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a b s t r a c t

The origins and evolution of sub-Antarctic island floras are not well understood. In particular there is
uncertainty about the ages of the contemporary floras and the ultimate origins of the lineages they con-
tain. Pringlea R. Br. (Brassicaceae) is a monotypic genus endemic to four sub-Antarctic island groups in the
southern Indian Ocean. Here we used sequences from both the chloroplast and nuclear genomes to exam-
ine the phylogenetic position of this enigmatic genus. Our analyses confirm that Pringlea falls within the
tribe Thelypodieae and provide a preliminary view of its relationships within the group. Divergence time
estimates and ancestral area reconstructions imply Pringlea diverged from a South American ancestor
�5 Myr ago. It remains unclear whether the ancestor of Pringlea dispersed directly to the South Indian
Ocean Province (SIOP) or used Antarctica as a stepping-stone; what is clear, however, is that following
arrival in the SIOP several additional long-distance dispersal events must be inferred to explain the cur-
rent distribution of this species. Our analyses also suggest that although Pringlea is likely to have inher-
ited cold tolerance from its closest relatives, the distinctive morphology of this species evolved only after
it split from the South American lineage. More generally, our results lend support to the hypothesis that
angiosperms persisted on the sub-Antarctic islands throughout the Pliocene and Pleistocene. Taken
together with evidence from other sub-Antarctic island plant groups, they suggest the extant flora of
sub-Antarctic is likely to have been assembled over a broad time period and from lineages with distinc-
tive biogeographic histories.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

The historical biogeography of Southern Hemisphere vascular
plants has long fascinated biologists. First discussed by Hooker
(1853) explanations for these now well-recognized patterns have
been highly controversial. However, over the last 15 years molecu-
lar phylogenetic analyses (e.g., Lockhart et al., 2001; Meudt and
Simpson, 2006; Schuettpelz and Hoot, 2004; Wagstaff et al.,
2002; Winkworth et al., 2002a) have done much to improve our
understanding of Southern Hemisphere biogeography. In particu-
lar, these studies have shown that for plants trans-oceanic dis-
persal has had much more important impacts on contemporary
biogeographic patterns than Gondwanan vicariance (Sanmartín
and Ronquist, 2004; Sanmartín et al., 2007; Winkworth et al.,

1999, 2002b). To date such phylogenetic studies have focused pre-
dominantly on plant groups from Australia, New Caledonia, New
Zealand and South America (e.g., Bartish et al., 2005; Knapp
et al., 2005; Meudt and Simpson, 2006; Stöckler et al., 2002). In
contrast, while sub-Antarctic island forms have been included in
phylogenies for specific taxa (e.g., Gillespie et al., 2008; Tay et al.,
2010; Wagstaff et al., 2002) the origins and evolution of sub-Ant-
arctic island vascular plant floras have received more limited
attention (but see Mitchell et al., 1999; Wagstaff and Hennion,
2007; Wagstaff et al., 2011).

Although small relative to their continental neighbors, the sub-
Antarctic islands (Fig. 1) are critical to our understanding of South-
ern Hemisphere biogeography. It has previously been suggested
that these islands host representatives of extinct Antarctic floras
(e.g., Convey et al., 2009; Hooker, 1847; Werth, 1911) or have acted
as dispersal stepping-stones to the lower latitude landmasses (e.g.,
Ali and Aitchison, 2009; Fleming, 1962; Kemp and Harris, 1975;
Wardle, 1968). Most of the sub-Antarctic islands have relatively
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recent volcanic origins (Quilty, 2007) so uncertainty about the his-
tory of their floras is not a question of recent dispersal versus an-
cient Gondwanan vicariance. Instead the issue is whether the
contemporary floras contain lineages that survived Pleistocene gla-
ciation in situ or they were assembled de novo following the last
glacial maximum (LGM). Post-LGM assembly of these floras is con-
sistent with earlier studies suggesting complete glaciation of the
sub-Antarctic islands (e.g., Colhoun and Goede, 1974; Hall, 1979;
Sugden and Clapperton, 1977) and therefore the extinction of
pre-Pleistocene assemblages (Smith, 1984). In contrast, recent data
suggest that many of the islands supported ice-free areas (e.g.,
Bentley et al., 2007; Hall, 2002; Hall et al., 2011; Rosqvist et al.,
1999). This, together with paleobotanical evidence (Van der Putten
et al., 2010) implies that long-term survival in situ was possible.
These alternatives reflect a more general debate concerning the
origins and history of biotas in the Antarctic region as a whole
(e.g., Chown, 1990; Convey et al., 2008, 2009; Gressitt, 1970; Ste-
vens et al., 2006).

The origins of the plant lineages that occur in the sub-Antarctic
have also been uncertain. One possibility is that these groups ar-
rived from the lower latitude landmasses (e.g., Australia, New Zea-
land, and South America). Indeed, where sub-Antarctic island
forms have been included in phylogenetic analyses they have often
been shown to have close links to relatives on these landmasses
(e.g., Tay et al., 2010; Wagstaff et al., 2002; Winkworth et al.,
2002a). Alternatively the ancestors of these sub-Antarctic island
forms may be derived from now extinct Antarctic floras. Evidence
for the timing of complete glaciation on Antarctica remains uncer-
tain (Convey et al., 2008; Siegert, 2008) but the continent may have
hosted a tundra-like flora up until as recently as the mid-Pliocene
(Ashworth and Cantrill, 2004). If so it is possible some of elements
of these assemblages escaped extinction by dispersal to the sub-
Antarctic islands. One potential example is the Iles Kerguelen en-
demic Lyallia. Molecular age estimates imply a long period of isola-
tion and are interpreted as support for an Antarctic origin
(Wagstaff and Hennion, 2007).

Pringlea antiscorbutica R. Br. (Brassicaceae), the ‘‘Kerguelen cab-
bage’’, is endemic to the four island groups of the South Indian
Ocean Province (SIOP; sensu Smith, 1984). The province is com-
posed of Iles Kerguelen, Archipel Crozet, Prince Edward Islands,

and the Heard and McDonald Islands (Fig. 1). Pringlea is a long-
lived perennial (usually living more than 7 years) with ramified,
prostrate shoots that end in a rosette of large leaves (up to 80 cm
in diameter). On plants more than 3–4 years old the shoots also
bear 3–5 lateral inflorescences. There is high intra-population var-
iability in plant size and the number of flowering stems (Hennion
et al., 2006). Pringlea occurs in a wide array of habitat types but al-
ways on wet, yet free draining, soils. The monotypic Pringlea is dis-
tinctive within the Brassicaceae because although some of its
morphological characteristics are found in other members of the
family, they do not occur in similar combinations. Depending on
the characters considered, links to at least six different tribes have
been suggested (e.g., Delaveau et al., 1973; Hedge, 1976; Hooker,
1879; Werth, 1911) while von Hayek (1911) considered Pringlea
distinctive enough to warrant its own tribe, Pringleeae.

Previous molecular analyses have gone some way toward
resolving the tribal status of Pringlea. These studies place Pringlea
within the otherwise exclusively New World tribe Thelypodieae
(sensu Warwick et al., 2009) but do not convincingly resolve rela-
tionships within this large clade (Warwick et al., 2002, 2009).
While suggestive these analyses are not sufficient to explicitly test
hypotheses about the origins and evolution of Pringlea; instead
they raise a further question. Most members of the Thelypodieae
fall within one of two broad ecological categories, (i) those that oc-
cupy warm and dry habitats (e.g., species of Caulanthus, Streptan-
thus) and (ii) those that occupy cold and wet climate habitats
(e.g., species of Chilocardamum, Mostacillastrum). Since cold and
wet environments seem likely to have characterized the SIOP since
the late Miocene there are two possible historical scenarios. First, if
a group or groups of species from warm dry habitats are most clo-
sely related to Pringlea then the current ecological tolerances of
this species evolved following arrival in the SIOP; perhaps in re-
sponse to climatic cooling during the late Miocene and Pliocene.
The alternative is that Pringlea is derived from a group that occu-
pies cold and wet habitats. In this case Pringlea may have arrived
in the SIOP with adaptations to the climatic conditions on these
islands.

In this study we investigate both the phylogenetic position and
historical biogeography of Pringlea. We reconstruct a phylogeny for
Pringlea and a sample of species assigned to the Thelypodieae and

Fig. 1. Map showing eastern hemisphere in (southern) polar projection. Islands and island groups falling within the sub-Antarctic zone are labeled. The islands that compose
the Southern Indian Ocean Province and, hence, distribution of Pringlea are indicated by the dotted line.
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related tribes. We then use this tree to estimate divergence times
and as a basis for reconstructing ancestral areas. More specifically
we address the following questions. When did the ancestor of
Pringlea arrive in the SIOP? Where did it arrive from? And to what
extent did the unique biology of this species evolve in the SIOP?
We also briefly discuss what our results imply in terms of the
assembly processes of sub-Antarctic island floras.

2. Materials and methods

2.1. Sampling of Pringlea for molecular analyses

Seeds were sampled from three of the four archipelagos where
Pringlea occurs: Iles Kerguelen, Archipel Crozet, and the Heard Is-
land group (including Heard Island and the McDonald Islands).
Seeds from Iles Kerguelen and Archipel Crozet were germinated
and seedlings grown in a phytotron at UMR-CNRS Ecobio (Univer-
sity of Rennes 1, France). Seeds from two Heard Island populations
were cultivated under similar conditions at the Royal Botanic Gar-
dens Hobart (Tasmania, Australia). One individual from each pop-
ulation was randomly selected and its leaves used for DNA
extraction. Leaves were collected from two populations on Marion
Island (Prince Edward Islands). In each case sampled populations
are geographically distinct; details of collection sites are provided
in Appendix A.

2.2. DNA isolation, PCR amplification, and sequencing

Total genomic DNA was isolated from fresh or dried leaf tissue
using either the DNAeasy plant DNA extraction kit (Qiagen) or a
modified CTAB method (Doyle and Doyle, 1990). The nuclear ribo-
somal internal transcribed spacer (nrITS) and chloroplast trnL–trnF
intergenic spacer (IGS) were PCR amplified using reaction volumes
of 25 ll and a standard PCR mix; we used the primer pairs ITS-1/
ITS-4 (White et al., 1990) and c/f (Taberlet et al., 1991) for amplifi-
cation of nrITS and the trnL–trnF IGS, respectively. The thermal cy-
cling profile for amplification of both loci was: 5 min at 95 �C,
followed by 35 cycles of 30 s at 95 �C, 30 s at 50 �C, and 90 s at
72 �C, with a final incubation of 72 �C for 8 min. Amplification
products were purified using the QIAquick PCR purification kit
(Qiagen). We used the Big Dye Terminator Sequencing kit (PE Ap-
plied Biosystems,) and amplification primers for sequencing reac-
tions. The resulting fragments were separated and analyzed on
an ABI377 Prism Automated DNA Sequencer (Perkin Elmer).

2.3. Data matrices

Recent molecular phylogenetic (e.g., Al-Shehbaz et al., 2006;
Beilstein et al., 2006, 2010; Couvreur et al., 2010; Warwick et al.,
2009) and taxonomic studies (e.g., Al-Shehbaz, 2004, 2006) pro-
vided a framework for taxon selection. In addition to Pringlea our
sampling included 21 species of Thelypodieae plus representatives
of Arabideae, Brassiceae, Isatideae and Sisymbrieae. GenBank
accession details for included taxa are provided in Appendix B.

Multiple sequence alignments were prepared using ClustalX
(Larkin et al., 2007) with subsequent manual adjustments; for
example, regions at either end of matrices were excluded if less
than 50% of sequences were represented. To maintain positional
similarity gaps were inferred in both the nrITS and trnL–trnF IGS
matrices. For phylogenetic analyses gapped positions were ex-
cluded if less than 50% of sequences were represented or alignment
was ambiguous.

We constructed a combined molecular data set by concatenat-
ing the nrITS and trnL–trnF IGS matrices. Prior to phylogenetic
analysis we tested for incongruence between these data sets using

the Incongruence Length Difference (ILD; Farris et al., 1994) test as
implemented in PAUP�4.0b10 (Swofford, 2002). The test used 1000
replicates with default settings for heuristic searches; the excep-
tion being that MULTREES was turned off. We created a fourth ma-
trix by adding an indel partition to the combined molecular data
set. Gaps were coded as binary characters. Only simple (i.e., not
those that appeared to result from independent overlapping
events) and parsimony informative (i.e., present in two or more
taxa) gaps were coded. Those at the ends of mononucleotide
strings were omitted.

2.4. Phylogenetic analyses

We conducted maximum parsimony and Bayesian analyses on
the nrITS and trnL–trnF IGS matrices. Maximum parsimony analy-
ses were performed using PAUP version 4.0b10 (Swofford, 2002).
Heuristic MP searches used TBR branch swapping, all characters
equally weighted, and zero-length branches collapsed. Analyses
were repeated 10,000 times with RANDOM ADDITION. Support
for nodes was estimated using a full heuristic bootstrap with
1000 replicates. Bayesian searches were performed using MrBayes
version 3.1.2 (Ronquist and Huelsenbeck, 2003). Best-fit substitu-
tion models were determined for each locus using the Bayesian
Information Criterion (BIC; Schwartz, 1978) as implemented in
JModelTest (Guindon and Gascuel, 2003; Posada, 2008). Searches
used best-fit models and default settings for other run parameters.
MCMC runs were initiated with a random starting tree and run for
2 � 107 generations, sampling from the posterior distribution
every 500 generations (for a total of 40,000 samples each). Burn-
in was determined using convergence diagnostics and trees sam-
pled prior to stationarity eliminated.

MP and Bayesian analyses of the combined datasets were con-
ducted as described for individual matrices. We applied a single
best-fit substitution model (using JModelTest) to the combined se-
quence partition in analyses of both combined matrices; we used a
standard discrete model (Lewis, 2001) for the indel partition in the
combined molecular with indels analysis.

2.5. Divergence time analyses

We used BEAST (version 1.6.0; Drummond and Rambaut, 2007)
to estimate divergence times. We used the majority-rule tree from
our analysis of combined nucleotide sequence and indel matrices
with a single model for sequence data as a start tree for these anal-
yses. Several age estimates from Beilstein et al. (2010) were used to
provide temporal calibrations for this tree; in each case the con-
straint was applied using normally distributed priors with means
and standard deviations determined by the means and highest
probability distributions of the corresponding nodes in the Beil-
stein et al. (2010) tree. The constraints are listed in Table 1 and
their positions shown in Fig. 2.

We conducted a pair of BEAST analyses. For the first we fixed
the entire tree topology (to match the MrBayes estimate) and for
the second we enforced monophyly on the calibrated nodes as well
as on the Pringlea crown group and the South American Thel-
ypodieae clade. These two latter constraints are applied because
indel information cannot be included in BEAST analyses but our
analyses indicate indels provide additional support for these two
clades. The constrained nodes in this second analysis are well sup-
ported in Bayesian analyses of our full combined data set (see
Fig. 2). They are also consistent with the resolution provided by
analyses of all but the nrITS matrix, as reported in Supplementary
Figs. 1–3. For each analysis we conducted a pair of BEAST runs,
each 2.5 � 107 generations in length and sampled every 500 gener-
ations. Both runs used an uncorrelated lognormal model of rate
evolution (Drummond et al., 2006), the SYM + I model of sequence
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evolution and a Yule speciation model (Yule, 1924). After removal
of the first 1.25 � 106 generations as burn-in, the posterior distri-
butions of divergence time estimates (as well as associated statis-
tics) and trees for each run were combined using LogCombiner
(version 1.6.0). Estimates and trees were examined using Tracer
(version 1.5) and TreeAnnotator (version 1.6.0), respectively.

2.6. Ancestral area reconstruction

We conducted a pair of ancestral area reconstructions, each
using a different character state assignment. For the first analysis
taxa were assigned to one of four areas based on extant distribu-
tions. The areas were Old World, North America, South America,
and the SIOP. The same areas were used for the second analysis
with the exception of the SIOP. For this analysis we replaced this
area with states corresponding to each of the four island archipel-
agos that make up the SIOP (Fig. 1).

Maximum-likelihood ancestral area reconstructions were per-
formed using the Markov k-state one-parameter model as imple-
mented in Mesquite version 2.74 (Maddison and Maddison,
2009). We performed optimizations on a random sample of 1000
trees from the BEAST runs in which we constrained a subset of
nodes rather than the entire topology. Ancestral states were sum-
marized on the maximum clade credibility tree for the correspond-
ing BEAST runs.

3. Results

3.1. Sequences and data matrices

We sequenced the trnL–trnF IGS and nrITS from five and eight
Pringlea populations, respectively; at least one accession from the
Prince Edward Islands, Archipel Crozet, Iles Kerguelen and the
Heard Island group were represented for both loci. GenBank acces-
sion details for these sequences are provided in Appendix A.

For both the trnL–trnF IGS and nrITS multiple sequence align-
ments were straightforward; however, several short regions in
the nrITS alignment were excluded from further analysis as a result
of alignment ambiguity introduced by inclusion of sequences from
more distantly related groups. The ILD test indicated no significant
incongruence between the two matrices (P = 0.0864). The final in-
del matrix consisted of 12 phylogenetically informative indels.
Summary statistics for the individual and combined matrices are
given in Appendix C.

3.2. Phylogenetic analyses

Majority rule trees from separate analyses of the trnL–trnF IGS
(Supplementary Fig. 1) and nrITS (Supplementary Fig. 2) data sets
are broadly consistent with one another. The differences between
them reflect, for the most part, contrasting levels of resolution
rather than conflicting phylogenetic signal. For example, the
trnL–trnF IGS topology provides resolution of relationships within

the Thelypodieae but not among the tribes of Brassicaceae. In con-
trast, the Thelypodieae form a large polytomy (together with the
Brassiceae) in the nrITS tree but relationships among the remain-
ing tribes are, at least, partially resolved. Individual datasets also
provide differing levels of resolution with respect to Pringlea. In
the nrITS tree Pringlea accessions are monophyletic but relation-
ships among them are unresolved, whereas the trnL–trnF IGS
topology provides some resolution of relationships among the
accessions. Comparison of majority rule trees based on analyses
of individual and combined datasets (Fig. 2, Supplementary
Fig. 3) suggest the phylogenetic signal from the individual matrices
is additive. There are minor differences between trees based on the
two combined datasets; these involve resolution of relationships
near the base of the tree, and the monophyly of the South Ameri-
can Thelypodieae. These differences reflect addition of the indel
matrix. Support for the suggested relationships also varies between
analyses with higher bootstrap (BS) and posterior probabilities (PP)
associated with the combined data sets (Fig. 2; Supplementary
Figs. 1–3). Summary statistics for our phylogenetic analyses are
presented in Appendix C.

The topology resulting from analysis of the combined molecular
and indel data set is the best resolved and supported (Fig. 2); this
tree is the basis for our subsequent inferences. In this tree relation-
ships among the included Brassicaceae tribes are fully resolved
with PP of 1.0; support from MP bootstrapping is more variable.
The suggested relationships are identical to those described by
Beilstein et al. (2010). Also consistent with previous analyses we
find strong support (BS = 86%, PP = 1.0) for the placement of Pring-
lea within Thelypodieae. Resolution and support for relationships
within the tribe is variable. However, there is support for the sam-
pled populations of Pringlea forming a monophyletic group
(BS = 71%, PP = 1.0) that is nested within a clade (PP = 1.0) contain-
ing South American representatives of Thelypodieae. We recover
two subclades within Pringlea; one that unites populations from
the Iles Kerguelen and Heard Island group (PP = 0.93) and the other
containing populations from the Prince Edward Archipelago
(PP = 0.98).

3.3. Age and ancestral area reconstructions

Divergence time estimates and ancestral area reconstructions
are reported in Fig. 3. Our analyses suggest initial diversification
of the Thelypodieae crown group began in North America
11.8 Ma (mega-annum) ago (95% HPD 17.3–6.7 Ma ago) and was
followed by colonization of and rapid diversification in South
America from 7.5 Ma ago (95% HPD 11.3–4.1 Ma ago). The stem
and crown ages of Pringlea are 5.0 Ma (95% HPD 7.7–2.6 Ma) and
2.4 Ma (95% HPD 4.7–0.6 Ma), respectively.

4. Discussion

4.1. The phylogenetic position of Pringlea: implications for
understanding its taxonomy and morphological evolution

The taxonomic affinities of Pringlea have been uncertain since it
was first collected more than 150 years ago. Only recently have
molecular studies (e.g., Warwick et al., 2002, 2009) provided some
resolution of this problem. These analyses have indicated that
Pringlea is a member of the New World tribe Thelypodieae (sensu
Warwick et al., 2009) but have been unable to determine its closest
relatives due to a lack of resolution and support for relationships
within the tribe (e.g., Warwick et al., 2009). We acknowledge that
some of these limitations remain in our analyses. However, the
combined sequence and indel matrix data supports additional phy-
logenetic structure and this provides some novel insights. Specifi-

Table 1
Age constraints used to time-calibrate the Thelypodieae phylogeny. Letters
correspond to labeled nodes in Fig. 2.

Constrained node Age (Ma, mega-annum) and standard
deviation (Ma) used for calibration

A 38.40, 2.0
B 36.25, 2.0
C 30.76, 2.5
D 12.92, 2.0
E 26.69, 2.5
F 11.48, 3.0
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cally, we identify a clade (BS = 86%, PP = 1.0) containing the South
American Thelypodieae plus Pringlea and show that the Pringlea
accessions form a monophyletic group (BS = 71%, PP = 1.0) that is
well nested within this clade (i.e., two nodes with PP > 0.90). So
although we are reasonably confident Pringlea is most closely re-

lated to the South American Thelypodieae, the limited support
for wider relationships within this group makes it difficult to iden-
tify its closest relatives. In the 50% majority rule trees from analy-
ses of the trnL–trnF and both combined matrices (Fig. 2,
Supplementary Figs. 1 and 3) the closest relatives include members

Fig. 2. Bayesian probability estimate of Thelypodieae phylogeny based on the combined molecular with indels dataset. Branch lengths are proportional to the mean of the
corresponding posterior probability density. Bootstrap support values (from the corresponding MP analysis) and posterior probabilities are given for branches where
posterior probabilities are >0.90; a dash indicates the bootstrap support value is <50%. Tribal affiliations are indicated on the right. The Thelypodieae occur, with the exception
of Pringlea (dark grey box), in South (light grey box) and North (unshaded) America. Superscript numbers indicate accessions of Pringlea from different geographical locations;
location details are provided in Appendix A and are also indicated in Fig. 3. Nodes labeled A–F are those constrained for divergence time estimation (see Table 1 for list of age
constraints).
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of several genera (e.g., Mostacillastrum and Polypsecadium); this
relationship receives a PP = 0.91 in the trnL–trnF tree.

In large part it is the distinctive morphology of Pringlea that has
made identifying its tribal affinities so difficult. Indeed, there ap-
pear to be few morphological characters that clearly link Pringlea
to Thelypodieae. Our analyses suggest the Pringlea lineage arose
relatively recently (�5.0 Ma ago; Fig. 3) and therefore that its dis-
tinctiveness is the result of rapid morphological evolution. We sus-
pect that rapid change in Pringlea may be the result of insularity.
This is certainly consistent with evidence for the rapid evolution
of morphological differences between insular and continental form
in other plant groups (e.g., Baldwin et al., 1990; Böhle et al., 1996;
Mitchell et al., 1999; Wagstaff et al., 2011). The morphology of
Pringlea is also implies of a role for insularity. For example, the sub-
lignose thickening of Pringlea stems (Hooker, 1847; Werth, 1911) is
suggestive of insular woodiness; this characteristic has evolved
independently in the insular representatives of many otherwise
herbaceous angiosperm genera (Carlquist, 1974). Böhle et al.
(1996) suggest that in Echium this characteristic may reflect selec-
tion pressures associated with a requirement for outbreeding, lon-
gevity and conspicuous inflorescences in island colonizers. A

similar explanation may also apply in Pringlea where partial
inbreeding appears to have only recently replaced insect-pollina-
tion and outcrossing (Schermann-Legionnet et al., 2007).

Our results provide important insights but a better understand-
ing of the phylogenetic relationships within the South American
Thelypodieae clade is needed if we are to examine the evolution
of Pringlea in greater detail. In particular, we need to be able to con-
fidently identify the closest relatives in order to explain the origins
of this plants’ unique set of morphological characteristics.

4.2. The biogeography of Pringlea

Our analyses suggest that the processes responsible for contem-
porary species diversity in Thelypodieae began in North America
during the mid Miocene (Fig. 3). The North American species occur
predominantly in the Madrean vegetation of western North Amer-
ica (Raven and Axelrod, 1978). Assuming Thelypodieae originated
in this region (c.f., Raven and Axelrod, 1978) their diversification
may be associated with the expansion of summer-dry climates
�15 Ma ago (Axelrod, 1992; Flower and Kennett, 1994). Diversifi-
cation in North America appears to have given rise to a number

Fig. 3. Time-calibrated phylogeny for Thelypodieae. Branch lengths are proportional to time with gray bars indicating 95% highest probability densities. The relative
likelihoods of biogeographic areas are given at internal nodes; these are calculated from only those sampled trees in which the node appears. For clarity we have omitted the
likelihoods when these are the same as a more basal node (in all cases the omitted reconstructions are unambiguous). In the main tree the SIOP has been treated as a single
area. In the inset the island archipelagos are coded separately, the remainder of the reconstruction is consistent with the main image.
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of distinct lineages, one of which colonized South America during
the late Miocene. Our reconstruction suggests a single event
involving one or a few related colonists derived from the lineage
represented by Strepanthus tortuosus (Fig. 3). Divergence time esti-
mates suggest this colonization occurred well before the establish-
ment of a land connection between North and South America (3.5–
3.1 Ma ago; Coates and Obando, 1996). Similar results have been
described for Valerianaceae (Bell and Donoghue, 2005) and Sapot-
aceae (J. Richardson, personal communication, 2012). Once estab-
lished in South America the Thelypodieae radiated extensively.
There are �60 extant South American species distributed predom-
inantly along the Andean mountain chain from the tropics to Tierra
del Fuego (Warwick et al., 2009). That this radiation is largely co-
temporal with the Andean orogeny in the late Miocene (Gregory-
Wodzicki, 2000) suggests niche availability in newly uplifted areas
may have been an important driver of diversification; similar infer-
ences have been reported for Halenia (von Hagen and Kadereit,
2003), Lupinus (Hughes and Eastwood, 2006), and Valerianaceae
(Bell and Donoghue, 2005).

Our analyses strongly suggest that Pringlea arose from a South
American ancestor. The Pringlea clade is nested well within the
South American radiation; several of the surrounding nodes re-
ceive PP > 0.90 (albeit with weaker BS support; Fig. 2) and are con-
vincingly reconstructed as South American (Fig. 3). In the 50%
majority rule trees from analyses of the trnL–trnF IGS and both
combined matrices (Fig. 2; Supplementary Figs. 1 and 3) Pringlea
is sister to a clade containing species that occur, like many South
American taxa, in cold climate habitats (i.e., either high altitude
or latitude). This relationship implies that cold tolerance had arisen
within Thelypodieae prior to the divergence of Pringlea. Crisp et al.
(2009) have shown that niche conservatism has strongly influ-
enced the establishment of dispersing lineages in the Southern
Hemisphere. Cool or cold climate habitats were likely to have dom-
inated the SIOP by the Miocene (Bertler and Barrett, 2010). Given
an assumption of niche conservatism, age estimates for the arrival
of Pringlea in the SIOP suggest successful colonization would have
required cold tolerance.

Although a South American origin for Pringlea is strongly sup-
ported we can be less certain about the dispersal route. Our results
can certainly be interpreted in terms of direct long-distance dis-
persal. That is, arrival of Pringlea in the SIOP may have been the re-
sult of a single long-distance dispersal event from South America.
On the other hand we cannot entirely rule out stepping-stone dis-
persal via Antarctica. Such a route is appealing since it reduces the
distances that need to be covered by any single dispersal event.
However, the availability a stepping-stone route depends on the
timing of dispersal. Specifically, for stepping-stone dispersal to
provide an explanation Pringlea must have arrived in the SIOP prior
to the complete glaciation of Antarctica. The 95% HPD on the stem
age for Pringlea suggests divergence from its South American
ancestor 7.7–2.6 Ma ago. If complete Antarctic glaciation occurred
during the mid Pliocene (e.g., Hambrey and McKelvey, 2000; Webb
and Harwood, 1991), our stem age estimate is consistent with
Pringlea having dispersed via Antarctica. In contrast, if complete
glaciation occurred earlier (e.g., Denton et al., 1993; Flower and
Kennett, 1994) then direct dispersal becomes an increasingly likely
explanation. Improved estimates of lineage divergence times and
for the timing of complete glaciation in Antarctica will be required
if we are to differentiate between these two scenarios.

Our sampling of Pringlea from the individual archipelagos is
limited and the pattern of colonization within the SIOP remains
equivocal (Fig. 3). However, it is clear that following arrival in
the SIOP additional long-distance dispersal events are needed to
explain the current distribution of Pringlea. Assuming one archipel-
ago was initially colonized, a minimum of three further events
must be inferred. Point estimates for divergences within Pringlea

suggest these dispersals occurred 0.8–0.4 Ma ago. Phylogeographic
studies will be needed if we are to more fully examine dispersal
patterns within the SIOP.

4.3. Mechanisms of long-distance dispersal in Pringlea

Pringlea seeds have outer cell layers that when exposed to water
swell to form a mucilaginous coat that may function in dispersal
(Hennion and Walton, 1997). This coating allows seeds to float
for short periods; Pringlea seeds have been observed floating in
running fresh water and along the Iles Kerguelen coastline (Cha-
puis et al., 2000; Hennion and Walton, 1997). However, floating
time is limited so water-borne transport of seeds would seem to
be unlikely for long-distance events. Alternatively the mucilagi-
nous coating may provide a mechanism for the attachment of
seeds to the feathers or feet of seabirds (Carlquist, 1974; Falla,
1960; Sorensen, 1986). If so, then the albatrosses and their rela-
tives (Procellariiformes) would seem to be a likely dispersal vector
(Moore, 1972; Winkworth et al., 2002b). These form colonies on
many sub-Antarctic islands and are known to travel long distances
across the Southern Ocean (Burg and Croxall, 2004; Croxall, 1984;
Inchausti and Weimerskirch, 2002; Jouventin and Weimerskirch,
1990; Prince et al., 1992).

Similar mucilaginous coatings occur in other Brassicaceae (e.g.,
some Streptanthus and Sisymbrium) but this feature appears not to
occur in the South American Thelypodieae (Al-Shehbaz, 2006). If a
mucilaginous coat were absent from closely related South Ameri-
can species it would seem to imply that the feature evolved follow-
ing arrival in the SIOP. In this case an alternative mechanism for
long-distance dispersal would be needed to explain the arrival of
Pringlea in the SIOP.

4.4. Implications for understanding the evolution of sub-Antarctic
island floras

The origins of sub-Antarctic island biotas have been controver-
sial especially in relation to the impacts of Pliocene–Pleistocene
glaciation (Chown, 1990; Gressitt, 1970; Van der Putten et al.,
2010). Divergence time estimates indicate Pringlea had arrived in
and begun to spread across the SIOP well before the LGM. This
strongly suggests that vascular plants were able to survive Plio-
cene–Pleistocene glacial cycles on one or more islands in the SIOP.
Age estimates for Lyallia (Portulacaceae; Wagstaff and Hennion,
2007) and Pleurophyllum (Asteraceae; Wagstaff et al., 2011) also
imply survival in the sub-Antarctic. Our results therefore further
strengthen Van der Putten et al.’s (2010) argument that the assem-
bly of contemporary sub-Antarctic island floras had begun prior to
the Holocene. Similar patterns have been documented for other
taxa (Mortimer et al., 2011; Stevens et al., 2006).

The origins of Pringlea appear to be in striking contrast to those
of another SIOP endemic, Lyallia. For this species molecular analy-
ses suggest a much longer period of isolation and potentially Ant-
arctic ancestry (Wagstaff and Hennion, 2007). If so, then Lyallia and
Pringlea would represent the two generalized hypotheses for the
origin of sub-Antarctic island plants; that is, arrival from either
Antarctica or a lower latitude landmass. To more fully describe
the assembly of sub-Antarctic island floras we need molecular phy-
logenies for additional lineages as well as further studies of paleo-
floras. However, the emerging picture suggests that with a few
possible exceptions contemporary sub-Antarctic island floras were
not assembled de novo following the LGM. Lineages in the current
floras likely arrived over an extended time period and from several
source areas.
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