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Introduction

Summary

e Outcrossing Arabidopsis species that diverged from their inbreeding relative
Arabidopsis thaliana 5 million yr ago and display a biogeographical pattern of
interspecific sympatry vs intraspecific allopatry provides an ideal model for studying
impacts of gene introgression and polyploidization on species diversification.

e Flow cytometry analyses detected ploidy polymorphisms of 2x and 4x in
Arabidopsis lyrata ssp. kamchatica of Taiwan. Genomic divergence between
species/subspecies was estimated based on 98 randomly chosen nuclear genes.
Multilocus analyses revealed a mosaic genome in diploid A. |. kamchatica com-
posed of Arabidopsis halleri-like and A. lyrata-like alleles.

e Coalescent analyses suggest that the segregation of ancestral polymorphisms
alone cannot explain the high inconsistency between gene trees across loci, and
that gene introgression via diploid A. . kamchatica likely distorts the molecular
phylogenies of Arabidopsis species. However, not all genes migrated across species
freely. Gene ontology analyses suggested that some nonmigrating genes were
constrained by natural selection.

e High levels of estimated ancestral polymorphisms between A. halleri and A.
lyrata suggest that gene flow between these species has not completely ceased
since their initial isolation. Polymorphism data of extant populations also imply
recent gene flow between the species. Our study reveals that interspecific gene
flow affects the genome evolution in Arabidopsis.

diploid species being shown to exhibit genome-wide dupli-
cations and/or other genomic signatures of past hybridization

Hybridization and polyploidization usually lead to rapid
genomic changes and are considered key mechanisms of
speciation and diversification in plants (Baack & Rieseberg,
2007; Mallet, 2007). Despite the occurrence of gene
exchange with congeners, most hybridizing plant species
remain morphologically discrete (Yatabe et al, 2007).
Recent advances in molecular genetic techniques enable
botanists to analyse the diversification process via a compar-
ative genomics approach (Mitchell-Olds & Clauss, 2002;
Bomblies & Weigel, 2007) and this has led to several classic
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events (Wendel, 2000). Nevertheless, empirical data on
species delimitation and interspecific hybridization are often
difficult to interpret because both shared ancestral polymor-
phisms and gene introgression after speciation can result in
species paraphyly and admixture in genetic composition
(Muir & Schltterer, 2005; Lexer er al, 2006; Chiang
et al., 2009).

Arabidopsis  thaliana is the first higher plant whose
complete genome has been sequenced (AGI, 2000; Clauss &
Koch, 20006). As sisters to A. thaliana, nonmodel Arabidopsis
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species have been recently used to elucidate the genetics
of speciation and molecular evolution of diagnosable
traits (Clauss & Koch, 2006). Arabidopsis lyrata and A.
halleri split from A. thaliana c. 5 million yr ago (Al-
Shehbaz & O’Kane, 2002), and are believed to have
diverged from each other ¢. 2 Ma (Koch & Matschinger,
2007). Morphologically, these Arabidopsis species are well
differentiated. Arabidopsis lyrata is a rosette-like herb, with
no orbicular lobing of basal leaves, whereas, A. halleri is
stoloniferous with orbicular to suborbicular terminal lobes
of basal leaves (Al-Shehbaz & O’Kane, 2002; Clauss &
Koch, 2006). Nevertheless, both of these perennial, out-
crossing species retain high genetic similarities with annual,
selfing A. thaliana, while differing in some biological
characteristics, such as self incompatibility and heavy metal
tolerance (Mitchell-Olds, 2001; Hall ez 4/, 2002).
Geographically, A. halleri ssp. gemmifera is distributed in
northeast Asia, while its conspecific sister A. halleri ssp.
halleri is mainly distributed in Europe. Geographical barriers
of the Tienshan Mountain Range isolate these two intraspe-
cific taxa from each other (Hegi, 1986; Miyashita ez al,
1998; Savolainen ez al., 2000). The phylogenetic relation-
ship of the A. lyrata species complex is more complicated
than that of A. halleri owing to polymorphisms in ploidy
and possible hybridization between species. Al-Shehbaz &
O’Kane (2002) consider that it is composed of three sub-
species, ssp. lyrata, petraea and kamchatica. Arabidopsis .
lyrata is found only in North America, while A. /. petraea
occurs in northern Eurasia and central Europe (Al-Shehbaz
& O’Kane, 2002; Mitchell-Olds & Clauss, 2002). Both A./.
lyrata and A. I. petraea have diploid and tetraploid forms.
Arabidopsis [. kamchatica occurs in Russia, Japan, Taiwan
and northwest North America, and there is good evidence
that it is an allotetraploid of A. halleri and A. lyrata (Ramos-
Onsins ez al., 2004; Shimizu e¢ al., 2005; Shimizu-Inatsugi
et al., 2009) which has originated independently on several
different occasions (Shimizu-Inatsugi ez al., 2009; Schmickl
et al., 2010). Because of the nature of allotetraploidy,
Shimizu et al. (2005) elevated A. /. kamchatica to the species
level (i.e. A. kamchatica), which includes an additional taxon
of ssp. kawasakiana. Elven er al. (2007) recognized A.
petraea  and  three intraspecific taxa: ssp. perraea,
septentrionalis and umbrosa. Interestingly, in Taiwan, where
A. I kamchaticaand A. h. gemmiferaare occasionally sympat-
ric, both diploid and tetraploid forms of A. /. kamchatica are
recognized. Hayata (1911) discovered an Arabidopsis acces-
sion at Yushan Mountain (Taiwan) and named it as Arabis
morrisonensis, which is characterized by long stolons, but this
was later synonymized to A. [ kamchatica (Inoue, 1971;
O’Kane & Al-Shehbaz, 1997) and was recognized as an elon-
gated form with a prostrate habit. Based on the morphology
of the type specimen (Taiwan, Mt Morrison, Nov. 1905, S.
Nagasawa 680, Holotype: TI) and the evidence of flow
cytometry analyses, which showed this ‘morrisonensis’
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morph to be diploid (see later), we refer to this plant hereafter
as a diploid form of A. /. kamchatica.

Stable allotetraploid and diploid forms derived from iden-
tical progenitors may represent different lineages, although
might be given the same binome (Mahelka ez al, 2007;
Tateishi ez al.,2007). An allotetraploid tends to be reproduc-
tively isolated from its parental species as their triploid
offspring are often sterile, whereas diploid hybrids have
higher probabilities of backcrossing leading possibly to hybrid
swarm formation. However, gene introgression via hybrid
bridges is unlikely to occur between highly divergent species.

A multilocus analysis provides genealogical information
of a species history and the power to discern various evolu-
tionary forces that have acted in the past (Wright ez al,
2002; Seidler er al, 2005). The advent of the genome
sequence of A. thaliana allows one to design such multilocus
analyses of the relatives of this species. This approach has
been extensively applied when examining divergence and
relationships in primate and Drosophila species (Kliman
et al., 2000; Hey & Nielsen, 2004), as well as to plants, such
as tomatoes (Stidler ez al, 2005), sunflowers (Strasburg &
Rieseberg, 2008), silverswords (Lawton-Rauh ez /., 2007),
palms (Trenel ez al., 2008), sedges (King & Roalson, 2009)
and maize (Tiffin & Gaut, 2001).

Using rigorous statistical tests based on the coalescent
theory, we have focused on examining divergence between
four species/subspecies related to A. thaliana, namely A. /.
lyrata, A. I kamchatica, A. h. halleri and A. h. gemmifera
(after O’Kane & Al-Shehbaz, 2003). In doing so, we have
addressed the following questions: Given long divergence
time between species, are gene genealogies consistent among
different loci? Does the diploid A. /. kamchatica that shares
high morphological similarities with the allotetraploid form
also possess a mosaic genome derived from the putative
parental species? Has gene flow between A. lyrata and A.
halleri completely ceased since their divergence? (That is,
did the species derived from regular branching processes
maintain high similarity in the genome?)

Materials and Methods

Sampling

Four relatives of A. thaliana, A. h. ssp. gemmifera, A. b. ssp.
halleri, A. I. ssp. kamchatica (both diploid and tetraploid
forms) and A. /. ssp. /yrata, were examined. For population
genetic analysis, ten random samples were collected from
each of three populations of A. L kamchatica (two from
Taiwan and one from Japan), two populations of A. /. lyrata
(from the USA), and three populations of A. h. gemmifera
(two from Taiwan and one from China) (Table 1).
Nucleotide sequences of A. A halleri were obtained
from Ruggiero ez al. (2008) (DDBJ/EMBL/Genbank
acc. nos. EU273946-EU273966, EU274257-EU274267,
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Table 1 Species of Arabidopsis used for population genetic analysis
A. lyrata ssp. kamchatica (2x or 4x)
Populations Country Location Sample size Ploidy
K1 Taiwan Mt Sheishan 10 All 4x
K2 Taiwan Mt Yushan 10 4x: #2,#10, 2x: #1, #3, # 4, #5, #8, #9
Unknown: #6, #7
K3 Japan Shikoku 10 All 4x
A. lyrata ssp. lyrata (All 2x)
Population Country Location Sample size
L1 USA Indiana 10
L2 USA lllinois 10
A. halleri ssp. gemmitera (All 2x)
Population Country Location Sample size
G1 Taiwan Mt Sheishan 10
G2 Taiwan Mt Nahutashan 10
G3 China Chilin Province 10

EU274188-EU274201). For a multilocus analysis, a dip-
loid sample of each taxon, confirmed by flow cytometry
(details given later), including A. [ lyrara (12-2, Indiana,
North America), A. L lkamchatica (K2-2, Mt Yushan,
Taiwan), A. h. halleri (Germany) and A. h. gemmifera (G3-
6, Chilin Province, China) was chosen (Al-Shehbaz &
O’Kane, 2002; Clauss & Koch, 2006; Beck ez al., 2007).
Young, healthy leaves were collected and dried in silica gel.
Leaf tissue was ground to powder in liquid nitrogen and
stored in a —=70°C freezer. Total genomic DNA was
extracted from the powdered tissue following a cetyltrime-
thylammonium bromide (CTAB) procedure (Murray &
Thompson, 1980).

Flow cytometry analysis

To examine the ploidy level of A. L. kamchatica samples, flow
cytometry was conducted using a protocol modified from
Dart et al. (2004). In total, 30 individuals of A. . kamchatica
from one Japanese population and two Taiwan populations
(Table 1) were examined, using diploid A. 4. gemmifera as a
reference. Young leaves (50-100 mg) of A. L kamchatica and
A. h. gemmifera collected from different locations were
chopped using a single-edged razor blade in buffer consisting
of 30 mM sodium citrate, 45 mM magnesium chloride,
20 mM 3-Morpholinopropanesulfonic acid (MOPS) buffer
and 0.01% v :v Triton X-100 (Galbraith ez 2/, 1983,
1998). Samples were purified by passage through a 30-um
mesh filter and the volume was adjusted to 2 ml. Samples
were stained with 1 mg ml™! propidium iodide and incu-
bated with 10 mg ml™" DNase-free RNaseA for 5 min at
room temperature to eliminate RNA. Propidium iodide was

New Phytologist (2010) 188: 488-500
www.newphytologist.com

added to a final concentration of 50 mg ml™" and samples
were incubated in the dark for 15 min on ice before analysis.
Samples were analysed using a Cytomation MoFLo cytometer
(Cytomation, Fort Collins, CO, USA) equipped with a
488 nm laser excitation source operated at an output of
300 mW. Fluorescence emission was collected using a
630/40 bandpass filter. Histograms were processed using
SUMMIT software (Cytomation). Multdple peaks in each sample
were caused by a high degree of endopolyploidy, a common
phenomenon in the Brassicaceae (Barow & Meister, 2003).
Our analyses revealed that all A. . gemmifera individuals
showed consistent flow cytometry spectra patterns (Fig. 1a).
We determined the ploidy level of A. L kamchatica using
A. h. gemmifera as a reference.

Nucleotide sequencing and sequence analysis

Using the A. thaliana genome sequence as a reference, we
randomly selected 98 nuclear genes, each spanning at least
one coding exon. These loci are distributed over all chromo-
somes of A. thaliana, and physically tightly linked genes were
avoided (see the Supporting Information, Table S1). The
annotated A. thaliana genome was used to design primers to
amplify these targeted regions from the selected diploids
from each taxon. Sequences of target regions in A. thaliana
were obtained from the TAIR Database (http://www.arabid-
opsis.org/index.jsp) (TAIR7; Swarbreck er al., 2008). To
avoid super gene families or duplicated genes, all forward
and reverse primers were designated to be located at 5-UTR
and 3’-UTR sites. For all 98 loci, orthologous sequences
were successfully obtained from the five Arabidopsis taxa.
Polymerase chain reaction for the amplification of each locus
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(b) A. lyrata ssp. kamchatica (2n)

Fig. 1 Flow cytometry histogram of DNA contents of Arabidopsis
halleri ssp. gemmifera (a) and Arabidopsis lyrata ssp. kamchatica
(b).

was performed in a reaction volume of 50 pul using 20 ng
template DNA. The PCR cycling scheme consisted of one
cycle of denaturation at 95°C for 2 min, 30 cycles of 45 s
denaturation at 95°C, 1 min annealing at 51°C and 1 min
45 s extension at 72°C followed by 10 min extension at
72°C. The PCR products were agarose-gel purified with the
PCR product purification kit (Viogene, Taipei, Taiwan) and
cloned into a pGEM-T easy cloning vector (Promega,
Madison, WI, USA). Products of the cycle sequencing reac-
tions were run on an ABI 377XL automated sequencer (Life
Technologies, Carlsbad, CA, USA). Cloned PCR products
were sequenced using universal primers located on pGEM-T
easy vector termination sites. A single clone was chosen for
nucleotide sequencing. Nucleotide sequences of A. thaliana
and its relatives were aligned with the CLUSTAL W program
(Thompson ez al., 1994) and visually corrected. Kimura’s
(1980) two-parameter model was used to estimate genetic
divergence. Numbers of synonymous and nonsynonymous
substitutions were estimated by the method of Li (1993).
Neighbor-joining (NJ) trees (Saitou & Nei, 1987) of indi-
vidual genes and of the combined sequence data (total evi-
dence) were generated using the Kimura two-parameter
model (Kimura, 1980) with MEGA 4 (Tamura et al., 2007).
Neighbor-joining tree nodes were statistically tested using
bootstrapping with 1000 replicates (Felsenstein, 1985).

Coalescence analysis of multilocus data

A multilocus analysis of the 98 nuclear loci was conducted.
To test whether inconsistency in gene tree topologies
among loci was caused by the retention of ancestral poly-
morphisms, we derived theoretical probabilities for each
type of gene tree under a null model without interspecies
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gene flow. A case of four lineages in two species (A and B in
one species and C and D in the other) is schematically rep-
resented in Fig. 2(a). Suppose that AB is the common
ancestors of A and B, and CD is the common ancestors of
Cand D. Let # be the time between the speciation of AB and
CD and the divergence of A and B. Similarly, # is the time
between the speciation of AB and CD and the divergence of
C and D. The two species have diverged at # before the
present. During the times 7 and #, the ancestral population
sizes are assumed to be constant (V] and V,, respectively).
Genes from the same major group, such as lineages A and
B, coalesce within # with a probability of 1 — e~ 71, where
T} = /2N, (Takahata & Nei, 1985; Rosenberg & Tao,
2008). Similarly, genes from C and D coalesce within #
with a probability of 1 —e 2 (7, = #/2N,). For genes
from A and B, there is a chance to coalesce before the time
of speciation (#;) with a probability of 1 — (1 — e~ "), and
a probability of 1 — (1 — e 72) for genes from C and D. In
this case, the ancestral population is a single panmictic
population and we assume that all possible tree topologies
are observed at the same probabilicy. Based on these

Ty=ty/2N;

Ty

A B c D Outgroup

Tree topology Probability
; PoN 4e” M) _ge —6e ™ +9

* ABCD 9
e_(TI+T2>
2. ACBD ADBC 9
—35e ") L ge™

3. ABCD ABDC 18

A LA

~5e" ") 67
4. CDAB CDBA - s
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5. ACBD ACDBADBCADCB }
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Fig. 2 Theoretical probabilities of gene trees under the null model of
no interspecies gene flow. (a) Schematic representation of a gene
tree (line) and species tree (background) with four lineages in two
species. In this case, two of these (lineages A and B; lineages C and
D) are lineages within species and hence closely related to each
other. T4 and T, are durations of two successive divergence events,
scaled by the ancestral population sizes. (b) Probabilities of tree
topologies. For example, the probability of obtaining the gene tree
shown in Fig. 1ais (=5e~("*T2) + 6hboxe"2)/18.
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probabilities, we were able to derive the probability for each
gene tree topology (Fig. 2b).

We suppose that lineage A is A. L lyrata, B is A. L
kamchatica, C is A. h. halleri and D is A. h. gemmifera. The
taxonomic treatment is based on the classification of Al-
Shehbaz & O’Kane (2002) and is supported by the majority
of the loci we investigated (see the Results section). For the
tree topologies shown in Table 3, the observed number of
genealogies among 98 loci and theoretical expectations were
compared. Six rarely observed patterns and three un-
observed patterns were summed into one category. Using
the contingency table of observation and expectation, we
derived the likelihood of observing data with given e~
and e 72, assuming that the observed number of gene trees
follows a binomial distribution. The procedure is equivalent
to the G-test (Sokal & Rohlf, 1994). Although e 7t and
e " are unknown parameters, they range from 0 to 1.
Therefore, we could efficiently search the parameter space
by numerical iteration. The likelihood values were numeri-
cally evaluated by changing e~ 7' and e 7> with an interval
0f0.001 (0 <e 1, <1).

Estimating ancestral polymorphisms

The MCMCcoal program that implements the Markov
Chain Monte Carlo (MCMC) algorithm was used to estimate
levels of ancestral polymorphisms and species divergence
times. The method using DNA sequence data from
muldple loci extracts the information of conflicts among
gene trees and of coalescent times to estimate ancestral
polymorphisms (Rannala & Yang, 2003). The model
assumes no genetic recombination within a locus, free
recombination between loci, no gene flow between species,
and neutral evolution. The total-evidence tree agreeing with
the taxonomic treatment was taken as the species tree.

The MCMCcoal program accommodates parameters of
the divergence time (1 = zu) and the level of genetic poly-
morphism (0 = 4N u) for ancestral species, where % u and
N, denote the divergence time, mutation rate, and effective
population size, respectively. The divergence time (1) is
measured by the expected number of mutations per site
from the ancestral node in the species tree to the present
time. The number of synonymous changes per synonymous
site (K;) was used to estimate the parameters.

Estimating patterns of extant polymorphism

We examined levels of genetic polymorphisms and popula-
tion structure in the Arabidopsis taxa by looking at sequence
variation at three nuclear genes, scADH, CAUL, and Aly9, all
of which have been sequenced for a population study of A. 4.
halleri (Ruggiero er al., 2008). The PCR amplification took
place using the primers of Ruggiero ez al. (2008). The PCR
products were inserted into cloning vectors. For each
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individual, three to five clones were randomly chosen and
sequenced. When more than one allele was found in a sample,
the allele number was shown at the end of sample name.

Genetic diversities within and between populations were
examined in a hierarchical manner. The nucleotide diversity
per site at synonymous sites (1) was used to measure the
levels of extant polymorphisms (Nei & Li, 1979). For the
closely related Arabidopsis taxa, samples were collected from
hierarchically = structured populations.  Following the
assumptions of Zhou ez al. (2007), we calculated 7g and 71
for each locus, where 7y is the nucleotide diversity averaged
across regional samples and 7y is the nucleotide diversity
calculated using all sampled sequences. To measure the level
of genetic differentiation, the following definitions are used:
FRT = l—nR*/TET*, where TCR* and 7TT*
ng and 7w averaged across the three loci, respectively
(Hudson et al., 1992).

are mean values of

Estimating rates of gene flow

Rates of gene flow between Arabidopsis species were esti-
mated with a coalescent model implemented in the software
MIGRATE ver. 2.3 using the three-locus polymorphism data
(Beerli & Felsenstein, 2001). MIGRATE can estimate the
extent of gene flow in both directions between populations.
The software calculates maximum likelihood estimates of
the level of polymorphisms 0 (defined as 4/N.u, where p
represents mutation rate) and migration rate M (defined as
m/ 1, where m represents the fraction of migrants), and
allows one to detect asymmetries in migration over the
species/populations histories (Beerli & Felsenstein, 1999).
Because MIGRATE assumes no recombination within a locus,
all of the sequence data were trimmed using the IMgc program
so as not to contain possible recombined DNA frag-
ments with four-gamete violations (Woerner ez al., 2007).
The ML mode was used with 10 chains; for each chain,
50 000 genealogies were sampled with a sampling incre-
ment of 20 genealogies. We estimated the population
migration rate for genes moving into a population per
generation (2N,m), with the equation 2N.m = (4N.p) X
(/)2 = OM/2.

Gene ontology analysis

To access the association between the gene function and
pattern of gene introgression, gene ontology annotation of
the 98 genes was obtained from the TAIR database
(Swarbreck ez al., 2008). We chose the gene ontology catego-
ries that contained more than three genes. For each gene
ontology category, Fisher’s exact test was conducted to examine
whether the numbers of the congruent and introgressed
genes were significantly skewed. A test of multiple compari-
sons was also performed using the method of Benjamini &
Hochberg (1995) with a false discovery rate of 0.05.
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Fig. 3 Neighbor-joining trees of nucleotide sequences of Aly9 (a), CAUL (b), and scADH (c) in A. lyrata ssp. kamchatica, A. lyrata ssp. lyrata,
and A. halleri ssp. gemmifera. Numbers at nodes indicate bootstrap values.

Results

Ploidy levels and gene genealogies

Ploidy levels of Arabidopsis species were determined using
flow cytometry. Both diploid and tetraploid individuals of
A. [ kamchatica were identified using A. h. gemmifera, a
diploid, as reference (Figs 1 and S1). Diploid A. /
kamchatica occurred only in the Yushan population of
Taiwan (Table 1) where it was present along with the tetra-
ploid form of the species. Population genetic analysis was
conducted based on the genetic variation at CAUL, Aly9and
scADH loci. Neighbor-joining trees of the genes are shown
in Fig. 3. Monophyly only occurred in A. L lyrata at Aly9
and CAUL loci; while all other taxa were paraphyletic. It is
noticeable that almost all A. /. kamchatica individuals, both
diploids and tetraploids, possessed one or two halleri-like
alleles. The pattern was essentially same when we removed
all singletons from the tree reconstruction (data not shown).
The mosaic genetic composition supported hybridity of the
diploid A. [ kamchatica. Several A. h. gemmifera individuals
carried lyrata-like alleles and some A. [ lyrata individuals
carried halleri-like alleles. For example, at Afy9 and seADH
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loci, some A. h. gemmiféra individuals from Taiwan and
China were clustered with A. £ /yrata (Fig. 3a,c).

Multilocus genealogical analyses

The phylogeny of A [ lrata, A. I kamchatica, A. h.
halleri and A. h. gemmifera, was first reconstructed, rooted
at A. thaliana, using the concatenated sequences of 98
nuclear loci. Hereafter, we designate the five taxa as L
(lyrata), K (kamchatica), H (balleri), G (gemmifera) and T
(thaliana). All samples were diploids. This ‘total-evidence’
tree displayed a topology agreeing with the phylogenetic
treatment of O’Kane & Al-Shehbaz (2003): {[((H, G), (L,
K)], T}. Gene trees of 98 loci were then reconstructed
separately using all sites. Topologies of these gene trees are
summarized in Table 3. After removing four genes that
had tree topologies with A. thaliana nested within the
ingroups, and another four genes displaying star-like phylo-
genies, the remaining 90 loci were subjected to subsequent
analyses. Topological consistency between gene trees and
the total-evidence tree occurred only for 28 genes, while
most other genes yielded variant phylogenies.Nearly the
same number of genes (23 loci) displayed topologies with

New Phytologist (2010) 188: 488-500
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Table 2 Pairwise synonymous substitution rate (Ks,below diagonal)
and nonsynonymous substitution rate (K,, above diagonal) values
between five Arabidopsis taxa

kamchatica  lyrata gemmifera  halleri thaliana
kamchatica 0.0076 0.0052 0.0068 0.0171
lyrata 0.0367 0.0081 0.0088 0.0167
gemmifera 0.0298 0.0538 0.0050  0.0160
halleri 0.0453 0.0546 0.0245 0.0168
thaliana 0.1233 0.1234 0.1225 0.1206

A. I kamchatica and A. h. gemmifera genes coalescing first.
Furthermore, the systematic inconsistency across nuclear
genes remained even when A. [ kamchatica samples were
removed from the genealogical analysis. Following the
removal of kamchatica, out of 98 genealogies of L, H, G
and T, 68 (69.4%) were consistent with the total-evidence
tree {{(G, H), L], T}, while 15 (15.3%) and 12 (11.4%) dis-
played topologies of {[(L, G), H], T} and {[(L, H), G], T},
respectively. Another three (3.1%) failed in rooting at A.
thaliana (Table S3).

Various evolutionary forces can result in a gene tree devi-
ating from the species phylogeny. Lack of a molecular clock
owing to branch length heterogeneity is one of them. To
evaluate this possibility, we estimated nonsynonymous (X,)
and synonymous (X;) substitution rates across nuclear genes
between Arabidopsis taxa (Table 2). As expected, A. thaliana
was most distant from all other species. Based on the com-
bined data of 98 loci, average K; values from thaliana are
12.3% to A. L. kamchatica, A. I. lyrata and A. h. gemmifera,
and 12.1% to A. h. halleri. Approximating levels of genetic
divergence suggest that A. thaliana is equally distant from
other Arabidopsis species and an appropriate outgroup for
estimating divergence. Genomic divergence between A
lyrata and A. halleri was also estimated. The K; values were
5.38% between A. h. gemmifera and A. L lyrara, 5.46%
between A. h. halleri and A. [. lyrata, 4.53% between A. 5.
halleri and A. I kamchatica, and 2.98% between A. h.
gemmifera and A. . kamchatica. Genetic divergence at syn-
onymous sites between A. h. gemmifera and A. [. kamchatica
was significantly smaller than that between A. A. gemmifera
and A. L. lyrata (P = 8.64 x 107°), between A. h. halleri and
A. L lyrata (P = 5.96 x 107°), and between A. h. halleri and
A. [ kamchatica (P = 2.71 x 1077; Steel-Dwass’ test). The
K, value between A. [ lyrata and A. [ kamchatica was
3.67%, which was higher than that between A. A. gemmifera
and A. [ kamchatica.

Low synonymous divergence between A. [ kamchatica
and A. h. gemmifera might result from strong negative selec-
tion on synonymous sites and/or low substitution rates in
A. h. gemmifera and A. [. kamchatica. To test if these two
lineages evolved at a slower pace than others, a molecular
clock between sister lineages of A. A. gemmifera-halleri and
A. I kamchatica-lyrata was tested with the Tajima’s (1993)
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relative rate test using A. thaliana as an outgroup. The null
hypothesis of rate constancy was not rejected.

In order to test if the pattern of aberrant gene trees
deviates from the isolation model without interspecies
gene flow, we derived theoretical probabilities of observing
gene tree topologies (see the Materials and Methods sec-
tion). Fig. 2(a) shows the phylogeny of five hypothetical
taxa, in which two of the four taxa are closely related to
each other. Previous studies have shown that the probability
of obtaining incongruent gene trees depends on the
time interval between two successive speciation events
scaled by the ancestral population size (77 and 7, in
Fig. 2(a); Nei, 1987). The probability for each topology is
summarized in Fig. 3(b). The likelihood of the given data
was estimated using the theoretical expectations (see the
Materials and Methods section). The likelihood surface
was highly smooth (Fig. S2). The maximum likelihood
value of —17.751 was obtained when 7; = 0.49 and
T, = 1.03. However, even with these parameters, a good-
ness-of-fit test showed that the statistics were significantly
incompatible with the expected numbers of trees under
the null hypothesis of no gene introgression (P < 1072
G-test, Table 3). Consistent results were obtained even
when we restricted the analysis to trees of high statistical
reliability with bootstrap values > 70 (P < 107*% G-test,
Table 3). The results imply that the inconsistency between
gene trees and species phylogeny is unlikely to be caused
by incomplete lineage sorting. Besides, inconsistent gene
trees are highly asymmetric towards {[(K, G), H], L} (23
genes) compared with {[(K, G), L], H} (two genes), sug-
gesting directional gene flow from A. h. gemmifera to A. L.
kamchatica, being largely responsible for the systematic
inconsistency across genes.

Table 3 Observed numbers of genealogies vs the expected under
the model of no gene flow

Tree topology Probability Expected®  Observed®
(KL)(HG) se M eehce 9 497 28 (15)
{[(KG)HIL} et 1.1 23 (16)
{[(GH)KIL} sse e 12.9 11(7)
{[(GL)KIH} el n 1.1 7 (4)
(KG)(HL) el 22 6 (4)
{[(KL)HIG} s see 53 5@3)
Other patterns® w 26.8 10 (5)

Rare observed patterns include 3 {[(KL)G]H}, 2 {[(GH)LIK}, 2
{[(KG)LIH}, and one of each {[(LH)K]G}, {[(KH)G]L}, (KH)(LG).
PExpectation under the model of no interspecies gene flow (see the
Materials and Methods section).

“Numbers of the observed gene tree with high bootstrap values

(> 70) are shown in the parentheses.
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Association of gene functions and phylogenetic
inconsistency

Whether different functional gene groups were involved in
the systematic inconsistency was tested based on the gene
ontology annotation obtained from the TAIR database
(Wang & Zhang, 2009). Nuclear genes were classified into
congruent genes that recovered the taxonomic treatment
and introgressed genes that supported the clustering of A. /.
kamchatica and A. h. gemmifera. Statistical analyses revealed
that three functional categories were over-represented in the
congruent genes (i.e. under-represented in the incongruent
genes): nucleus localization (GO:0005634; P = 0.036),
DNA-dependent regulation of transcription (GO:0006355;
P =0.045), and DNA-binding function (GO:0003677;
P = 0.045; Fisher’s exact test) (Table S2). These genes
tended to recover the taxonomic treatment and, therefore,
are unlikely to have migrated freely between species.
Interestingly, all these functional groups were related to
DNA-binding transcription factors, indicating functional
importance of these factors to species uniqueness. After
correction for multiple testing, however, only nucleus localiza-
tion remained significant. The list of candidate genes for
causing species uniqueness should, therefore, be treated
with caution.

Interspecific gene flow between A. lyrata and
A. halleri

Interspecific gene flow usually results in a mixed genomic
composition in hybrids, but often may have low impact on
parental species genomes. In other words, it may be very
difficult to detect introgression in so-called ‘good species’.
Here, the genomic composition analysis revealed that not
only tetraploid A. /. kamchatica, but also the diploid form
of this species was a hybrid between A. L lyrata and A. ».
gemmifera. Whether a significant amount of gene flow was
detected between the putative parental species, A. L lyrata
and A. h. gemmifera, was further examined. Population
genetic analyses using coalescence-based methodology
implemented in MIGRATE revealed a notable amount of gene
flow between A. L lyrata and A. h. gemmifera, which have
diverged for some 2 Myr. The migration rates (2/N.) were
estimated as 0.24 from A. [ lyrata to A. h. gemmifera, and
0.31 from A. h. gemmiferato A. . lyrata (Table S4).

In the multilocus analysis, levels of ancestral polymor-
phism were also estimated in all extant taxa. Divergence
time estimates () were measured with the expected number
of mutations per site from the ancestral node in the species
tree to the present time. Using all taxa, the divergence time
estimates of Txy, Tyg and Txrpg were obtained (Fig. 4).
Similarly, polymorphism parameters, iy, g and TxipG
for a set of three ancestral species were also estimated.
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Population data for three nuclear loci were used to esti-
mate the level of extant polymorphisms (Table 4). As wild
Arabidopsis species have fragmented distributions, 7 at two
levels, i.e. nucleotide diversities of region (7g) and the entire
species (1), was estimated based on variation at synonymous
and noncoding sites. For all four taxa, the level of diversities
decreased from the entire species to regions (Table 4). For
example, the mean level of entire species diversity of A. 4.
gemmifera (mr = 0.0185) was 41% higher than that of the
regional level (mg = 0.0131). The population structure was
represented by Frr, one of the Findices, as shown in
Table 4. Apparently, in all four Arabidopsistaxa, there existed
a hierarchical population structure (Bakker ez al, 2006;
Ross-Ibarra et al., 2008). Each species could be divided into
geographical populations that were isolated from each other,
a pattern also observed in other plant species in East Asia
(Dodd et al., 2002; Chiang & Schaal, 2006).

As the model used in MCMCcoal assumes strict allo-
patry, gene flow between A. . gemmiferaand A. [. kamchatica
would inflate the estimated ancestral polymorphisms
between A. halleriand A. lyrata. The ancestral polymorphism
for the most recent common ancestors of A. lyrata and A.
halleri (g p) was estimated to be 0.0466 (Fig. 4). The
estimated value for ancestral polymorphisms considerably
exceeded that for extant polymorphisms. To test whether
this inflation is caused solely by interspecific gene flow
between A. h. gemmifera and A. I kamchatica, we repeated
the analysis by excluding these two taxa. As expected, the
ancestral polymorphisms decreased from 0.0466 to 0.0316
(Fig. 4), butstill exceeded the value for observed extant poly-
morphisms, suggesting that gene flow between A. halleri and
A. lyrata continued after their speciation.

Discussion

Phylogenetic inconsistency likely caused by introgression
after speciation

Species phylogenies present bifurcate branching patterns
and progenitor-descendant relationships of a group of taxa.
Among species evolving via cladogenesis, genetic divergence
reflects these branching processes from common ancestors.
In the present study, gene genealogies were reconstructed
individually based on 98 nuclear genes in A. A. halleri, A. h.
gemmifera, A. I lyrata, and the diploid form of A /
kamchatica using A. thaliana as the outgroup. Corres-
pondence between phylogenetic and genetic distances
occurred in the comparisons between A. thaliana and its
relatives with the greatest synonymous divergence (c. 12%)
(Wright et al., 2002; Barrier et al., 2003; Ramos-Onsins
et al., 2004; Clauss & Koch, 2006), and between A. halleri
and A. lyrata with 4-5% synonymous divergence. Lowest
genetic divergence was unexpectedly detected between A. /.
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A. lyrata ssp. kamchatica (K)
A
A. lyrata ssp. lyrata (L)
7/ ¢
A. halleri ssp. halleri (H)
B
A. halleri ssp. gemmifera (G)
THG
P TKLHG R
// A thali
. thaliana
//
Ancestral polymorphisms Speciation time
(95% C.1.) (95% C.1.)
Using K, L, H, and G
7 = 0.00768 g = 0.00657
Node A
(0.00363, 0.01423) (0.00551, 0.00805)
7y = 0.00338 TG = 0.00648
Node B
(0.00216, 0.01376) (0.00542, 0.00784)
Node C Tk G = 0.04658 txrrg = 0.00684
(0.03774, 0.05449) (0.00547, 0.00834) Fig. 4 Patterns of ancestral polymorphisms
. estimated for four taxa. Ancestral species in
Using only L and H the phylogeny are denoted as nodes A, B,
Node C TgruG = 0.03155 Tk uG=0.02231 and C. Ancestral polymorphisms (r) and time

(0.02426, 0.04417)

(0.01729, 0.03054)

after speciation (t) under the null model of
no interspecies gene flow are indicated.

Table 4 Extant polymorphisms of the Arabidopsis species

Species TR T Frr

A. lyrata ssp. kamchatica 0.0226 0.0345 0.344 This study

A. lyrata ssp. lyrata 0.0124 0.0207 0.401 This study
A. halleri ssp. gemmifera 0.0131 0.0185 0.292 This study
A. halleri ssp. halleri 0.0137 0.0216 0.365 Ruggiero

et al. (2008)

kamchatica and A. h. gemmifera. Once the hypothesis of rate
heterogeneity between lineages was rejected, other evolu-
tionary forces have to be invoked to explain the unexpected
pattern of low between-species (A. [ kamchatica and A. h.
gemmifera) vs high within-species divergence (A. L kamchatica
and A. . lyrata).

High phylogenetic inconsistency was detected across the
98 randomly selected loci examined, with genealogies for
only 28 loci matching the phylogeny resolved in the total-

New Phytologist (2010) 188: 488-500
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evidence (species) tree (Table 3). Deviations of gene genealogies
from the species phylogeny can be caused by: a wrong
genealogy obtained owing to statistical errors caused by
insufficient data and/or abundant recurrent mutations; a tax-
onomic treatment based on nonmolecular data being mis-
judged; lineage sorting owing to ancestral polymorphisms
segregating at the time of speciation; and occurrence of
hybridization after speciation leading to genealogy distortion.
A series of genetic analyses suggest that the last two processes
are the more likely causes of the deviations recorded.

Based on the probabilities for tree topologies under a
complete isolation model, the chances of obtaining incon-
gruent gene trees were determined by the speciation time
scaled by the ancestral population size (7= /2N, see
Fig. 3). Here, at the entire parameter space of 7, the
observed numbers of incongruent gene trees were signifi-
cantly larger than expected, suggesting that such high
systematic inconsistency in Arabidopsis cannot be explained
solely by the segregation of ancestral polymorphisms
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(Table 3). In contrast, this result agrees with a scenario of
hybridization and/or gene introgression between sympatric
Arabidopsis species.

Mosaic genome of diploid A. lyrata ssp. kamchatica

We conducted a multilocus analysis to recover the evolution
of what is considered to be a diploid form of A. /
kamchatica. Reticulate relationships between Arabidopsis
species were revealed based on the reconstructed gene gene-
alogies and it was evident from this that the genome of diploid
A. L kamchatica consists of both lyrata-like and halleri-
like alleles. Of the nuclear loci selected, 28 genes supported
the clustering of A. L lyrata and diploid A. [ kamchatica,
while another 23 genes revealed close affinity between A. 4.
gemmifera and A. [ kamchatica. These results indicate
approximate contributions of the /yrata and halleri genomes
to the putative hybrid. Population data also showed that
both tetraploid and diploid forms of A. [ kamchatica pos-
sessed a mixed genome of A. lyrata and A. halleri, providing
further evidence of their hybrid status at each ploidy level.
The existence of a high proportion of halleri-like alleles in
diploid A. [ kamchatica, but not vice versa, also indicated
that A. h. gemmifera acted as a genome donor to the puta-
tive hybrid. Nonetheless, the occurrence at low frequency of
lyrata-like alleles in the A. h. gemmifera genome, according
to the population data, indicates the possibility of some
backcrossing of A. L kamchatica with its parental species
(Beck et al., 2007).

As A. [ kamchatica is the only form of A. lyrata that
currently exists in Taiwan, it is difficult to determine
whether the observed diploid A. [ kamchatica descended
from an actual hybrid lineage or a parental lineage. If the
latter is the case, the parental species might have been
replaced by the hybrid lineage; while in the case of allotetra-
ploid A. [ kamchatica, both parental species are likely to be
extinct in Taiwan. Three possible evolutionary scenarios
might explain the origins of diploid and tetraploid forms of
A. I. kamchatica in Taiwan. First, the formation of allotetra-
ploid A. [ kamchatica was followed by backcrossing with
parental A. lyrata, leading to the formation of diploid A. /
kamchatica via a ‘triploid bridge’. In contrast to general
thinking, triploids are not always completely sterile and
often can exchange genes across ploidy levels through the
formation of ‘balanced’ haploid and diploid gametes
(Henry ez al., 2007; Chapman & Abbott, 2010). Second,
introgression from A. h. gemmifera to ancestral A. lyrata
resulted in the origin of a stable diploid hybrid segregant,
which subsequently gave rise through polyploidization
to the allotetraploid form of A. [ kamchatica. Third,
diploid and tetraploid A. L kamchatica had independent
origins, hence were genetically differentiated from each
other. Although there is good evidence that tetraploid A. /
kamchatica is a hybrid that has originated via multple
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polyploidization events (Shimizu-Inatsugi ez al, 2009;
Schmickl et al, 2010), the evolutionary interactions
between diploid and tetraploid A. /. kamchatica remain to
be explored. Population samples from a wide geographical
range will be required to unravel their reticulate relation-
ships.

Between genetically interconnected species, natural selec-
tion may determine the fates of genes and genomes of
hybrids (Rieseberg ez al., 2003). In the present study, the
ontology analysis revealed that genes classified as DNA-
binding transcription factors were overrepresented among
the genes showing genealogies that matched the species
phylogeny, i.e. mostly from A. lyrata. Although statistical
support was marginal, this high level of congruence between
trees derived from genes encoding transcription factors
implies that such genes have greater biological importance
and evolutionary significance. These genes may exhibit
species-specific mutations and/or encode species-specific
transcriptional activities.

Gene flow between long diverged Arabidopsis species

To further investigate the possibility of gene flow between
long-diverged Arabidopsis species, we examined if the dip-
loid and tetraploid hybrid forms of A. [ kamchatica may
have acted as effective barriers to genetic exchanges between
A. halleri and A. lyrata, thus enforcing their reproductive
isolation despite secondary contact. This was done by
looking at the levels of ancestral polymorphism of A. lyrata
and A. halleri. In the strictest case of an allopatric speciation
model, an ancestral population splits into two geographi-
cally isolated regional populations and complete reproductive
isolation is established during the geographically isolated
phase (Mayr, 1954). At the moment of split, each of
the regional populations tends to resemble the ancestral
population at the level of genetic polymorphism. These
regional populations eventually become reproductively
isolated and evolve into new species. The expected
nucleotide diversity pattern can be summarized as 75 =
nR2 ~ mp < 7y (cf. Zhou et al., 2007), where the super-
script ‘2’ denotes the level of polymorphism at the time of
geographical isolation. However, if the strict allopatry
model does not apply, the variance of gene divergence will
be inflated by gene migration after the initial isolation.
Because the level of ancestral polymorphisms (74) is esti-
mated from the divergence variance, the level of ancestral
polymorphisms is likely to be overestimated in the presence
of gene flow (Osada & Wu, 2005).

Our results indicate an inflated estimate of ancestral
polymorphisms between A. lyrata and A. halleri, which is
likely attributable to interspecific gene flow. When A. 4.
gemmifera and A. [. kamchatica (i.e. taxa that caused system-
atic inconsistency owing to rampant gene introgression)
were excluded from the analysis, the estimated 4
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substantially decreased, although it was still higher than 7g.
A possible explanation for this pattern is that the common
ancestor of A. halleri and A. lyrata has not been under com-
plete reproductive isolation since their inidal divergence
(Zhou ez al., 2007). In addition, nonzero gene flow was
also detected between A. /. lyrata and A. h. gemmifera based
on a population genetic analysis with MIGRATE. The gene
trees in Fig. 3 suggest that there have been recent gene
introgression events to A. lyrata and A. halleri although the
amount was small. Investigating the pattern of speciation
between sister taxa using genome-wide data shows that inter-
specific gene flow is much more prevalent than expected.

The occurrence of gene flow between species after specia-
tion calls into question the identity of so-called ‘good spe-
cies’. Phylogenetic analyses that did not include the hybrid
taxon A. L kamchatica were still highly inconsistent across
loci. Whereas at least 37.9% inconsistency was evident with
the diploid hybrid included, 27.7% inconsistency occurred
when it was excluded. In complexes of the type investigated
here, the traditional view of species phylogeny may no
longer be effective, as both branching and reticulate evolu-
tion work in concert in determining species diversification.
The phylogeny of genomes is likely to be a mixture of the
genealogical information of genes (or recombination units),
and therefore cannot be determined by a simple, reductive
view. Nevertheless, the fact that species tend to become
diverged and differentiated indicates that natural selection
counteracts the effect of gene flow.

Conclusions

In this study, we examined the effects of natural hybridization
on genome evolution in Arabidopsis by looking at mul-
tilocus divergence among species. The sequence data from
nuclear loci provided sufficient power to recover the geno-
mic history among sister species. We found that what may
be considered as a diploid form of A. [ kamchatica was
composed of the two different genomes derived from A.
lyrata and A. halleri. The evolutionary relationships of tetra-
ploid and diploid forms of A. lyrata kamchatica remain to
be explored via population approaches. Different lines of
evidence supported the occurrence of gene flow between A.
lyrata and A. halleri. Apparently, a period of divergence of
2-3 Myr may not be sufficient for attaining complete
reproductive isolation in Arabidopsis. Rejecting the null
model of no interspecific gene flow after speciation is a first
step for investigating the roles of gene introgression in plant
genome evolution.
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