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The Southern Alps in New Zealand contain many herbaceous plant groups that have radiated during the
Plicoene–Pleistocene. The species in these genera tend to be polyploid relative to their overseas close rel-
atives, an observation of much interest given that hybridization and allopolyploidy have recently been
suggested as a possible stimulus for adaptive radiation. We were interested to determine whether or
not allopollyploidy was a feature of Pachycladon, a genus which is hypothesised to have adaptively diver-
sified onto different geological substrates in the mountains of the South Island of New Zealand. Phyloge-
netic analyses of five single-copy nuclear genes show that Pachycladon species have two copies of each
gene representing two highly diverged evolutionary lineages from the Brassicaceae. Molecular clock anal-
yses of all loci suggest that the two genome copies in Pachycladon diverged 8 million years ago, and that
the allopolyploid origin of the genus occurred during the Pleistocene between 1.6 and 0.8 million years
ago. This hybridization event at the origin of the Pachycladon radiation is perhaps the most extreme
example yet reported of successful hybridization between distantly related parents.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.
1. Introduction such as that of New Zealand (Hair, 1966), which has produced many
Hybridization is an important feature of plant and animal evolu-
tion (Anderson, 1949; Arnold, 1997; Barton, 2001; Grant, 1981;
Rieseberg, 1997; Stebbins, 1959). It is increasingly accepted as a pro-
cess for generating biotic diversity (Arnold, 1997; Barrier et al.,
1999; Ferguson and Sang, 2001; Rieseberg et al., 2003) and for pro-
moting rapid adaptation (Ellstrand and Schierenbeck, 2000; Grant
and Grant, 1996; Lewontin and Birch, 1966). It has also been sug-
gested that hybridization might have acted as a trigger for the adap-
tive radiation of some genera as both processes require similar
ecological requirements such as the presence of novel habitats (See-
hausen, 2004). There are currently few well characterised examples
that support the latter role for hybridization in evolution apart from
the demonstration that an allopolyploid event preceded the adap-
tive radiation of the Hawaiian silversword alliance (Barrier et al.,
1999). Allopolyploidy, which results in the presence of more than
two complete sets of chromosomes from distinct species in one indi-
vidual, is indeed one means of stabilizing hybrid advantage and is a
prevalent evolutionary process of vascular plants (Otto and Whitton,
2000; Soltis and Soltis, 2000). Hybridization and allopolyploidy have
been suspected as being important for the evolution of certain floras
009 Published by Elsevier Inc. All r
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Late tertiary species radiations (Winkworth et al., 2005).
Pachycladon (Brassicaceae) in New Zealand is one such example

of a polyploid genus in which hybridization might have been
important. It consists of eight small perennial species that are en-
demic to the South Island of New Zealand, and an additional spe-
cies that is endemic to Tasmania, Australia. Pachycladon is said to
have diversified within the last 1–3.5 million years (Heenan
et al., 2002), with adaptation to different geological substrates sug-
gested as being an important abiotic driver (Heenan and Mitchell,
2003). It harbours considerable inter-specific morphological varia-
tion to an extent that species of the genus were previously thought
to belong to three different genera that were associated to different
tribes or sub-tribes (Mitchell and Heenan, 2000). Some Pachycladon
species are restricted in altitude and to different soil types (schist
or greywacke) and variation in habitat is correlated with differ-
ences in reproductive strategy (monocarpic or polycarpic), inflo-
rescence position (lateral or terminal), siliques with seeds
uniseriate or biseriate, and seed morphology (with or without
wings) (Heenan and Mitchell, 2003). Ongoing work using micro-
array and transcriptome sequencing is currently investigating po-
tential biotic and abiotic drivers of the Pachycladon radiation
(e.g., Collins et al., 2008; Voelckel et al., 2008).

The suggestion that Pachycladon (2n = 20) is of polyploid origin
comes from FISH chromosome painting experiments (Lysak,
unpublished data) and the presence of duplicated nuclear genes
(Collins et al., 2008; McBreen and Heenan, 2006). However, the
ights reserved.
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polyploid nature of the genus has yet to be clearly demonstrated
and it is still unknown whether hybridization was involved in
the origin of the genus. Here, we conduct phylogenetic analyses
of five single-copy nuclear genes and report that Pachycladon is
an allopolyploid with very distantly related parents.

2. Methods

Five single-copy nuclear genes were investigated that were al-
most all located in distant regions of the Arabidopsis thaliana gen-
ome (TAIR version 7; Fig. 1) and on different blocks of the
reconstructed ancestral Brassicaceae karyotype (Schranz et al.,
2006): chalcone synthase (CHS, Ancestral Karyotype Block R
[AKB-R]), cinnamyl alcohol dehydrogenase 5 (CAD5, AKB-U), ma-
late synthase (MS, AKB-R), phosphoribulokinase (PRK, AKB-B),
and a nodulation gene from the MtN21 gene family (MtN21,
AKB-J). The chloroplast rbcL gene was also analysed to reconstruct
the maternal history of the genus.

Pachycladon exilis and Pachycladon fastigiata, which represents
the oldest dichotomy in the Pachycladon phylogeny (Heenan and
Mitchell, 2003), were sequenced for all markers but additional spe-
cies were sequenced for CHS, MS, and PRK. We attempted to se-
quence nine Brassicaceae species that cover several lineages in
the family according to previous studies (Bailey et al., 2006; Hee-
nan et al., 2002; Koch et al., 2007), but other sequences available
in GenBank were also included in phylogenetic analyses (Supple-
mentary material Appendix 1).

2.1. Molecular methods

DNA was extracted using the plant DNeasy kit (QiaGen) and the
genes were amplified using standard PCR conditions (see Joly et al.,
2006). Published primers were used to amplify CHS (Koch et al.,
2000), MS (Lewis and Doyle, 2001), and PRK (Lewis and Doyle,
2002). CAD5 was amplified using primers CAD5-P2F (50-
CTGCCACACCGATCTTCATCAAACT-30) and CAD5-P4R (50-TAG-
TATRCCTCCTCTTAGGCCTGG-30) and an annealing temperature of
50 �C, whereas MtN21 was amplified using primers MtN21-1F
(50-GCCATTACGTTCTTGTTGCATACCG-30) and MtN21-5R (50-
TGTCAAAACCGATGTTCAAAGCAG-30) and an annealing tempera-
ture of 54 �C. All individuals of Pachycladon possessed two diver-
gent copies of each gene, which allowed primers specific to each
copy to be developed (Supplementary material Appendix 2). Most
Pachycladon individuals were amplified and sequenced using these
specific primers.
PRK

MtN31

CHS

MS

CAD5

I II III IV V

Fig. 1. Position of the nuclear markers used in this study on the Arabidopsis thaliana
chromosomes.
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The PCR products were purified with polyethylene glycol (Joly
et al., 2006). Sequencing reactions used the BigDye terminator
chemistry (version 3.3; Applied Biosystems) and were run on a
3730 automated sequencer (Applied Biosystems). Polymorphic
PCR products were cloned with a TOPO-TA kit (Invitrogen). Colo-
nies were screened by PCR (T3–T7 primers) and five positive clones
were typically sequenced from the PCR product using T3 and T7
primers. Sequences were edited in Sequencher (version 4.7; Gene-
Codes) and aligned in ClustalX (Thompson et al., 1997). Because in-
trons were too variable to be aligned with confidence across the
Brassicaceae, they were removed from all genes prior to the phylo-
genetic analyses.

For the rbcL gene, we identified available Brassicaceae se-
quences by blasting a P. fastigiata sequence (GenBank Accession
No. EF015666) to the nr database of GenBank using megablast.
The best 100 hits were kept and then aligned in ClustalX.

2.2. Phylogenetic analyses

Every marker was tested for evidence of recombination using
the U statistic (Bruen et al., 2006) implemented in PhiPack (Bruen,
2005), with 10,000 permutations and using a window size of 100.
Maximum likelihood (ML) phylogenetic analyses were performed
on the complete matrices for each gene (i.e., containing all clone
sequences). The tree search was undertaken with PhyML version
2.4.4 (Guindon and Gascuel, 2003) using the best fitting substitu-
tion model according to a Akaike Information Criterion (AIC) eval-
uated on a neighbour joining tree (ModelTest version 3.7, Posada
and Crandall, 1998). This preliminary analysis was used to filter se-
quences likely to contain Taq polymerase induced errors. Only one
sequence was kept where several clone sequences were assumed
to come from a single gene copy: sequences with more than 99%
sequence identity were considered to be the result of polymerase
errors. The clone sequences left in the final matrices were the ones
with the most basal position on the ML tree and/or with the short-
est branch, consistent with it containing a minimal number of Taq
induced errors. Sequences that contained uncommon amino acid
substitutions, compared to the other clones and to the whole se-
quence alignment, were also considered to result from Taq-in-
duced errors and were removed.

The filtered matrices (TreeBase study accession number S2261)
were subjected to ML and Bayesian phylogenetic analyses. The ML
tree search was performed in PhyML using the best model selected
according to the AIC criterion in ModelTest. Branch support was
estimated using 1000 bootstrap replicates. Bayesian phylogenetic
analyses were performed in BEAST version 1.4.7 (Drummond and
Rambaut, 2007) using the model available in BEAST that received
the best AIC score in ModelTest. Each matrix was analysed with
an uncorrelated lognormal clock (Drummond et al., 2006) fixing
the mean substitution rate to one, using a Yule prior for the tree,
and using other default parameters. Two independent runs were
performed for each dataset to ensure convergence of the chains.
Convergence to the stationary distribution for all parameters and
the collection of estimated sample sizes above 1 � 104 was con-
firmed using Tracer (Rambaut and Drummond, 2005). The chains
were run for 1 � 107 generations and sampled every 1000 genera-
tions, discarding the first million generations as burnin (except for
the CHS and rbcL genes that had a ‘‘run length/burnin” of 2 � 107/
1.2 � 107 and 5 � 107/6 � 106 generations, respectively). The best
root positions estimated in BEAST were used to root ML trees.

2.3. Divergence times estimates

The topologies of the ML trees obtained with the filtered matri-
ces were used to test if the genes studied were evolving according
to a molecular clock hypothesis with a likelihood ratio test (Felsen-
lyploidization event precedes the species radiation of Pachycladon (Brass-
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stein, 1981). ML scores of the data for the two alternative hypoth-
eses with the appropriate evolutionary model were obtained from
PAUP� version 4.10b (Swofford, 2002). A sequential Bonferroni cor-
rection was applied (Rice, 1989) to account for the multiple statis-
tical tests performed.

Estimating divergence times in the Brassicaceae is a difficult
task because of the rarity of available fossils to calibrate substitu-
tion rates. One source of information is the presence of Rorippa pol-
len deposits in geological samples from the Pliocene (2.5–5 Mya)
(Mai, 1995). But because estimating divergence times on a phylog-
eny using methods that allows variation of rates among branches
using few calibration points is challenging (Knapp et al., 2005; Sol-
tis et al., 2002; Yang and Yoder, 2003) and because some methods
are inaccurate when calibration points are located toward the tips
of the phylogeny (Pérez-Losada et al., 2004) such as with the Ror-
ippa pollen, these approaches were not pursued further here. In-
stead, a molecular clock was assumed and synonymous
substitution rates were used for dating specific events on the phy-
logeny. Because the family is relatively recent (ca. 30 mya), the sig-
nal at synonymous sites should not be affected by saturation. To
estimate the divergence time between taxa and groups, we used
a range of possible rates of synonymous substitution of 1.9–
4.1 � 10�8 synonymous substitutions per synonymous site (dS)
per year. This was calculated given that dS values between A. thali-
ana and Brassica vary between 0.4 and 0.6 for most genes (esti-
mated from 256 genes: Blanc et al., 2003) and that the
divergence between these species is likely to have occurred be-
tween 14.5 and 21 mya according to two independent estimates
(Koch et al., 2001; Yang et al., 1999). We feel that the present range
of synonymous substitution rates is more informative than the val-
ues of 1.5 � 10�8 obtained by Koch et al. (2000) from a single gene
(CHS) and of 7.3 � 10�9 (Lynch and Conery, 2000) obtained from
tRNA genes and calibrated using the split between monocots and
dicots. Indeed, calibrating a rate with an old event such as the
divergence of the monocots and the dicots may underestimate
the synonymous substitution rate due to signal saturation at such
distances. Average numbers of synonymous substitution per syn-
onymous sites were estimated independently for every gene using
the maximum likelihood method of Goldman and Yang (1994)
implemented in PAML (Yang, 2007). Given these numbers, diver-
gence times (T) were then obtained given that the synonymous
substitution rate = dS/2T.

3. Results

The sequences generated for this study were deposited in Gen-
Bank under the Accession Nos. FJ645063–FJ645256 (see Supple-
mentary material Appendix 1 for a list of all Accession Nos. used
in this study). Table 1 lists some characteristics for each gene
investigated in this study. There was no evidence of pseudogene
sequences in any dataset after inspection of the translated amino
Table 1
Gene characteristics and likelihood ratio tests.

Gene Lengtha All sequences Filtered matrix l

Taxa Evolutionary model Taxa Evolutionary model M

CAD5 376 19 TrN+C 14 GTR+G �
CHS 1167 64 SYM+I+C 49 SYM+I+G �
MS 515 51 SYM+C 22 SYM+I+G �
MtN21 572 42 TrN+C 13 HKY+G �
PRK 677 51 TrN+I+C 23 GTR+I+G �
rbcL 1318 77 K81uf+I+C NA NA N

Significance levels after sequential Bonferroni correction: **p < 0.01, ***p < 0.001.
a Introns removed.
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acid sequences. There was also no evidence of recombination in
the datasets analysed (p > 0.05). ML and Bayesian trees were al-
ways highly congruent and the only disagreements occurred at
nodes that received very low support (bootstrap < 50% and poster-
ior probability < 0.5).

3.1. Two genome copies

CHS phylogeny has been a focus of previous studies (Koch
et al., 2000, 2001) and thus was the gene with the most thorough
sampling across the family. The CHS phylogeny clearly illustrates
the presence of two distant copies in the genome of Pachycladon
(Fig. 2) that are associated with the two main evolutionary lin-
eages in the Brassicaceae (Bailey et al., 2006; Koch et al., 2007),
which we will henceforth call the Arabidopsis and the Brassica lin-
eages (see Fig. 2). Phylogenies of the other nuclear genes revealed
that Pachycladon possesses two copies of each (Fig. 3). The phylo-
genetic positions of the two genome copies were highly similar
across gene trees (Figs. 2 and 3). Together, these observations
support an allopolyploid origin for the genus. One of the genome
copies present in Pachycladon was consistently in a derived posi-
tion in the Arabidopsis lineage and it will henceforth be called the
A genome copy (for Arabidopsis). This genome copy appears to be
most closely associated with genera Crucihimalaya, Transberingia,
and Boechera, although other genera such as Capsella and Olima-
rabidopsis are close to this copy for some of the genes. The phy-
logenetic position of the other genome copy, the B copy, was
always close to the split of the Arabidopsis and Brassica lineages,
although none of the species sampled had high genetic affinities
with this copy.

3.2. Reconstructing the maternal evolutionary history of Pachycladon

The chloroplast rbcL gene was chosen to reconstruct the mater-
nal history of Pachycladon because it could be aligned unambigu-
ously within the Brassicaceae. We used a BLAST approach to
sample as many Brassicaceae species as possible: 76 out of the first
hundred results were Brassicaceae species and 24 of these repre-
sented identical sequences within species that were removed for
the phylogenetic analysis. Although the phylogenetic analysis
was performed on all sequences, we only present the portion of
the tree containing Brassicaceae species (Fig. 4), which formed a
monophyletic group with high support (99.6% bootstrap and 1.0
posterior probability). The rbcL tree shows that the chloroplast of
Pachycladon branches at the base of the Arabidopsis lineage and
that it is relatively distant from the genera Transberingia and Cruci-
himalaya, which is very similar to the B genome copy identified
above with the nuclear genes. Given that chloroplasts are generally
maternally inherited in angiosperms and also in Brassicaceae (e.g.,
Johannessen et al., 2005), this suggests that the B genome was the
maternal parent of the allopolyploid event.
nL d = �2log (L0/L1) df p

olecular clock (L0) No clock (L1)

1250.62382 �1241.01793 19.21178 12 0.0835442
8466.34482 �8396.3419 140.0058 47 3.53 � 10�11***

1760.644 �1744.92766 31.43268 20 0.0497314
2022.1267 �1996.81908 50.61524 11 0.0004851**

2543.12135 �2520.1437 45.9553 21 0.0012954**

A NA NA NA

lyploidization event precedes the species radiation of Pachycladon (Brass-
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Fig. 2. Maximum likelihood phylogeny of the chalcone synthase (CHS) gene. Bootstrap support and posterior clade probabilities are indicated above and below the branches,
respectively. The phylogeny was rooted at the position that received the highest posterior probability in the Bayesian analysis.
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3.3. Divergence time estimates

The hypothesis of a molecular clock was rejected for CHS,
MtN21, and PRK (Table 1). However, when only species of interest
were considered, the molecular clock hypothesis was only rejected
for the PRK gene at the 5% level (p < 0.01 after sequential Bonfer-
roni correction). This suggests that although the genes CHS and
MtN21 do not evolve neutrally in all Brassicaceae species sampled,
they do evolve at the same rate in lineages of interest. The diver-
gence times reported below are the average divergence times
across all markers. The gene PRK was also included because its esti-
mate was not more extreme then those of other markers (Table 2).
The average divergence time between A. thaliana and Arabidopsis
lyrata was 4.92 ± 1.18 mya (Table 2), which is consistent with pre-
vious estimates (Koch et al., 2000). The analysis suggests that the
two genome copies of Pachycladon started to diverge ca.
8.18 ± 4.37 mya. Because the divergence of P. fastigiata and P. exilis
represents the oldest dichotomy in the Pachycladon phylogeny
(Heenan and Mitchell, 2003), the distance between these species
suggests that the genus started to diverge ca. 0.8 mya. To obtain
a maximum age estimate for the hybridization event, we looked
at the average distance between the A genome in Pachycladon spe-
cies and species that branched at the node immediately below this
copy in the phylogeny because they all share a most recent com-
Please cite this article in press as: Joly, S., et al. A Pleistocene inter-tribal allopo
icaceae) in New Zealand. Mol. Phylogenet. Evol. (2009), doi:10.1016/j.ympev.2
mon ancestor with the node that is immediately below Pachycla-
don in the phylogeny. Consequently, all these species must have
diverged over the same period of time since their most recent com-
mon ancestor. This distance will always constitute an upper bound
for the time since the hybridization event because it is possible
that the true parent has not been sampled, in which case it would
have diverged from Pachycladon more recently than that node. The
B genome copy was also considered in a calculation for the maxi-
mum age of the hybridization event, but because the distance from
Pachycladon to the closest sampled relatives for the B genome were
always greater than that for the A copy, the latter always gave bet-
ter (i.e., smaller) estimates. These calculations indicated that the
maximum age estimate for the hybridization event is 1.61 mya.

4. Discussion

4.1. The origin of the genus Pachycladon

Phylogenetic analysis of molecular markers is a method of
choice to identify polyploid events and to determine if a polyploid
is of auto- or allopolyploid origin (Straub et al., 2006). The first
phylogenetic studies that investigated the position of the genus
Pachycladon within the Brassicaceae used the internal transcribed
spacer of the nuclear ribosomal 18S-5.8S-26S gene family (nrITS)
lyploidization event precedes the species radiation of Pachycladon (Brass-
009.02.015
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Fig. 3. Maximum likelihood phylogenies for the genes phosphoribulokinase (PRK), malate synthase (MS), cinnamyl alcohol dehydrogenase 5 (CAD5), and MtN21 nodulation
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(Heenan et al., 2002; Mitchell and Heenan, 2000). This marker sug-
gested that Pachycladon was closely related to the Eurasian genera
Crucihimalaya and Transberingia (Heenan et al., 2002). There was
no evidence of multiple nrITS copies in the Pachycladon genome
that might have suggested an allopolyploid origin for the genus.
However, the 18S-5.8S-26S ribosomal gene family is known to fre-
quently evolve in a concerted manner (Álvarez and Wendel, 2003)
and thus it is possible that the nrITS of a single parental species
was fixed prior to the species radiation. Since then, although other
markers have been sequenced for Pachycladon (McBreen and Hee-
nan, 2006), none were analysed within the context of the Brassic-
aceae family. Thus it has remained unclear whether Pachycladon is
really polyploid and if so if it is an autopolyploid or an
allopolyploid.

The present phylogenetic analyses of five nuclear genes have
shown that all of those genes were present in two copies in the
genome of Pachycladon, which represents strong evidence for a
polyploid origin. The hypothesis of independent gene duplication
events is unlikely given that the genome copies were in similar
positions in the different gene trees and that the rest of the phylog-
enies did not seem affected by paralogy. Similarly, the possibility
that these markers were duplicated during a single event that in-
volved only a fraction of the genome (e.g., a chromosome arm) is
improbable given that the five genes investigated are distantly lo-
cated in genomes of Brassicaceae species. The polyploid event
likely occurred before the genus diversified as two copies of all
genes have been found in all Pachycladon individuals investigated
Please cite this article in press as: Joly, S., et al. A Pleistocene inter-tribal allopo
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except for P. fastigiata with the MtN21 gene, which is likely a con-
sequence of the few number of clones sequenced (5). These find-
ings thus support previous evidence for the polyploid nature of
the genus Pachycladon. In addition, the observation that the gene
copies group with distantly related species and that the position
of these copies were very similar among genes support an allopoly-
ploid origin for Pachycladon.

The allopolyploid event that precedes the radiation of Pachycla-
don is the most recent of several whole genome duplication events
that have occurred in its evolutionary history. Given that the model
plant A. thaliana has experienced three whole genome duplication
events—the latest of which occurred near the emergence of the
Brassicaceae family (Blanc et al., 2003; De Bodt et al., 2005),
Pachycladon must have experienced four whole genome duplica-
tion events in its past. This is a minimal estimate since older gen-
ome duplications could have occurred, although it is unlikely that
genome duplication events older than the oldest one detected in A.
thaliana (ca. 101–168 mya: De Bodt et al., 2005) would leave a
detectable signature in actual genomes. Such successive rounds
of polyploidy followed by genome diploidization (Finnegan,
2002) demonstrate the evolutionary significance of polyploidy in
flowering plants.

Identifying parental species for the allopolyploid event that led
to Pachycladon is difficult due to the variation in phylogenetic po-
sition of the Pachycladon genome copies among gene trees. This
variation may be the result of stochastic error in the phylogenetic
analyses, although other factors such as incomplete lineage sort-
lyploidization event precedes the species radiation of Pachycladon (Brass-
009.02.015
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Table 2
Divergence times for different splits within the Brassicaceae.

Gene Pachycladon
genome A

Pachycladon
genome B

Pachycladon
A|Pachycladon B

A. thaliana|A.
lyrata

A.
thaliana|Brassica

Pachycladon A|A.
thaliana

Pachycladon B|A.
thaliana

Pachycladon and its
closest species

CAD5 0.55 ± 0.23 0.00 ± 0.00 8.61 ± 3.65 4.17 ± 1.77 17.31 ± 7.33 5.79 ± 2.45 10.49 ± 4.44 0.83 ± 0.35
CHS 0.83 ± 0.35 1.13 ± 0.48 15.06 ± 6.38 6.29 ± 2.67 21.79 ± 9.23 13.02 ± 5.52 18.45 ± 7.82 1.92 ± 0.81
MS 0.65 ± 0.28 0.87 ± 0.37 5.74 ± 2.43 4.03 ± 1.71 16.44 ± 6.97 5.89 ± 2.50 5.88 ± 2.49 2.48 ± 1.05
MtN21 1.10 ± 0.46 **** 3.40 ± 1.44 3.99 ± 1.69 **** 6.59 ± 2.79 5.56 ± 2.35 1.53 ± 0.65
PRK 0.88 ± 0.37 1.39 ± 0.59 8.11 ± 3.44 6.14 ± 2.60 **** 5.75 ± 2.44 11.58 ± 4.91 1.27 ± 0.54

Average 0.80 ± 0.21 0.85 ± 0.60 8.18 ± 4.37 4.92 ± 1.18 18.51 ± 2.87 7.41 ± 3.16 10.39 ± 5.25 1.61 ± 0.63

**** These dates could not be estimated due to lack of information.
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ing, gene paralogy or hybridization may also have contributed to
the inferred differences. The position of the A genome is consistent
with the relationship proposed by the nrITS phylogeny (Heenan
et al., 2002) and suggests a close relationship with genera Crucihi-
malaya and Transberingia. In contrast to Pachycladon, these genera
do not have two divergent genome copies and their position is al-
ways close to the A genome copy of Pachycladon. This indicates that
they were not involved in the same polyploid event as Pachycladon
and thus represent good candidates for one of the parental lines.
Yet, further sampling is necessary to be able to comment more pre-
cisely on the nature of the A genome parent.

Phylogenetic analysis of the chloroplast rbcL gene suggested
that the B genome was contributed by the maternal parent in the
allopolyploid event. Yet, it was impossible to find a potential par-
ent species for this copy with the actual sampling. According to a
recent supermatrix analysis of the family (Bailey et al., 2006), all
Please cite this article in press as: Joly, S., et al. A Pleistocene inter-tribal allopo
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major tribes that could potentially contain the parent of the B gen-
ome of Pachycladon are represented in at least one of the genes
investigated except for the tribe Smelowskieae. So unless this lat-
ter tribe is close to the B genome, the parent of this copy is prob-
ably a species whose phylogenetic relationship within the family
has yet to be investigated and several genera are in this situation
(Al-Shehbaz et al., 2006). The parent of the B genome could also
have gone extinct, but it seems unlikely that no closely related spe-
cies remains today.

Because parental species must have been in contact in the past
to hybridize, it will be interesting to identify more accurately the
parental species of Pachycladon in the future as it will help to
understand how the genus evolved and arrived in New Zealand.
For example, the A genome is related to Transberingia and Crucihi-
malaya, two genera presently found mostly in arctic regions of
North American and Russia and in alpine regions of Eurasia
lyploidization event precedes the species radiation of Pachycladon (Brass-
009.02.015
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(Al-Shehbaz et al., 1999; Price et al., 2001). If the hybridization
event that leads to the allopolyploid occurred in Eurasia or North
America, it would imply long-distance trans-oceanic dispersal to
New Zealand (Heenan and Mitchell, 2003). Yet, it is also possible
that the true ancestor of Pachycladon was closer to New Zealand.
It would appear unlikely that the hybridization event occurred in
New Zealand as no Brassicaceae in New Zealand have been found
to be closely related to Pachycladon (Mitchell and Heenan, 2000).
Nevertheless, limited taxon sampling and different tree topologies
in published studies make this conclusion tentative. Irrespective of
whether or not transoceanic dispersal predated or postdated for-
mation of the allopolyploid, it is interesting to note that only 0.8
my separates our maximum estimate for formation of the allopoly-
ploid (1.61 mya) and the time of diversification of the genus in
New Zealand (Heenan and Mitchell, 2003). Such a short period of
time between the hybridization event and the species radiation
may explain why the genome of Pachycladon species shows little
signs of diploidization as suggested by the presence of two poten-
tially functional copies of all nuclear genes investigated in all but
one Pachycladon species.

The hybridization event that led to the evolution of the genus
Pachycladon is peculiar in terms of the extent of evolutionary dis-
tance between the two parental species. Since their divergence,
which most likely occurred at the base of the Arabidopsis lineage
(ca. 8 mya), more than 450 species have evolved, and these have
been classified into four different tribes (Boechereae, Camelineae,
Descurainieae, Halimolobeae; Al-Shehbaz et al., 2006). Given that
the allopolyploidization event which gave rise to Pachycladon took
place at most 1.6 mya, this means that the lineages represented by
the two parental species were ca. 6.4 million years (myr) diverged
prior to their hybridization. Although such a long period of inde-
pendent evolution is striking, it is difficult to compare this estimate
of divergence time with similar estimates for other allopolyploid
parents. This is because such estimates of age have rarely been cal-
culated. A recent survey (Chapman and Burke, 2007) provides one
measure of comparison for the ages of the parent genomes of allop-
olyploids. It reported the genetic distance at the nrITS locus for
parents of several allopolyploids. However, in this study the infer-
ences are limited because the estimates made do not take into ac-
count lineage specific rates of molecular evolution or the age of the
allopolyploid event. Unfortunately, it is also not possible to mea-
sure the nrITS distance between the parent genomes of Pachycla-
don because of the absence of a potential B genome donor and
because the nrITS B copies have either been homogenized or lost
from the Pachycladon genome (see above). Nevertheless, the time
of independent evolution of the parents prior to the hybridization
event obtained here is greater than that obtained for Gossypium
(5.2 myr: Senchina et al., 2003), which is one of the allopolyploids
with the greatest observed nrITS distance between parent genomes
(Chapman and Burke, 2007). Moreover, two of the three allopolyp-
loids reported by these authors to have a larger nrITS distance be-
tween parents than Gossypium—Spartina anglica (Fortune et al.,
2007), and also Symphyotricum ascendens when re-estimated using
the same sequences and parameters as Chapman and Burke
(2007)—are clearly younger than Pachycladon. Thus, the successful
natural hybridization event at the origin of the Pachycladon radia-
tion is certainly one of the most extreme examples yet reported of
successful hybridization between distantly related parents in flow-
ering plants.

Further support for the occurrence of a hybridization event be-
tween divergent genomes A and B is provided by the generation of
an artificial intergeneric hybrid between A. thaliana (maternal par-
ent; 2n = 10) and Pachycladon cheesemanii (2n = 20) (Heenan et al.,
2008). This intergeneric F1 hybrid has chromosome number of
2n = 15 that is intermediate between the parents and is both
female and male sterile. However, female function was success-
Please cite this article in press as: Joly, S., et al. A Pleistocene inter-tribal allopo
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fully restored by genome duplication induced by colchicine, which
demonstrates the importance of chromosome doubling as a mech-
anism to overcome sterility and facilitating subsequent generation
of new hybrids.

4.2. Hybridization: a trigger for adaptive radiations?

Recently, it has been proposed that hybridization can predis-
pose a group to adaptive radiation (Seehausen, 2004). Findings of
the present study are consistent with such a view because hybrid-
ization clearly preceded the radiation of Pachycladon. Our finding is
interesting given that there are few documented examples of
hybridization events preceding species radiation besides that of
the silversword alliance (Barrier et al., 1999). These observations
may help to interpret the evolution of flora such as that of New
Zealand that has been reported to have a high incidence of poly-
ploidy (Hair, 1966; Murray et al., 2005). In particular, allopoly-
ploidy has been hypothesised to precede the adaptive radiation
of the New Zealand alpine Ranunculus (Hair, 1966). Our findings
provide motivation for investigating other speciose polyploid gen-
era in the New Zealand archipelago.

Although our findings are consistent with a hypothesis that
hybridization has been important in the radiation of Pachycladon,
it remains to be investigated whether or not the inferred hybridiza-
tion event has facilitated adaptive radiation. It might be possible to
test this by looking at the fate of duplicated genes, and evaluating
whether or not these gene copies have allowed specialization and
adaptation to new environments. This hypothesis is presently
being investigated.

4.3. Brassicaceae phylogeny

Although the present study was not intended as an investiga-
tion of phylogenetic relationships within the Brassicaceae family,
it has nevertheless produced some interesting results, especially
since it includes more independently evolving markers than have
been analysed in previous analyses. One interesting finding is the
basal positions of Physaria and Lepidium in the family whereas
previous multi-gene studies have suggested that these species be-
long to the Arabidopsis lineage (Bailey et al., 2006; Koch et al.,
2007). Also, the incongruence observed among our and previously
published gene trees (Bailey et al., 2006; Koch et al., 2007) may
indicate that the family as a whole has evolved very rapidly
and suggests that it will be important to analyse several indepen-
dently evolving markers to obtain better phylogenetic hypotheses
for the Brassicaceae. Finally, the long-distance hybridization event
that has preceded the radiation of Pachycladon might have signif-
icance for understanding diversification within the Brassicaceae
family. It suggests that hybridization, even between very distant
species, has been an important evolutionary feature of the family
that could explain some phenotypic characteristics (Al-Shehbaz
et al., 2006).
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