAGAGAGAGAGAGAGG.AA.GAGAGA.ATTG

NgallQ7

6820 (134): TTAGT.GAGA.CAGACACCAGT.CAGAGA.GCGCTTAAACCCTA .GAGA.AA.GAGAGA
6821 (134): TTAGT.GAGA.CAGACACCAGT.GAGAGA.GCGCTTAAACCCTA .GAGA.AA.CAGAGA
6855 (134): TTAGT.GAGA.CAGACACCAGT .GAGAGA .GCGCTTARACCCTA .GAGA.AA.GAGAGA
6625 (138): TTAGT.GAGA.CAGACACCAGT .CAGAGA .GCGCTTAAACCCTA .GAGA.AA.GAGAGA
Col (154): TTAGT.GAGA.CAGACACCAGT.GAGAGA.--—~-=——m—~==n .GAGA. -~ .GAGAGA
6660 (142): TTAGT.GAGA.CAGACACCAGT.GAGAGA.GCGCTTAAACCCTA .GAGA.AA.CAGAGA
6820 (134): GAGA= ===~ m - m— o e TGAAA

6821 (134): GAGA=~mm oo TGAAA

6855 (134): GAGA=--—-—-——————— e TGAAA

6625 (138): GAGAGAGA-————————————————m e TGARA

Col (154): GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA.TGAAA

6660 (142): GAGAGAGAGAGA-—-—————————————~—=rm . .TGAAA

groups of accessions collected from the same locale
were included (e.g., Nok-0. Nok-1, Nok-2, etc.) and were
expected to cluster together. The cluster analysis pre-
sented here reveals many groupings that are consistent
with predicted associations. A selection of expected clus-
ters are highlighted in Figure 4 and are discussed below.
Interestingly, partition homogeneity tests revealed no
significant incongruence between low- and high-diver-
sity loci (P = 0.90).

DISCUSSION

Over the past decade, the frequency of microsatellite
locus use has increased considerably (see reviews by
Estour and ANGERS 1998; ELLEGREN 2000). Despite

this newfound popularity, detailed examinations of mi-
crosatellite mutation patterns and the forces that gener-
ate and maintain microsatellite diversity remain re-
stricted to relatively few organisms. Here we present
analyses of allelic variation at 20 loci for 126 accessions
of A. thaliana. We provide sequence data supporting a
strong role for repeat interruptions that result in rela-
tively short repeat segments in stabilizing microsatellite
loci and present a cluster analysis of all accessions.
Amplification fidelity: Each primer pair successfully
primed amplification in an average of 90% of all acces-
sions examined. This amplification rate is similar to that
reported in other studies of A. thaliana microsatellites
(INNAN et al. 1997; Crauss et al. 2002). The consistency
of amplification rate among reports and repeated at-



1484 V. V. Symonds and A. M. Lloyd

TABLE 3

Correlation coefficients (r)

All* Low d’ High d-
Repeat Test U’ T U T U T
GA/TC Pearson’s 0.78%% 0.70%* 0.86* 0.29 0.84%:* 0.83%*
GA/TC Spearman’s (.98 0.86%:#* 0.81 —0.06 0.76%* 0.76*
TA/AT Pearson’s 0.89 —0.63 — — — —
TA/AT Spearman’s 0.95 —=0.20 — — — —

*P < 0.05; #*P < 0.01; ***P < 0.001.

“All loci of a particular repeat type.

" Low-diversity loci only (d < 0.75).
“High-diversity loci only (d > 0.75).

¢ Largest no. of uninterrupted repeats at a locus.
‘Total no. of repeats at a locus.

tempts at amplifying individual null alleles (no amplifi-
cation product) would seem to argue that the remaining
null alleles are mainly due to sequence divergence
within priming sites or deleted loci, rather than to spuri-
ous amplification failure. Furthermore, accessions sus-
pected to be closely related show similar null allele pat-
terns (data not shown).

Forces affecting mutation patterns: As has been re-
ported in other systems (BACHTROG et al. 2000; Bro-
HEDE ¢t al. 2002), several different patterns of allelic
distribution were revealed among the microsatellite loci
of A. thaliana. The mutation models typically invoked
to explain microsatellite distribution patterns are the
SMM, the IAM, or some combination thereof (e.g., the
TPM). However, observed distribution patterns rarely
fit the stringent SMM (SHRIVER e/ al. 1993; ELLEGREN
2000) and empirical evidence documenting indepen-
dent identical mutations argue against the IAM (Bro-
HEDE el al. 2002; THUILLET et al. 2002). Indeed, more
than one-half of the loci examined here have distribu-
tions that either differ significantly from and thus reject
all models or fit all models equally well (Table 2), effec-
tively supporting none. An alternative to simple muta-
tion dynamics in explaining the observed model-fit re-
sults is that some aspect of population demography has
resulted in the observed allele distributions. Two of the
mutation models support this alternative, showing
strong trends toward heterozygosity deficit (17,/20 loci
for the TPM and 19/20 for the SMM), a finding that
is consistent with hypotheses regarding the relatively
recent and rapid expansion of A. thaliana global popula-
tions (SHARBEL et al. 2000), while only under the IAM
is the assumption of equilibrium met. Unfortunately, both
mutation dynamic and demographic interpretations are
compromised by violations of certain test assumptions,
specifically that the sample represents a single contigu-
ous population at mutation-drift equilibrium.

Beyond these models, it has been suggested that mi-
crosatellite locus equilibrium is a balance between poly-

merase slippage rate and mutation rate (KRUGLYAK et
al. 1998; ScHUG et al. 1998). In short, the longer the
string of uninterrupted repeats (e.g., AGAGAGAG), the
more likely is the generation of new alleles via slippage
and recombination. Any mutation within the repeated
region that causes an interruption (e.g., AGAGTTTA
GAG) will effectively split the original repeat region into
two shorter segments. This is expected to increase locus
stability (i.e., reduce the generation of new alleles), sim-
ply by reducing the substrate for polymerase slippage
and recombination. This model would seem to fit our
typical finding of repeat interruptions in low-diversity
loci and longer stretches of uninterrupted repeats
within high-diversity loci.

To investigate this further, we examined the relation-
ship between mean allele length and locus diversity for
different data partitions (Table 3). If repeat disruptions
stabilize loci simply by breaking them into smaller seg-
ments, then the degree of stability conferred should be
dependent upon the lengths of the resulting repeat
segments. This was tested by comparing the strengths
of association between locus diversity and (1) the total
number of repeats possessed by the mean allele at a
locus and (2) the largest number of contiguous repeats
possessed by the mean allele. The results show that gene
diversity is more strongly correlated with the number
of contiguous repeats than with the total number of
repeats (Table 3); the number of contiguous repeats
accounts for 12% (all GA repeats), 66% (low-diversity
GA repeats), and 40% (TA repeats) more of the ob-
served variation in genetic diversity, as determined by
comparing coefficients of determination (*). The na-
ture of this difference becomes evident when high- and
low-diversity loci are examined separately; this was possi-
ble only for the GA repeat loci, where sample size was
sufficient. The correlation with diversity turns out to be
identical for total repeat number and contiguous repeat
number for high-diversity loci. This is a result of high-
diversity loci tending not to be interrupted, which
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TABLE 4

Frequency of mutation model test rejection

Test
Locus type SMM TPM 1AM Average
Low diversity” 0.86 0.86 0.71 0.81
High diversity 0.58 0.33 0.25 0.37

“Excluding the trinucleotide locus, GapAB.

means that the total number of repeats is equal to the
contiguous number of repeats. Conversely, low-diversity
loci demonstrate no (Spearman’s) and very weak (Pear-
son’s) relationships between total number of repeats
and diversity (Table 3), whereas including only the num-
ber of contiguous repeats yielded some of the strongest
associations with diversity observed among all complete
and partitioned data sets. This provides strong evidence
supporting arole for repeat disruptions in locus stability,
one that is highly dependent upon placement of the
interruption and the lengths of the remaining contigu-
ous repeats. Because several of the low-diversity loci
are without interruptions, this tight relationship also
indicates that interrupted loci with few contiguous re-
peats behave in a manner similar to that of uninter-
rupted loci with few total repeats. As marker selection
is often governed by criteria such as gene diversity, con-
tiguous repeat number for mean allele size may provide
a valuable predictor of marker utility. How broadly this
relationship holds will require similar analyses in other
organisms.

Size homoplasy: At any taxonomic level, the issue of
size homoplasy in microsatellite data sets is an important
and complicated one (EsToup et al. 2002). Size homo-
plasy can arise in a number of ways. Given the high
mutation rate estimates for microsatellite loci (HAN-
CcocK 1999), convergence on repeat number via slippage
is likely the most common type and, unfortunately, im-
possible to detect a posteriori. As such, its frequency in
A. thaliana cannot be addressed in our analysis. Another
type of homoplasy involves mutations within the micro-
satellite locus other than changes in repeat number that
resultin size convergence. Through sequencing we have
detected nonslippage mutations (e.g., point mutations
and insertions) within repeat regions that have led to
size homoplasy. Each of the low-diversity loci possessed
2-bp repeat interruptions that could easily be misinter-
preted as repeat-number variation from size data alone
(see Figure 3). These findings suggest a strong potential
for this type of size homoplasy. Fortunately, these cases
are easily detected via sequencing. A third homoplasy
type for microsatellite loci involves DNA insertions and
deletions flanking the repeat region (GRIMALDI and
Crouau-Roy 1997). Our sequence data revealed pre-
dominantly point mutations in the immediate flanking
regions; no insertions or deletions were discovered in

84 sequenced alleles (data not shown). Interestingly, a
large-scale analysis of microsatellite marker loci in maize
(MATSUOKA et al. 2002) has shown that the most com-
mon source of variation is indels flanking the repeat
locus. This sharp contrast in intraspecific sources of
size variation underscores the need for more detailed
microsatellite studies.

Cluster analyses: Previous efforts toward genealogy
reconstruction within A. thaliana have resulted in some-
what well-resolved phylogenies including few accessions
(INNAN et al. 1997; vAN TREUREN et al. 1997; BERGELSON
et al. 1998) or trees including many accessions with
minimal resolution (SHARBEL ef al. 2000). Resolution in
the former is likely due to the type of analysis presented,;
neighbor-joining approaches to tree building yield fully
resolved trees, regardless of the level of support. Reports
of low-resolution trees likely result from more rigorous
analyses, but use markers with low mutation rates rela-
tive to the time scale involved.

A. thaliana accessions are derived from natural popu-
lations that likely have histories involving interpopula-
tion gene flow and recombination. Because of this, their
reticulate evolutionary history cannot be fully repre-
sented by analyses that yield bifurcating trees. However,
to provide some reference of similarity among many A.
thaliana accessions, a cluster analysis is presented here
and selections of the results are discussed below. The
tree presented (Figure 4) is not proposed as a phylog-
eny, but instead as a tentative framework and test of
genealogical signal. This tree is a majority rule consen-
sus of 1000 independent UPGMA runs and shows only
relationships with strong support (i.e., only relationships
that occur in 70% or more of all independent runs are
represented), while relationships with weak support are
collapsed back to a central node. The finding of strongly
supported clusters and unresolved relationships be-
tween clusters likely reflects the presumed reticulate
history of populations within the species and recent
independent evolution of separate lineages. Below we
briefly discuss a few of the more interesting results.

The relationship between the two most-utilized refer-
ence strains, Col-0 and Ler, remains unresolved. These
two accessions are purportedly derived from the same
seed stock, although details of that original stock remain
elusive (Nottingham Arabidopsis Stock Center; http://
nasc.nott.ac.uk). The accumulation of mutations due
to either irradiation (in the Lerline) or generations in
cultivation likely cannot explain this finding as Ler does
show strong similarity to La-0 (6765), which was also
derived from the above-mentioned stock. The Col-0
genotype does not match identically with any other ac-
cessions examined in our lab. In addition, our Col-0
DNA sequences match those in the database so that
seed or DNA contamination in our lab also would not
appear to explain this finding. Given the low levels of
both phenotypic (personal observation) and genetic
similarity between Col-0 and Ler, it would appear that
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the original stock was more heterogeneous than origi-
nally suspected; this is also in accord with reports of
strong sequence divergence between the two accessions
(e.g., NOEL et al. 1999; BOREVITZ et al. 2003).

Notwithstanding the exception just discussed, acces-
sions originating from a common seed stock or collec-
tion site typically cluster together (e.g., the Nok cluster).
However, instances where all accessions from a locality
do not cluster together (e.g., the two NW clusters) are
also evident. In all, 70% of expected groupings were
resolved. Again, these findings may be due to local popu-
lations that are quite heterogeneous.

Past reports on A. thaliana genealogies have shown
little to no correspondence between geographic origin
and relatedness. This has been suggested to be the result
of recolonization of central and northern Europe from
glacial refugia (SHARBEL et al. 2000). Although much
of the consensus tree presented here shows similar in-
congruence between geography and genetic similarity,
this finding is not ubiquitous; particular clusters show
consistent biogeographic trends. For example, the
“Spain” cluster illustrates close associations among many
independent accessions collected from throughout
Spain. Likewise, accessions from India and Tadjikistan
cluster together, as do collections from several proximal
geographic regions (examples are denoted with an as-
terisk in Figure 4).

For cases in which similarity is incongruent with geog-
raphy, there are two likely explanations: (1) the resolved
relationship is correct and explanations for the pattern
observed must be sought or (2) the genealogy is incor-
rect and a more appropriate marker is required. Differ-
entiating between these two is, of course, not always
simple. One approach to this problem is to seek corrob-
orating or refuting evidence for specific genealogical
hypotheses. For example, our results show strong simi-
larity between the Br-0 (6626) accession from Czecho-
slovakia and Mir-0 (6798) from Italy (Glabrous A cluster
in Figure 4). It happens that both of these lines are
glabrous (lacking hairs), a relatively uncommon pheno-
type among wild-derived accessions. Others have re-
ported sequence data showing that these two accessions
share the same allele at the GL1 locus (HAUSER el al.
2001), which (when knocked out) is responsible for
the glabrous phenotype. In addition, there is a second
microsatellite-based cluster that contains glabrous acces-
sions (Glabrous B cluster), which according to HAUSER
etal. (2001) share a defective GL1 locus. Taken together,
strong support exists for these particular relationships.
Although not well resolved across the entire tree, it is
clear that microsatellite data possess signal useful for
reconstructing the evolutionary history of this group
and warrant further investigation.

Conclusions: This analysis reveals several important
aspects of microsatellite evolution and application in
A. thaliana. Most loci examined support no individual
mutation model. Instead, it appears that sequence inter-

ruptions within the repeat region of microsatellite loci
have a strong influence on the potential diversification
of loci and should be taken into consideration in the
construction of new microsatellite mutation models.
Specifically, the magnitude of the effect of repeat inter-
ruptions is proportional to the lengths of the remaining
intact repeat regions. Additionally, microsatellite loci of
A. thaliana possess a high level of intraspecific phyloge-
netic signal. As these marker data are potentially of
broad use, they can be accessed at http://www.esb.utexas.
edu/arabidopsis2010/.
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