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Out in the cold: genetic variation of Nothofagus pumilio
(Nothofagaceae) provides evidence for latitudinally
distinct evolutionary histories in austral South America
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Abstract

Nothofagus pumilio is the dominant and almost ubiquitous tree species in mountainous
environments of temperate South America. We used two types of molecular markers
(cpDNA and isozymes) to evaluate the effects of the Paleogene paleogeography of
Patagonia and more recent climatic oscillations of the Neogene on such cold-tolerant
species’ genetic makeup. Phylogeographic analysis on sequences of three cpDNA non-
coding regions at 85 populations yielded two latitudinally disjunct monophyletic clades
north and south of c. 42°S containing 11 and three haplotypes, respectively. This
indicates a long-lasting vicariant event due to the presence of an extended open
paleobasin at mid latitudes of Patagonia. Also distribution patterns of cpDNA
haplotypes suggest regional spread following stepping-stone models using pre-Cenozoic
mountains as corridors. Comparable genetic diversity measured along 41 sampled
populations using seven polymorphic isozyme loci provides evidence of local persistence
and spread from multiple ice-free locations. In addition, significantly higher heterozy-
gosity and allelic richness at high latitudes, i.e. in areas of larger glacial extent, suggest
survival in large and isolated refugia. While, higher cpDNA diversity in lower latitudes
reflects the complex orogeny that historically isolated northern populations, lower
isozyme diversity and reduced Fsrt values provide evidence of local glacial survival in
numerous small locales. Therefore, current genetic structure of N. pumilio is the result of
regional processes which took place during the Tertiary that were enhanced by
contemporary local effects of drift and isolation in response to Quaternary climatic
cycles.
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1997). Distribution patterns of austral lineages including

Introduction Nothofagus trees are a reflection of drifting and dispersal

Neogene events as the last glaciations in mountainous
environments are considered main drivers of genetic
patterns for many woody taxa from temperate areas.
However, for deep-rooted lineages with widespread
ranges, distribution patterns of genetic polymorphisms
may also reveal legacies from an ancient past (Premoli
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since the Paleogene when southern continents were part
of Gondwana (Markgraf et al. 1995). However, while
land masses in the Australasian sector entered the
warm-temperate to tropical climatic zones leading to
rapid species radiation, South America only moved 10°
of latitude equatorwards which resulted in low diversi-
fication and extinction rates (Markgraf et al. 1995). This
is reflected in the morphological stasis found in the fos-
sil record of distinct woody genera including Nothofagus
(Markgraf et al. 1996) and conifers (Del Fueyo 1996;
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Villagran et al. 1996) from Patagonia. From the Neogene
onwards, the influence of westerly stormtracks on
southern latitudes determined relatively minor ampli-
tude glacial-interglacial cycles which resulted in forest
survival in small stands for prolonged periods (Markg-
raf et al. 1995). Also the oceanic setting of southern
lands and the physical heterogeneity of the landscape,
including coastal mountain ranges, provided a great
diversity of habitats for tree persistence. As a result,
Nothofagus from southern South America provides a
unique opportunity to test hypothesis on the early
divergence of cold-tolerant taxa under distinct geo-
graphic, geologic, and climatic scenarios shaping their
gene pools.

At the early Cenozoic, the paleogeography of West
Gondwana within the Patagonia-Antarctic realm dif-
fered significantly from present-day spatial configura-
tion of oceans and land. Numerous paleobasins
characterized the Paleogene geography of southern
South America and the Antarctic Peninsula (Romero
1986; Lisker et al. 2006). Also warm climates of the Late
Cretaceous progressively deteriorated at the Eocene-
Oligocene boundary, and by the Late Miocene-Early
Pliocene approximately 7 and 5 Ma, the oldest known
glaciation occurred in Patagonia (Rabassa ef al. 2005).
Pollen diagrams that cover the last glacial-interglacial
period (25 000 years ago to present) suggested that
substantial ice-free areas existed throughout the austral
Andes. As a result, forest taxa were able to spread from
a great number of microclimatologically favourable
locations where they had persisted locally during full-
glacial episodes (Markgraf et al. 1995) in as far south as
Tierra del Fuego (Heusser 1989; Markgraf 1993). Fossil
pollen of Nothofagus is clearly distinguished and have
been used to delimit four extant subgenera Brassospora,
Fuscospora, Lophozonia, and Nothofagus (Hill & Read
1991), which are monophyletic and related as: (Lophozo-
nia (Fuscospora (Nothofagus, Brassospora))) (Manos 1997).
Although fossil records show continuous presence of
Nothofagus along latitude, ecologically distinct wide-
spread species within subgenus Nothofagus share the
same pollen type (Hill 2001). Undistinguishable pollen,
usually referred as Nothofagus dombeyi type, is
represented in the core by N. dombeyi, N. antarctica, and
N. pumilio (Heusser 1971). Therefore, biogeographic
reconstructions for any given taxon based on pollen are
difficult.

Numerous genetic studies using isozymes docu-
mented vegetation history in austral South America.
These put forward for the first time the multiple refugia
hypothesis in ice-free areas some of which were located
towards the high-latitude range ie. those areas of
greater ice extent, of cold-hardy trees (Premoli 1998;
Premoli et al. 2000, 2002). Therefore genetic data pro-

vided a new scenario for Southern Hemisphere plants
which reflected a pre-Pleistocene evolutionary history
(Premoli 1997; Moore 2000). Also, other genetic studies
including isozymes and/or PCR-RFLP chloroplast DNA
(cpDNA) have provided evidence of the multiple refu-
gia hypothesis (Marchelli & Gallo 2006; Azpilicueta
et al. 2009; Pastorino et al. 2009). In contrast, geographi-
cally concordant patterns by cpDNA sequences of all
five species within subgenus Nothofagus at 10 locations
in Patagonia provided evidence of chloroplast capture
events due to repeated hybridization/introgression and
thus suggested an ancient shared past (Acosta & Pre-
moli 2009). Although species within subgenus Nothofa-
gus may hybridize under natural conditions at
particular locales which have been confirmed by genetic
evidence (Premoli 1996; Stecconi et al. 2004; Quiroga
et al. 2005), they occur as clearly identifiable and eco-
logically distinct taxa even when growing in sympatry.
In addition, a molecular dating study within subgenus
Nothofagus showed a latitudinally significant genetic
structure by means of cpDNA sequences that dates
back to the Paleogene suggesting that extant species
consist of ancient lineages (Premoli AC, P Mathiasen,
and MC Acosta, unpublished data). Similarly, a recent
cpDNA analysis of the widespread Nothofagus cunningh-
amii from southeastern Australia and Tasmania reflects
a phylogeographic structure older than the Pleistocene
(Worth et al. 2009). Hence, cpDNA data of Nothofagus
may predate Pleistocene events.

The aim of this study is to evaluate the levels and
distribution patterns of genetic polymorphisms of Not-
hofagus pumilio (Poepp. et Endl.) Krasser in order to
reconstruct its biogeographic history. We hypothesize
that historical factors at different spatial and temporal
scales have shaped the genetic makeup of such wide-
spread and cold-hardy tree. Nothofagus pumilio is the
dominant component of high-elevation and high-lati-
tude forests inhabiting along c. 3000 km of continuous
mountainous chain of the southern Andes. We used
two different types of molecular markers that allowed
us to differentiate historical and contemporary patterns
of genetic drift and gene flow. These were cpDNA
sequences which are maternally inherited, and thus
genetically conserved, and isozymes which are codomi-
nant nuclear markers with biparental, and thus reflect
current gene flow rates (Ennos 1994). Isozyme polymor-
phisms were previously used in all species within sub-
genus Nothofagus including N. pumilio (Premoli 1997,
2003; Premoli & Kitzberger 2005; Premoli & Steinke
2008; Steinke ef al. 2008). Although microsatellites for
Nothofagus were developed for some species within sub-
genus Lophozonia (Azpilicueta ef al. 2004; Jones et al.
2004; Marchelli et al. 2008) their transferability to
N. pumilio on analyses of 500 individuals from 10
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populations have yielded a comparable number of
alleles to those found using isozymes (M. Arbetman
and P. Mathiasen, Universidad Nacional del Comahue).
We assume that genetic structure by cpDNA
sequences will reflect the early evolution of N. pumilio
as a result of regional processes of dispersal and vicari-
ance. On the other hand, isozyme polymorphisms will
show local responses to long-term glacial regimes
which have differed latitudinally. While in the north
the landscape was dominated by erosive warm-based
glaciers from high-elevation catchments and remained
confined to valleys (Rabassa & Clapperton 1990), in the
south cold-based low erosional efficiency and/or slow
moving ice sheets resulted in protective glaciation
(Thomson et al. 2007). As a result, we predict that in
the north numerous relatively small ice-free areas may
have allowed local persistence of tree taxa whereas in
southerly areas of maximum ice extent either forests
were eliminated or persisted within isolated remnants.

Study species

Nothofagus pumilio (Nothofagaceae, ‘lenga’) is broad-
leaved winter-deciduous which together with N. antarc-
tica is the most widely distributed species in the
southern South American temperate forests from 35 to
55°S latitude in Argentina and Chile. Nothofagus pumilio
is the principal component of high-elevation and high-
latitude forests of Patagonia. It mostly occurs as pure
forests or mixed with N. antarctica in the south whereas
in the north also grows with N. betuloides — N. dombeyi
and the conifer Araucaria araucana. It is found from sea
level in the south to the treeline along its entire latitudi-
nal range, which in the north can attain ¢. 2000 m a.s.l
Striking plant architectural and ecological differences
exist with elevation (Barrera et al. 2000; Cuevas 2000;
Premoli 2004) some of which have a genetic basis (Pre-
moli 2003; Premoli & Brewer 2007; Premoli et al. 2007).
Nothofagus species are monoecious, wind pollinated,
self-incompatible (Riveros et al. 1995), and maintain
high outcrossing rates (Premoli 1996). However, seed
dispersal occurs mainly by gravity resulting in local
movements (Rusch 1987; Cuevas 2000).

Materials and methods

Sampling schemes at regional spatial scale

For the cpDNA analyses, N. pumilio samples were ana-
lyzed from a total of 85 sites. Fresh tissue was col-
lected from 78 locations distributed across the entire
species range and the other seven sites consisted of
dry material from herbarium specimens (Table S1,
Supporting information). Isozyme analyses were per-

© 2009 Blackwell Publishing Ltd

GENETIC STRUCTURE OF N. PUMILIO 373

formed on a total of 1183 samples randomly collected
from 41 populations. All sampling sites were located
at the lower altitudinal limit where the species has a
tree-form growth habit, thus avoiding genetic differ-
ences due to elevation (Table S1, Supporting informa-
tion).

Sample processing

Chloroplast DNA. Fresh foliage collected at each site
was frozen with liquid nitrogen and stored at -70 °C.
DNA extraction of frozen foliage and herbarium speci-
mens was performed using the DNeasy Plant-Mini-Kit
(Qiagen) following the manufacturer’s instructions, and
the CTAB method (Doyle & Doyle 1990) modified for
plants with high concentration of polysaccharides. DNA
concentrations and fragment size were assessed by elec-
trophoresis on agarose gels and comparisons with 1-kb
DNA ladder (Fermentas). Non-coding regions of
cpDNA were amplified by polymerase chain reaction
(PCR) using 10 universal primer pairs described in
Taberlet et al. (1991), Demesure et al. (1995), Dumolin-
Lapegue et al. (1997), and Hamilton (1999). The
intergenic spacer regions separating psbB-psbH (BH),
trnL-trnF (LF) and trnH-psbA (HA) were the most vari-
able and selected for full analysis. To facilitate DNA
release a reaction with 2 pL (10 ng) of DNA extract and
6 uL of GeneReleaser® (BioVentures) was performed
previous to PCR in the thermocycler (conditions:
15 min at 85 °C; hold at 32 °C). The PCR reaction mix
contained 2 pL. of DNA extract (~10ng), 5 uL of
5 x Green GoTaq® Reaction Buffer (Promega), 0.25 mm
of each dNTP, 0.3 pm of each primer, and 1.25 U of
GoTaq® DNA polymerase (Promega), in a total volume
of 25 pL. The PCR amplification conditions were: 4 min
at 95 °C, 35X (1 min at 94 °C; 1 min annealing at 57 °C
for BH, 54 °C for LF and 56 °C for HA; 1.5 min at
72 °C), and 6 min at 72 °C. The PCR products were
purified by a reaction using 2.5 U of Exonuclease I
(USB) and 0.25 U of Shrimp Alkaline Phosphatase
(USB) for 10 uL of PCR product (conditions: 15 min at
37 °C; 15min at 85°C). The amplified DNA was
sequenced with an ABI PRISM 3100 Avant Genetic Ana-
lyzer (Applied Biosystems) using a BigDye Terminator
v3.1 Cycle sequencing kit (Applied Biosystems). The
cycle sequencing reactions were performed following
the manufacturer’s protocols. The three selected regions
were sequenced in both directions for at least one indi-
vidual from each population to confirm sequence
polymorphisms. Sequences of each sampled haplotype
were deposited in GenBank (accession numbers: BH:
GU152886-GU152893 and GQ863397-GQ863405; LF:
GU152870-GU152877 and GQ863379-GQ863387;, HA:
GU125878-GU152885 and GQ863388-GQ863396).
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Sequencing data were aligned with MEGA4 (Tamura
et al. 2007) and concatenated manually into a single
combined dataset for posterior analyses. Chloroplast
DNA haplotypes were determined from both nucleotide
substitutions and indels. We calculated different diver-
sity parameters including variation in alignment size,
number of haplotypes (H), C/G content (%CG), number
of variable sites, number of transitions (ti), transversions
(tv), indels (I), and nucleotide (m) and haplotype (h)
diversity with ARLEQUIN v2.0 (Schneider et al. 2000).
Demographic analyses were conducted by means of Taj-
ima’s D (Tajima 1989), Fu and Li's F (Fu & Li 1993),
and observed and expected mismatch distribution
graphics, using the program DnaSP v4.10.9 (Rozas et al.
2003).

Isozyme electrophoresis. Fresh leaf material collected was
kept refrigerated until processing in the laboratory.
Enzyme extractions, protein electrophoresis, and
enzyme staining protocols followed Premoli (1996, 1998,
2003). Six enzyme systems coding for 8 putative iso-
zyme loci were resolved as follows: alcohol dehydroge-
nase (Adhl), aldolase (Ald1), isocitric dehydrogenase
(Idh1, 1dh2), and malate dehydrogenase (Mdhl, Mdh2,
Mdh3) in the morpholine-citrate buffer by Ranker et al.
(1989), whereas phosphoglucoisomerase (Pgi2) in the
modified system B by Conkle et al. (1982). Heterogene-
ity in gene frequencies across populations was evalu-
ated by chi-square tests following Workman &
Niswander (1970). Genetic variation parameters were
calculated for each population by the mean number of
alleles per locus (A), number of alleles per polymorphic
locus (Ap), effective number of alleles (Ag), percent of
polymorphic loci under the sensu stricto criterion (P),
observed and expected heterozygosity (Ho and Hpg,
respectively) using PopGene v1.32 (Yeh et al. 1999).
Since allelic richness may be more useful than other
parameters to identify historical processes such as bot-
tlenecks and population admixture (Comps et al. 2001;
and references therein), we calculated total allelic rich-
ness (Ag) following Comps et al. (2001) using the pro-
gram CONTRIB v1.02 (Petit et al. 1998). We compared
allelic richness after rarefaction to a common sample
size of 20 individuals per population (40 gene copies).
Therefore, populations with less than 20 individuals
were not used to compute allelic richness. We per-
formed a multiple regression analysis to investigate the
relationship between latitude and different within-pop-
ulation genetic diversity parameters. Wright's (1931)
fixation Index (F = 1-[Ho/Hg]) was calculated for each
population, and departures from Hardy-Weinberg
expectations were tested by chi-squared tests for each
polymorphic locus. Genetic structure of populations
was analyzed by hierarchical F-statistics with the pro-

gram FSTAT (Goudet 2001) which computes non-biased
estimations for Fsr as the degree of among-population
divergence between all population pairs (Wright 1965).
The degree of significance of estimations was analyzed
by means of 95% confidence intervals that were com-
puted by permutations over all loci following Weir &
Cockerham (1984). Total genetic diversity (Hy) and the
mean within-population diversity (Hs) was calculated
according to Nei (1973).

Analyzed populations by isozymes were classified a
priori into groups accordingly to the two main clades
yielded by the phylogenetic cpDNA analysis: North
(between 36-42°S), and South (between 42-55°S). This
resulted in 11 and 30 populations that were analyzed
within each group encompassing a latitudinal range of
6 and 13 degrees, i.e. two populations/degree of lati-
tude along the entire distribution, which resulted in an
average of 31 and 28 individuals/population analyzed
in the North and South, respectively. Genetic diversity
parameters were compared by groups of populations
using t test or Mann-Whitney U tests when data did
not fit a normal distribution. Also degree of genetic
divergence among populations within each group was
analyzed by pairwise Fgr.

Phylogenetic analyses

The phylogenetic relationships among c¢pDNA haplo-
types were inferred by maximum parsimony (MP) and
maximum likelihood (ML) methods using paur 4.0b10
(Swofford 2002) and Bayesian inference (BI) analysis
using MrBayes v.3.1.2 (Ronquist & Huelsenbeck 2003).
Indels of more than 1-bp were treated as single charac-
ters resulting from one mutational event. Gaps were
coded as presence/absence only for the MP analysis
and were not considered for the ML and BI analyses.
ML and MP analyses were performed using a heuristic
search with 100 random replicates, based on branch
swapping with tree-bisection-reconnection (TBR), and
unordered and equally weighted character states. The
BI analysis was performed using four replicates with
four chains (three heated and one cold) that were run
for two million generations sampling every 100 genera-
tions with a burn-in period of approximately 10% of
the trees. Nodal support was determined by performing
a MP and ML bootstrap analysis (Felsenstein 1985) with
1000 replicates in pauP*; and by using Bayesian poster-
ior probabilities as implemented by MrBayes. The most
appropriate models of nucleotide substitution identified
by ModelTest v3.7 (Posada & Crandall 1998) and
MRMODELTEST v2.3 (Nylander 2004) under the Akaike
information criterion (AIC) were implemented in the
ML and BI analyses, respectively. The best-fit model for
ML was K8luf+l, and GTR+I for BI. Sequences of
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Nothofagus obliqua, N. nervosa, and N. glauca within sub-
genus Lophozonia were used as outgroup. Furthermore,
we generated a Median-Joining network (Bandelt et al.
1999) with the program Network v4.201 (available from
http:/ /www.fluxus-engineering.com) to visualize rela-
tionships among haplotypes.

Landscape analyses

Patterns of genetic divergence among sampling areas
across the range of N. pumilio were investigated by
analysis of molecular variance (amova) using cpDNA
and isozyme genetic distances among populations using
the program GenAlEx version 6.2 (Peakall & Smouse
2006). Also hierarchical amova was used to test for
genetic structure at various geographic scales: among
geographic regions following the two main clades
yielded by the phylogenetic cpDNA analysis (north,
between 36—42°S and south, between 42-55°S), among
populations within regions, and within populations.
The significance of global, hierarchical, and pairwise
®gr values was evaluated by permutations based on
9999 replicates. To identify groups of populations at
geographically adjacent sampling areas that were
maximally differentiated from each other we performed
a spatial analysis of molecular variance SAMOVA
v 1.0 (http://web.unife.it/progetti/genetica/Isabelle/
samova.html, Dupanloup ef al. 2002) based on 100
simulated annealing steps and examined maximum
indicators of cpDNA differentiation (Fcr values) setting
the number of groups of sampling sites from K =2
through K = 14. To portray Genetic Landscape Shapes
(GLS) by means of 3-D surface plots of genetic distance
patterns (Z coordinates) across the full landscape ana-
lyzed in this study (X and Y coordinates) we used the
program Alleles in Space (Miller 2005) on cpDNA and
isozymes using different grid sizes (20 x 20, 50 x 50,
100 x 100) and with a range of distance weight values
(2 =0.5 through a =2) to avoid misinterpretations of
the data.

Results

Geographical distribution of genetic variation

Chloroplast DNA. We analyzed a total of 194 individuals
with an average of two individuals per sampled site
(range 1-6) (Table S1, Supporting information). The
sequence analysis of 194 individuals from 85 N. pumilio
populations yielded 14 different geographically struc-
tured cpDNA haplotypes (Fig. 1). The length of the
aligned cpDNA sequences varied between 776-791 bp
(BH), 416437 bp (LF), and 419-445bp (HA). All
regions were concatenated totaling a matrix of 1673
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characters with 25 variable sites (Table 1). Four most
frequent haplotypes (H2, H8, H12, and H14) had non-
overlapping latitudinal distributions in geographically
contiguous regions of Argentina and Chile. Haplotype 2
was found from 37 to 40°S, H8 was found between 40—
42°S, H12 was constrained to 42-46°S, and finally H14
was widely distributed in the south from 47-55°S in the
Austral Patagonian Andes. More than one haplotype
was detected at four northern locations. Haplotypes H1
and H5 were found in NHB population on the Pacific
Coastal Range at 38°S while the rest were located in the
Andes Cordillera and consisted of haplotypes H2 and
H7 in MOQ population at 39°S, H2 and H8 in RCH
population at 39°S, and H8 and H10 in PUY population
at 41°S (Fig. 1). While populations NHB, MOQ, and
PUY contain haplotypes from a given lineage, popula-
tion RCH consists of haplotypes from distinct lineages
(for population names and locations see Table S1, Sup-
porting information).

Neutrality tests by Tajima’s D (2.57, P < 0.05) and Fu
& Li's F (2.17, P <0.02) showed positive and signifi-
cantly different from zero values, indicating a decrease
in population size in the northern clade. The mismatch
distribution analysis showed a bimodal distribution
indicating that sampled populations throughout the
entire range have been historically isolated (Fig. 2a).
The analysis made for the northern clade showed a uni-
modal distribution of pairwise differences, indicating
that populations have suffered a severe bottleneck fol-
lowed by population expansion (Fig. 2b).

Isozyme analyses. A total of 1183 individuals from 41
populations were genotyped. Seven of the eight ana-
lyzed loci were polymorphic in at least one population.
These were Adhl, Aldl, Idhl, Idh2, Mdh2, Mdh3, and
Pgi2. Analyzed populations were highly heterogeneous
in their allelic frequencies (chi-square test, P < 0.001).
Patterns of genetic diversity were heterogeneous along
latitude. Multiple regression analysis yielded a signifi-
cant increase with increasing latitude (P < 0.001) of the
effective number of alleles (Ag, > = 0.46), allelic rich-
ness (Ag, ¥* = 0.61), and observed and expected hetero-
zygosity (Ho, 1> = 0.40 and Hg r* = 0.43). North and
south groups of populations were genetically distinct.
Allelic frequencies differed significantly (P < 0.05)
among populations within the two groups for five of
the six possible tests in the North group, and for all
seven loci in the South group (data not shown). South
populations had significantly higher total allelic rich-
ness Ar and observed heterozygosity Hp than the
North ones (Mann-Whitney U test: Zq30 = —2.31,
P =0.019; Zai30 =-225 P =0.023, respectively)
(Table 2). On average fixation indexes (F) yielded
significantly =~ positive estimates. Departure from
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Fig. 1 Map of southern South America
showing the distribution of 14 cpDNA
haplotypes based on the combined
sequences of psbH-psbH, trnL-trnF and
trnH-psbA intergenic spacers for 85 sites
of Nothofagus pumilio. Black arrows indi-
cate hypothetical dispersal routes dur-
ing the Paleogene.

Table 1 Molecular diversity indices calculated for each cpDNA marker separately (BH, LF, and HA) and concatenated (BH-LF-HA),

and for the two major clades (North and South) identified for Nothofagus pumilio populations

Region P N Size (bp) Range (bp) H CG% Ps ti tv I h T

BH 85 194 791 776-791 2 369 4 0 3 1 0.4834 (0.0155)  0.0110 (0.0056)
LF 85 194 437 416437 6 339 5 0 0 5  0.7648 (0.0127)  0.0173 (0.0090)
HA 85 194 445 419445 11 26.5 16 0 8 8  0.7949 (0.0194)  0.0277 (0.0139)
BH-LF-HA 85 194 1673 1611-1673 14 334 25 0 11 14 0.8686 (0.0127)  0.0171 (0.0083)
North 34 108 1671 1630-1671 11 33.4 12 0 5 7 0.8343(0.0216)  0.0119 (0.0059)
South 51 86 1634 1632-1634 3 336 2 0 0 2 0.5473(0.0483)  0.0004 (0.0003)

BH, LF, and HA correspond to cpDNA psbH-psbH, trnL-trnF and trnH-psbA intergenic spacers. Number of analyzed populations (P)
and individuals (N), alignment size and range are indicated in base pairs (bp), number of haplotypes (H), CG content (%CG),
number of polymorphic sites (Ps), transitions (ti), transversions (tv), indels (I), haplotype (h) and nucleotide () diversity. Standard
errors are in parentheses.

Hardy-Weinberg expectations was rejected in 40% of
the 108 performed tests. North populations presented
higher percentages of loci with significant positive fixa-
tion indexes than South populations (42 and 35%,

respectively), which indicate a heterozygote deficit for
the analyzed loci in those populations.

Hierarchical analysis of population structure by F
statistics yielded on average significantly positive
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Fig. 2 Mismatch distribution graphics of pairwise comparisons of haplotypes for all (a) and for North populations (b) of Nothofagus
pumilio. Expected frequencies of pairwise differences in a growth/decline population model are indicated by solid line. Observed fre-
quencies of pairwise differences between haplotypes are indicated by dash line.

Table 2 Measures of within-population isozyme variation parameters averaged for the two major clades (North and South) identi-

fied for Nothofagus pumilio populations along the latitudinal gradient

Group P N A Ap AE AR* P HO* HE

North 11 342 1.35 (0.11) 1.40 (0.12) 1.06 (0.03) 0.43 (0.14) 29.6 (8.4) 0.032 (0.015) 0.044 (0.017)
South 30 841 1.41 (0.19) 1.46 (0.22) 1.13 (0.12) 1.06 (0.74) 34.2 (17.0) 0.055 (0.033) 0.080 (0.061)
Population 41 28.9 1.40 (0.18) 1.45 (0.20) 1.11 (0.11) 0.89 (0.70) 32.9 (15.3) 0.049 (0.031) 0.070 (0.055)
Species 41 1183 2.75 (0.89) 3 1.11 (0.08) 2 87.5 0.052 (0.044) 0.091 (0.070)

P, number of populations; N, number of individuals; A, mean number of alleles per locus; Ap, number of alleles per polymorphic
locus; Ag, effective number of alleles; Ag, corrected allelic richness after rarefaction to a common sample size of 20 individuals; P,
proportion of polymorphic loci under the sensu stricto criterion; Ho and Hg, observed and expected heterozygosity, respectively.
Standard deviations are in parenthesis.*P < 0.05, Mann-Whitney U-test.

among-population divergence (Fsr = 0.200, 95% CI =
0.138-0.232). Significant Fgr values were also found
among populations within each latitudinal group.
Southern populations attained mean greater values
(Fst = 0.217, 95% CI = 0.166-0.243) than those in the
north (Fst = 0.059, 95% CI = 0.019-0.159) which was
confirmed by significant differences between pairwise
Fsy values between populations from distinct groups
(Mann-Whitney U test: Z = -3.83, P < 0.001). Overall
total genetic diversity measured by Nei’s statistics was
low (Hy = 0.089) most of which was distributed within
populations (Hg = 0.072). Higher total genetic diversity
was measured in the South (Hr =0.103) than in the
North group (Hr =0.047) (N-S: t; =0.46, P =0.662;
paired t test by locus).

Phylogenetic analyses

The MP analysis revealed two most parsimonious trees
which required 74 steps (CI = 0.9189, RI = 0.9589). The
topology of the strict consensus was identical to one
of the two most parsimonious trees. The ML analysis
yielded one most-likely tree (~InL = 2543.1) similar to
those obtained by MP. The BI tree was congruent with
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the MP and ML trees, the topologies differing only
with respect to nodes with low bootstrap support in
either tree. All phylogenetic analyses recovered the
same two monophyletic clades with strong bootstrap
support. The northern clade (north of 41° 59'S) con-
tains 11 haplotypes (H1-H11) from northern Patagonia
of Chile and Argentina. The southern clade (south of
42° 51’S) is represented by only three haplotypes
(H12-H14) that are widely distributed in southern-
most Patagonia (Fig. 3). The northern clade had higher
average nucleotide and haplotype diversity than the
southern clade (Table 1). Results of the median-joining
network analysis yielded one network including all 14
haplotypes with no internal reticulations (Fig. 4). We
identified four groups of haplotypes that suggested a
non-random distribution based on geography (Fig. 1).
The haplotypes of northern-most populations and
those on the Pacific Coastal Range formed a group,
hereafter coastal-north, had the most internal position
on the network and therefore were considered ances-
tral. The other three groups, hereafter Andean-north,
middle-north, and south, containing high-frequency
variants had non-overlapping distribution across
N. pumilio latitudinal range. In particular, southern
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Fig. 3 Phylogenetic tree showing the relationships among
cpDNA haplotypes based on the combined cpDNA sequences
of psbH-psbH, trnL-trnF and trnH-psbA intergenic spacers for
85 sites of Nothofagus pumilio. Numbers indicate bootstrap val-
ues for MP, ML, and posterior probabilities for BI analyses.

haplotypes were clearly distinct and separated by
11 mutational steps (Fig. 4).

Landscape analyses

Results from amova yielded a significant genetic struc-
ture within N. pumilio. Chloroplast DNA analyses indi-
cated the presence of substantial among-population
genetic structure (®gp = 0.978; P = 0.001). Pairwise gy
values ranged from 0.000 to 0.997 and 188 out of 1431
total pairwise ®gr values where significantly different
than zero. Also hierarchical amova yielded significant
(P =0.001) partitioning of cpDNA at all hierarchical lev-
els, i.e. between north and south regions (®gy = 0.737),
among populations within regions (®sg = 0.947), and
among populations (Ps = 0.986). SAMOVA analyses on
cpDNA sequences suggest the existence of genetically
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Fig. 4 Median-Joining network showing the relationships
among 14 cpDNA haplotypes of N. pumilio based on the
combined cpDNA sequences of psbH-psbH, trnL-trnF and
trnH-psbA intergenic spacers. Circle size is proportional to the
haplotype frequency.

distinct groups. Analyses with K = 2, identified two lati-
tudinal groups separated at 42°S (For = 0.741;
P < 0.001), which correspond to the north and south lin-
eages from the phylogenetic analyses (see Fig. 3). Anal-
yses with K = 3 and K = 4 yielded similar results which
provided additional groups within the northern area.
Four groups of populations consisted of coastal-north
populations, Andean-north located between 38-40°S,
middle-north between 40-42°S, and populations south
of 42°S (Fct = 0.967; P < 0.001). The Fct values did not
increase substantially in the K =5 through K =7 rela-
tive to the value found at K = 4.

AMOVA results for the isozyme analyses yielded a sig-
nificant genetic structure. The overall ®gy value for iso-
zymes was 0.338 (P = 0.001) with pairwise ®gr ranging
from 0.000 to 0.733, and the 82% of those values were
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significantly different than zero. Hierarchical amova
using isozymes was significant (P = 0.001) at all hierar-
chical levels. However, genetic structuring between
north and south regions (®rr = 0.021) was an order of
magnitude lower than ®gg = 0.331 and Pgr = 0.346 val-
ues which stand for subdivision among populations
within regions and among populations, respectively.
The level of subdivision between north and south
regions was also an order of magnitude greater for
cpDNA ®gr = 0.737 than that for isozymes ®gy = 0.021.
Similarly, SAMOVA procedure failed to partition iso-
zyme data. Most probably, higher gene flow rate by
means of isozymes in N. pumilio than cpDNA (see Dis-
cussion) prevented the use of SAMOVA analyses which
in turn maximize genetic differentiation when gene
flow rates within groups are at least 1000 times larger
than that among groups (Dupanloup et al. 2002).

Genetic landscape shapes interpolation analyses pro-
duced surface plots that qualitatively supported results
from SAMOVA (Fig. 5). A major genetic differentiation
zone indicating a probable important barrier to gene
flow was observed at mid-latitudes (42—43°S) for both,
the isozyme and the cpDNA analyses (Fig. 5a,b). Dis-
continuities for cpDNA were also found at 38, 40, 46,
and 48°S (Fig. 5a). In addition, major genetic differenti-
ations were obtained for isozymes at 46 and 50°S
(Fig. 5b). Additional features of the landscape shape
show that patterns of cpDNA genetic distances
decreased with increasing latitude. On the other hand,
isozyme genetic distances were higher towards the cen-
tre of the range and decreased gradually to both north-
ern and southern distributional extremes. Similar
surface plots were obtained using different grid sizes
and distance weighting parameters.

Discussion

cpDNA genetic structure

Latitudinally divergent cpDNA structures suggest that
widespread N. pumilio consists of deep-rooted and sepa-

(a) cpDNA (b)

Z - Genetic distance axis

7 - Genetic distance axis

2624
X 2230
NOl’lh/Soutnax,s
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rate northern and southern lineages with distinct evolu-
tionary histories. Many phylogeographic studies
particularly on Northern Hemisphere plant taxa have
provided evidence of significant genetic structures by
means of cpDNA markers. These studies showed that
most lineages inhabiting colder northern areas were
derived from warmer refugia further south which have
been interpreted as a result of glacial history (Petit et al.
2002; Soltis et al. 2006). Nevertheless, a growing body
of evidence suggests that cold-tolerant tree species were
able to survive in refugia within colder regions (Stewart
& Lister 2001; Rendell & Ennos 2002; Tsuda & Ide 2005;
Anderson et al. 2006; Bhagwat & Willis 2008; Tollefsrud
et al. 2008) as early hypothesized (Moore 2000; Premoli
et al. 2000). Under glacial scenarios of long distance dis-
persal and given that relatively greater glacial extent
existed towards the cold south in South America, aus-
tral populations should have been derived from those
located under warmer northern areas (Villagrin &
Hinojosa 2005). The lack of common as well as interme-
diate haplotypes along more than 2000 km provide
unequivocal evidence that north and south clades of N.
pumilio have been historically isolated and that neither
of them has derived from the other (Figs 1 and 4). On
the other hand, hypotheses of either extinction of com-
mon haplotypes along the range or the loss of northern
haplotypes in the south and vice versa seem unlikely
given that our study comprises the entire latitudinal
and longitudinal distribution of N. pumilio. In addition,
geographically concordant phylogeographic patterns
among all five species within subgenus Nothofagus sup-
port the hypothesis that cpDNA polymorphisms reflect
an early evolutionary history (Acosta & Premoli 2009).
The results of hierarchical amova and SAMOVA
clearly indicate that cpDNA and isozyme structures
reflect contrasting temporal signals. Lower ®gy values
and the lack of geographic structure by SAMOVA for
isozymes indicate higher contemporary than historical
gene flow rates. This is relevant in N. pumilio because
it has relatively low fecundity and restrictions for
establishment exist particularly at northern latitudes.

Fig. 5 Genetic Landscape Shape inter-
polation using a 50 x 50 grid and a dis-
tance weighting parameter of 2 =1. X
and Y axes correspond to geographic
locations within the overall physical
landscape examined in this study. Sur-
face plot heights reflect genetic dis-
tances among  Nothofagus  pumilio
populations and numbers above peaks
indicate approximate latitudes.
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Therefore, genetic differences, particularly between
north and south cpDNA lineages, have probably accu-
mulated before LGM that occurred c. 25 000 years ago
in Patagonia. Undetected geographic structure by iso-
zymes reported here may be biased and wide-range
studies using higher-resolution markers may help to
elucidate glacial history of N. pumilio. Nevertheless, the
observed cpDNA structure suggests that ancient pro-
cesses have shaped N. pumilio gene pool which has
been reinforced by glacial history. For example, the
Coastal Cordillera has been suggested as a glacial refu-
gia based on fossils (Villagran & Hinojosa 2005) and
genetic evidence for distinct taxa (Allnutt ef al. 1999;
Premoli et al. 2000; Marchelli & Gallo 2006; Azpilicueta
et al. 2009; Vidal-Russell et al. 2009). Therefore, ice-free
areas such as the Coastal Range have probably con-
served ancestral cpDNA haplotypes in Nothofagus.
Paleogeographic features of Patagonia may explain
genetic patterns. We hypothesize that the presence of
the western Chubut open paleobasin at mid latitudes
about 43°S (Sudrez & Marquez 2007) produced a vicar-
iant event between N. pumilio populations. Geographi-
cally concordant wide-ranging disjunction at 43°S was
also observed using isozyme polymorphisms in the
widespread ancient conifer Podocarpus nubigena (Qui-
roga & Premoli 2009). The opening of a late-Tertiary
open Pacific Valdivia paleobasin at c. 40°S latitude (le
Roux & Elgueta 2000) is concordant with the spatial
split of the northern group in two lineages as shown
by SAMOVA analysis with K =3. One of these com-
prises the coastal-north that includes ancestral haplo-
types together with the Andean-north, and the other
contains haplotypes of the middle-north group (Figs 1
and 3). Also, the mismatch distribution analysis
showed that in the north a bottleneck occurred fol-
lowed by range expansion throughout two routes fol-
lowing a stepping stone model: along the Pacific
Coastal Range in the west and the Northern Patago-
nian Massif in the east (Fig. 4). We therefore hypothe-
size that ancestral haplotypes migrated north (Fig. 1,
route 1) along the Pacific Coastal Range before the
opening of the Valdivia paleobasin as far as favourable
climatic and topographic conditions allowed. From
that point, colonization took place towards the south
(Fig. 1, route 2) flanking the western margins of the
Neuquén interior paleobasin (Suarez & Marquez 2007).
On the other hand, middle-north lineage migrated
north (Fig. 1, route 3) surrounding the eastern margins
of the Osorno interior paleobasin (le Roux & Elgueta
2000). Available land for dispersal during that time
was scarce due to the presence of several basins (Lis-
ker et al. 2006) and sea level was higher than present-
day (Miller et al. 2005). We hypothesize that suitable
land for plant dispersal in northern latitudes consisted

of numerous fragmented geologic units of at least
Mesozoic age. In particular, the Nahuelbuta formation,
which consists of Paleozoic rocks, shelters the unique
haplotype H5 (see Fig. 1). Also the distribution of
haplotypes H6, H7, H9, H10, and H11 is correlated
with the presence of old geologic units that have been
reported in different parts of the Patagonian region
(Giacosa & Heredia 2004; Glodny et al. 2008; Cembr-
ano & Lara 2009). In contrast, genetically homogenous
populations at austral-most latitudes suggest in situ
evolution within large units of emergent terrain (Dre-
wry 1976; Pankhurst et al. 1999, 2006; Rosello et al.
2004) allowing long-lasting persistence. Moreover, the
fact that haplotype H12 is derived from southern most
haplotype H14 suggests that colonization of mid Ilati-
tude areas most probably took place from south to
north. This probably occurred once the Chubut paleo-
basin was drained at the onset of the Miocene uplift
of the main Andes Cordillera (Fig. 1, route 4). Simi-
larly, phylogeographic scenarios reflecting events of
the Tertiary were also suggested for Mediterranean
trees by Magri et al. (2007).

Landscape analyses by means of cpDNA yielded
three genetic discontinuities along latitude at 38, 40,
and 43°S (Fig. 5). These could be interpreted as suture
zones between long-term divergent genetic sources
because of the presence of the Neuquen, Valdivia, and
Chubut paleobasins, respectively. In contrast, two
genetically distinct groups of populations by means of
PCR-RFLP of cpDNA markers on 12 populations, and
thus a reduced portion of the range of the widespread
Nothofagus antarctica, was interpreted as a long lasting
isolation in at least two different glacial refuges north
and south c¢. 43°S (Pastorino et al. 2009). Moreover,
polymorphic areas by means of PCR-RFLP using
cpDNA markers in the warm-temperate Nothofagus
nervosa of subgenus Lophozonia were interpreted as
spread from distinct glacial refugia north and south of
a west-east mountain chain at c. 40°S (Marchelli et al.
1998). Within this area, the watershed draining to the
Pacific Ocean was indicated as having a glacial origin
(Marchelli & Gallo 2006). A recent molecular dating
analysis yielded a 40 Ma divergence between north and
south lineages at 43°S and a 20 Ma disjunction within
the northern lineage at 40°S for all species within sub-
genus Nothofagus including N. pumilio and N. antarctica
which in turn confirms pre-Pleistocene vicariant events
due to paleobasins (AC Premoli, P Mathiasen, MC
Acosta). At present, these paleobasins correspond to
river basins that drain into the Pacific Ocean and there-
fore besides of potential effects of glaciations on such
watersheds, our data suggest that ancient tectonic con-
trols within these areas have affected vegetation history
and species’ gene pools.
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Novel neogene trends

Isozyme diversity in the widespread Nothofagus pumilio
differs latitudinally. Significant heterogeneity of allelic
frequencies and Fsr values, especially in such geneti-
cally impoverished species, provides evidence of a
long-lasting divergence such that mutations were accu-
mulated within latitudinally distant populations.
Parameters of within-population genetic variation
increased towards colder southern latitudes, including
allelic richness Agr which is expected to be affected by
bottlenecks. The higher overall genetic diversity in the
south may suggest that N. pumilio populations may
have persisted locally through time. Given the limited
seed dispersal of N. pumilio, such high genetic diversity
in the south as to be the result of long distance migra-
tion from northern sources after the LGM is unlikely.
Estimations of pollen/seed flow for N pumilio as means
of degree of population differentiation from nuclear
(isozymes) and maternally inherited markers (cpDNA)
following Ennos (1994) indicated that pollen migration
rates were as much as 100 times greater than those by
seed. We estimated the rate of postglacial colonization
from northern refugia to southern areas. We considered
that the LGM occurred about 20 000 years ago and
north and south populations were c. 1000 km apart. We
took into account the following parameters which are
biased towards optimum conditions for N. pumilio
regeneration. These were: seed dispersal distances of
100 m from the mother tree, a 50 years generation time,
and production of abundant viable seeds which occur
during masting events every c. 5 years. We found an
estimate of annual migration by seed of 0.4 m and by
pollen of 40 m. As a result, pollen of N. pumilio was
able to reach dispersal distances of at most 800 km
since the LGM which is far less than the range occupied
by the species. Therefore genetic structures arising from
glacial scenarios consisting of population extinction due
to an enlarged ice cover in southern areas, and wide-
ranging postglacial colonization from warmer ice-free
northern areas are not supported by our data on N.
pumilio.

We hypothesize that numerous ice free locations
existed in the north that maintained continuous gene
flow which in turn supports the multiple refugia
hypothesis (Premoli 1998). Nevertheless, N. pumilio in
northern refugia was impacted by drift and inbreeding
due to reductions in population size because of the
effects of valley glaciers on such mountain species. The
absence of geographic barriers by means of landscape
analysis in the north suggests either that substantial
gene flow has been maintained at lower latitudes or
that barriers to migration are too recent to be detected
by isozyme patterns (Latta 2006). In the south, glacial
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activity is thought to have had low-erosional efficiency
and even the presence of non-glaciated frozen ground
was suggested (Thomson et al. 2007). Hence, we can
speculate that southern populations have probably per-
sisted in large pieces of available land and thus con-
sisted of relatively big and panmictic populations that
remained isolated among each other through time.
Landscape analysis show genetic discontinuities in
three locations at 43, 46, and 50°S (Fig. 5b) suggesting
that multiple refugial areas may have existed in the
south which have became into contact more recently.
For example, ecological niche modelling of LGM distri-
bution of N. pumilio shows significant suitable areas east
of the ice north and south 43°S (AC Premoli and T Kitz-
berger, unpublished data) that confirms such secondary
contact area. Also such discontinuity may be a reflec-
tion of the ancient genetic structure evidenced by
cpDNA (Fig. 5a).

Significantly lower Fsr values in the north may reflect
relatively continuous gene flow among refugial popula-
tions surviving in numerous and relatively close ice-free
locations. Thus, for such self-incompatible tree popula-
tions in the north maybe more resilient to future local
fragmentation due to either climate change or human
activities, since greater opportunities have existed in the
past for deleterious alleles to be removed by natural
selection. Therefore, southern populations maybe prone
to suffer from modifications on gene flow rates and
population size which should be taken into consider-
ation for the design of management and conservation
actions on N. pumilio which is considered a key tree
species under current logging practices.

Conclusion

In this study we propose that cpDNA variation patterns
of N. pumilio were controlled by ancient paleogeogra-
phy rather than more recent Neogene events such as
Pleistocene glaciations. Hence, latitudinal cpDNA struc-
ture reflects vicariant events due to paleobasins and
early dispersal routes of N. pumilio in South America.
Present-day continuous forests at c. 40 and 43°S in areas
where distinct haplotypes belonging to divergent clades
were found represent suture zones between temporarily
isolated lineages. Complex cpDNA genetic structure in
the north suggests an evolutionary history of isolation
and drift, whereas low cpDNA differentiation in the
south indicates absence of restrictions for historical gene
flow. Elevated isozyme diversity at high latitudes
reveals long-term persistence within large areas and sig-
nificant among-population divergence suggests that
genetic differences have accumulated through recent
times. In contrast, genetically similar and impoverished
northern populations reflect local survival in several
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relatively small ice-free locales. We hereby put forward
a new scenario for discussions on plant phylogeography
from temperate high-latitude forests. Major genetic
differentiation reflected by cpDNA polymorphisms in
N. pumilio at regional scales occurred mainly due to
Paleogene forces significantly controlled by geology.
In addition, the evidence presented here suggests that
cold-tolerant ancient taxa as N. pumilio have responded
vigorously to climatic oscillations of the Quaternary
and persisted locally over large geographic areas.

Acknowledgements

We are most grateful to M. C. Acosta, M. Arbetman, M. Fer-
nandez, L. Garibaldi, J. Grosfeld, A. Lara, F. Pedrozo, P. Qui-
roga, J. Rabassa, and C. Souto for assistance during fieldwork
in Argentina and Chile and/or in the laboratory. We thank
four anonymous reviewers for valuable suggestions that
improved our manuscript. Administracién de Parques Nacio-
nales (Argentina) allowed plant collection within protected
areas. This research was supported by Agencia de Promocién
Cientifica y Tecnolégica PME71, PICT 25833, and PICT REDES
331, Consejo Nacional de Investigaciones Cientificas y Técnicas
CONICET PIP 5066, and Universidad Nacional del Comahue
04/B126. P.M. and A.P. are members of the National Research
Council of Argentina (INIBIOMA-CONICET).

References

Acosta MC, Premoli AC (2009) Evidence of chloroplast capture
in South American Nothofagus (subgenus Nothofagus,
Nothofagaceae). Molecular Phylogenetics and Evolution. [Epub
ahead of print] DOI: 10.1016/j.ympev.2009.08.008.

Allnutt LL, Newton AC, Lara A et al. (1999) Genetic variation
in Fitzroya cupressoides (alerce), a threatened South American
conifer. Molecular Ecology, 8, 975-987.

Anderson LL, Hu FS, Nelson DM, Petit RJ, Paige KN (2006)
Ice-age endurance: DNA evidence of a white spruce
refugium in Alaska. Proceedings of the National Academy of
Sciences USA, 103, 12447-12450.

Azpilicueta MM, Caron H, Bodénes C, Gallo LA (2004) SSR
Markers for Analysing South American Nothofagus Species.
Silvae Genetica, 53, 240-243.

Azpilicueta MM, Marchelli P, Gallo LA (2009) The effects of
Quaternary glaciations in Patagonia as evidenced by
chloroplast DNA phylogeography of Southern beech
Nothofagus obliqua. Tree Genetics & Genomes, 5, 561-571.

Bandelt HJ, Forster P, Rohl A (1999) Median-joining networks
for inferring intraspecific phylogenies. Molecular Biology and
Evolution, 16, 37-48. http://www fluxus-technology.com/
sharenet.htm.

Barrera MD, Frangi JL, Richter LL, Perdomo MH, Pinedo LB
(2000) Structural and functional changes in Nothofagus
pumilio forests along an altitudinal gradient in Tierra
del Fuego, Argentina. Journal of Vegetation Science, 11, 179-
188.

Bhagwat SA, Willis KJ (2008) Species persistence in northerly
glacial refugia of Europe: a matter of chance or
biogeographical traits?. Journal of Biogeography, 35, 464-482.

Cembrano J, Lara L (2009) The link between volcanism and
tectonics in the southern volcanic zone of the Chilean Andes:
a review. Tectonophysics, 471, 96-113.

Comps B, Gomory D, Letouzey ], Thiébaut B, Petit RJ (2001)
Diverging trends between heterozygosity and allelic richness
during postglacial colonization in the european beech.
Genetics, 157, 389-397.

Conkle MT, Hodgskiss PD, Nunnally LB, Hunter SC (1982)
Starch gel Electrophoresis of Conifer Seeds: A Laboratory Manual.
General Technical Report PSW-64. USDA Forest Service,
Pacific Southwest Forest and Range Experiment Station,
Berkeley, CA.

Cuevas JG (2000) Tree recruitment at the Nothofagus pumilio
alpine timberline in Tierra del Fuego, Chile. Journal of
Ecology, 88, 840-855.

Del Fueyo GM (1996) Microsporogenesis and micro-
gametognesis of the Argentinian species of Podocarpus
(Podocarpaceae). Botanical Journal of the Linnean Society, 122,
171-182.

Demesure B, Sodzi N, Petit R] (1995) A set of universal
primers for amplification of polymorphic non-coding regions
of mitochondrial and chloroplast DNA in plants. Molecular
Ecology, 4, 129-131.

Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh
tissue. Focus, 12, 13-15.

Drewry DJ (1976) Sedimantary basins of the east Antarctic
craton from geophysical evidence. Tectonophysics, 36, 301-314.

Dumolin-Lapégue S, Pemonge MH, Petit RJ (1997) An enlarged
set of consensus primers for the study of organelle DNA in
plants. Molecular Ecology, 6, 393-397.

Dupanloup I, Schneider S, Excoffier L (2002) A simulated
annealing approach to define the genetic structure of
populations. Molecular Ecology, 11, 2571.

Ennos RA (1994) Estimating the relative rates of pollen and seed
migration among plant populations. Heredity, 72, 250-259.

Felsenstein ] (1985) Confidence limits on phylogenies: an
approach using the bootstrap. Evolution, 39, 783-791.

Fu YX, Li WH (1993) Statistical tests of neutrality of mutations.
Genetics, 133, 693-709.

Giacosa RE, Heredia N (2004) Estructura de los Andes
Nordpatagoénicos en los cordones Piltriquitrén y Serrucho y
en el valle de El Bolson (41°307-42°00°S), Rio Negro. Revista de
la Asociacion Geoldgica Argentina, 59, 91-102.

Glodny ], Gréfe K, Echtler H, Rosenau M (2008) Mesozoic to
Quaternary continental margin dynamics in South-Central
Chile (36—42° S): the apatite and zircon fission track
perspective. International Journal of Earth Sciences, 97, 1271-
1291.

Goudet ] (2001) FsTAT, a program to estimate and test gene
diversities and fixation indices (v 2.9.3). Available from
http:/ /www.unil.ch/izea/softwares/fstat.html.

Hamilton MB (1999) Four primer pairs for the amplification of
chloroplast intergenic regions with intraspecific variation.
Molecular Ecology, 8, 521-523.

Heusser CJ (1971) Pollen and Spores of Chile. University of
Arizona Press, Tucson.

Heusser CJ (1989) Late Quaternary vegetation and climate of
southern Tierra del Fuego. Quaternary Research, 31, 396-406.
Hill RS (2001) Biogeography, evolution and palaeoecology of
Nothofagus (Nothofagaceae): the contribution of the fossil

record. Australian Journal of Botany, 49, 321-332.

© 2009 Blackwell Publishing Ltd



Hill RS, Read ] (1991) A revised infrageneric classification of
Nothofagus (Fagaceae). Botanical Journal of the Linnean Society,
105, 37-72.

Jones RC, Vaillancourt RE, Jordan GJ (2004) Microsatellites for
use in Nothofagus cunninghamii (Nothofagaceae) and related
species. Molecular Ecology Notes, 4, 14-16.

Latta RG (2006) Integrating patterns across multiple genetic
markers to infer spatial processes. Landscape Ecology, 21, 809—
820.

Lisker F, Laufer AL, Olesch M, Rossetti F, Schifer T (2006)
Transantarctic Basin: new insights from fission track and
structural data from the USARP Mountains and adjacent
areas (NorthernVictoria Land, Antarctica). Basin Research, 18,
497-520.

Magri D, Fineschi S, Bellarosa R et al. (2007) The distribution
of Quercus suber chloroplast haplotypes matches the
palaeogeographical history of the western Mediterranean.
Molecular Ecology, 16, 5259-5266.

Manos PS (1997) Systematics of Nothofagus (Nothofagaceae)
based on rDNA spacer sequences (ITS): taxonomic
congruence with morphology and plastid sequences.
American Journal of Botany, 84, 137-1155.

Marchelli P, Gallo LA (2006) Multiple ice-age refugia in a
southern beech of South America as evidenced
by chloroplast DNA markers. Conservation Genetics, 7, 591—
603.

Marchelli P, Gallo LA, Scholz F, Ziegenhagen B (1998)
Chloroplast DNA markers revealed a geographical divide
across Argentinean southern beech Nothofagus nervosa (Phil.)
Dim. et Mil. distribution area. Theoretical and Applied Genetics,
97, 642-646.

Marchelli P, Caron H, Azpilicueta MM, Gallo LA (2008) Primer
note: a new set of highly polymorphic nuclear microsatellite
markers for Nothofagus nervosa and related South American
Species. Silvae Genetica, 57, 83-85.

Markgraf V (1993) Paleoenvironments and paleoclimates in
Tierra del Fuego and southernmost Patagonia, South
America. Palaeogeography, Palaeoclimatology, Palaeoecology, 102,
53-68.

Markgraf V, McGlone M, Hope G (1995) Neogene
palecenvironmental and paleoclimatic change in southern
temperate ecosystems - a southern perspective. Trends in
Ecology and Evolution, 10, 143-147.

Markgraf V, Romero E, Villagran C (1996) History and
paleoecology of South American Nothofagus Forests. In:The
Ecology and Biogeography of Nothofagus Forest (eds Veblen TT,
Hill RS, Read ]). pp. 354-386, Yale University Press, New
Haven.

Miller MP (2005) Alleles In Space: computer software for the
joint analysis of interindividual spatial and genetic
information. Journal of Heredity, 96, 722-724.

Miller KG, Kominz MA, Browning JV et al. (2005) The
Phanerozoic Record of Global Sea-Level Change. Science, 310,
1293-1298.

Moore PD (2000) Chile refuges. Nature, 408, 532-533.

Nei M (1973) Analysis of gene diversity in subdivided
populations. Proceedings of the National Academy of Science
USA, 70, 3321-3323.

Nylander JA (2004) MrModelTest. Program distributed by the
author. Evolutionary Biology Centre, Uppsala University,
Uppsala. http:/ /www.abc.se/~nylander/

© 2009 Blackwell Publishing Ltd

GENETIC STRUCTURE OF N. PUMILIO 383

Pankhurst R], Weaver SD, Hervé F, Larrondo P (1999)
Mesozoic-Cenozoic evolution of the North Patagonian
Batholith in Aysen, southern Chile. Journal of the Geological
Society, 156, 673-694.

Pankhurst R], Rapela CW, Fanning CM, Marquez M (2006)
Gondwanide continental collision and the origin of
Patagonia. Earth-Science Reviews, 76, 235-257.

Pastorino MJ, Marchelli P, Milleron M, Soliani C, Gallo LA
(2009) The effect of different glaciation patterns over the
current genetic structure of the southern beech Nothofagus
Antarctica. Genetica, 136, 79-88.

Peakall R, Smouse PE (2006) GenAlEx 6: genetic analysis in
Excel. Population genetic software for teaching and research.
Molecular Ecology Notes, 6, 288-295.

Petit RJ, El Mousadik A, Pons O (1998) Identifying populations
for conservation on the basis of genetic markers. Conservation
Biology, 12, 844-855.

Petit RJ, Csaikl UM, Bordacs S, Burg K, Coart E et al. (2002)
Identification of refugia and post-glacial colonization routes
of European white oaks based on chloroplast DNA and
fossil pollen evidence. Forest Ecology and Management, 156,
49-74.

Posada D, Crandall KA (1998) MODELTEST: testing the model
of DNA substitution. Bioinformatics, 14, 817-818. http://
darwin.uvigo.es/software/modeltest.html

Premoli AC (1996) Allozyme polymorphisms, outcrossing
rates, and hybridization of South American Nothofagus.
Genetica, 97, 55-64.

Premoli AC (1997) Genetic variation in a geographically
restricted and two widespread species of South American
Nothofagus. Journal of Biogeography, 24, 883-892.

Premoli AC (1998) Use of genetic markers to conserve
endangered species and to design protected areas for more
widespread species. In:Proceedings of an International
Workshop on  Recent Advances in Biotechnology for Tree
Conservation and Managemen (ed. International Foundation for
Science). pp. 157-171, Universidade Federal de Santa
Catarina. Santa Catarina, Brazil.

Premoli AC (2003) Isozyme polymorphisms provide evidence
of clinal variation with elevation in Nothofagus pumilio.
Journal of Heredity, 94, 218-226.

Premoli AC (2004) Variacion en Nothofagus pumilio (Poepp. et
Endl) Krasser (Lenga). In:Variacion Intraespecifica en las
Especies Arboreas de los Bosques Templados de Chile y Argentin
(eds Donoso C, Premoli AC, Gallo L, Iliniza R). pp. 145-166,
Editorial Universitaria. Santiago de Chile, Chile.

Premoli AC, Brewer CA (2007) Environmental vs. genetically
driven variation in ecophysiological traits of Nothofagus
pumilio from contrasting elevations. Australian Journal of
Botany, 55, 585-591.

Premoli AC, Kitzberger T (2005) Regeneration mode affects
spatial genetic structure of Nothofagus dombeyi forests.
Molecular Ecology, 14, 2319-2329.

Premoli AC, Steinke L (2008) Genetics of sprouting: effects of
long-term persistence in fire-prone ecosystems. Molecular
Ecology, 17, 3827-3835.

Premoli AC, Kitzberger T, Veblen TT (2000) Conservation
genetics of the endangered conifer Fitzroya cupressoides in
Chile and Argentina. Conservation Genetics, 1, 57-66.

Premoli AC, Souto CP, Rovere AE, Allnutt TR, Newton AC
(2002) Patterns of isozyme variation as indicators of



384 P. MATHIASEN and A. C. PREMOLI

biogeographic history in Pilgerodendron uviferum (D. Don)
Florin. Diversity and Distributions, 8, 57-66.

Premoli AC, Raffaele E, Mathiasen P (2007) Morphological and
phenological ~ differences in Nothofagus pumilio from
contrasting elevations. Austral Ecology, 32, 515-523.

Quiroga MP, Premoli AC (2009). Genetic structure of
Podocarpus nubigena (Podocarpaceae) provides evidence of
Quaternary and ancient historical events. Palaeogeography,
Palaeoclimatology, Palaeoecology, [Epubahead of print] DOI:
10.1016/j.palae02009.11.010.

Quiroga MP, Vidal Russel R, Premoli AC (2005) Evidencia
morfologica e isoenzimatica de hibridacién natural entre
Nothofagus antarctica y N. pumilio en el noroeste Patagoénico.
Bosque, 26, 25-32.

Rabassa J, Clapperton CM (1990) Quaternary glaciations of the
Southern Andes. Quaternary Science Reviews, 9, 153-174.

Rabassa ], Coronato AM, Salemme M (2005) Chronology of the
Late Cenozoic Patagonian glaciations and their correlation
with  biostratigraphic units of the Pampean region
(Argentina). Journal of South American Earth Sciences, 20, 81—
103.

Ranker TA, Haufler CH, Soltis PS, Soltis DE (1989) Genetic
evidence for allopolyploidy in the neotropical fern Hemionitis
(Adiantaceae) and the reconstruction of an ancestral genome.
Systematic Botany, 14, 439-447.

Rendell S, Ennos RA (2002) Chloroplast DNA diversity in
Calluna vulgaris (heather) populations in Europe. Molecular
Ecology, 11, 69-78.

Riveros M, Parades MA, Rosas MT et al. (1995) Reproductive
biology in species of the genus Nothofagus. Environmental and
Experimental Botany, 35, 519-524.

Romero EJ (1986) Paleogene phytogeography and climatology
of South America. Annals of the Missouri Botanical Garden, 73,
449-461.

Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics,
19, 1572-1574.

Rosello EA, Ottonei EG, Harina CE, Nevistic VA (2004)
Significado tecténico y paleoambiental de los niveles
carbonosos paleégenos de Estancia La Correntina, Andes
Fueguinos. Revista de la Asociacion Geoldgica Argentina, 59,
778-784.

le Roux JP, Elgueta S (2000) Sedimentologic development of
a Late Oligocene-Miocene forearc embayment, Valdivia
Basin Complex, southern Chile. Sedimentary Geology, 130,
27-44.

Rozas ], Sanchez-DelBarrio JC, Messeguer X, Rozas R (2003)
DnaSP, DNA polymorphism analyses by the coalescent and
other methods. Bioinformatics, 19, 2496-2497. http://
www.ub.es/dnasp

Rusch V (1987) Estudio sobre la regeneracion de la Lenga en la
cuenca del Rio Manso Superior, Rio Negro. Report to
Consejo Nacional de investigaciones Cientificas y técnicas,
Buenos Aires, Argentina.

Schneider S, Roessli D, Excoffier L. (2000) ArceQuinN ver. 2.000: A
Software for Population Genetics Data Analysis. Genetics and
Biometry Laboratory, University of Geneva, Switzerland.
http:/ /anthro.unige.

Soltis DE, Morris AB, McLachlan JS, Manos PS, Soltis PS (2006)
Comparative phylogeography of unglaciated eastern North
America. Molecular Ecology, 15, 4261-4293.

Stecconi M, Marchelli P, Puntieri J, Picca P, Gallo LA (2004)
Natural Hybridization between a Deciduous (Nothofagus
antarctica, Nothofagaceae) and an Evergreen (N. dombeyi)
Forest Tree Species: evidence from Morphological and
Isoenzymatic Traits. Annals of Botany, 94, 775-786.

Steinke L, Premoli AC, Souto CP, Hedrén M (2008) Adaptive
and neutral variation of the resprouter Nothofagus antarctica
growing in distinct habitats in north-western Patagonia. Silva
Fennica, 42, 177-188.

Stewart JR, Lister AM (2001) Cryptic northern refugia and the
origins of the modern biota. Trends in Ecology and Evolution,
16, 608-613.

Suarez M, Marquez M (2007) A Toarcian retro-arc basin of
Central Patagonia (Chubut), Argentina: Middle Jurassic
closure, arc migration and tectonic setting. Revista Geoldgica
de Chile, 34, 63-79.

Swofford DL (2002) paur*. Phylogenetic Analysis Using Parsimony
(*and  Other Methods). Version 4. Sinauer Associates,
Sunderland, Massachusetts.

Taberlet P, Gielly L, Pautou G, Bouvet ] (1991) Universal
primers for amplification of three non-coding regions of
chloroplast DNA. Plant Molecular Biology, 17, 1105-1109.

Tajima F (1989) Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics, 123,
585-595.

Tamura K, Dudley ], Nei M, Kumar S (2007) MEGa4: Molecular
Evolutionary Genetics Analysis (MEGA) software version
4.0. Molecular Biology and Evolution, 24, 1596-1599. http://
www.megasoftware.net/mega.html

Thomson SN, Brandon MT, Reiners PW et al. (2007) A
Poleward Transition From Destructive to Constructive Glacio-
Climatic Control on Mountain Building. AGU Meeting, 10-14
December, San Francisco,CA, USA.

Tollefsrud MM, Kissling R, Gugerli F, Johnsen O, Skroppa T
et al. (2008) Genetic consequences of glacial survival and
postglacial ~colonization in Norway spruce: combined
analysis of mitochondrial DNA and fossil pollen. Molecular
Ecology, 17, 4134-4150.

Tsuda Y, Ide Y (2005) Wide-range analysis of genetic structure
of Betula maximowicziana, a long-lived pioneer tree species
and noble hardwood in the cool temperate zone of Japan.
Molecular Ecology, 14, 3929-3941.

Vidal-Russell R, Souto CP, Premoli AC (2009) Phylogeography
of Embothrium coccineum (Proteaceae), an endemic tree to the
austral temperate forest of South America. Boletin de Ia
Sociedad Argentina de Botdnica, 44, 195.

Villagran C, Hinojosa LF (2005) Esquema Biogeografico de
Chile. In:Regionalizacion Biogeogrdfica en Iberodmerica y Topicos
Afine (eds Bousquets JL, Morrone J]). pp. 551-577, Ediciones
de la Universidad Nacional Auténoma de México, Jiménez
Editores, México.

Villagran C, Moreno P, Villa R (1996) Antecedentes
palinolégicos acerca de la historia Cuaternaria de los
bosques chilenos. In:Ecologia de los Bosques Nativos de Chil
(eds Armesto JJ, Villagran C, Arroyo MTK). pp. 51-70,
Editorial Universitaria, Santiago de Chile.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358-1370.

Workman PL, Niswander JD (1970) Population studies on
southwestern Indian tribes. II. Local genetic differentiation in
the Papago. American Journal of Human Genetics, 22, 24-49.

© 2009 Blackwell Publishing Ltd



Worth JRP, Jordan GJ, McKinnon GE, Vaillancourt RE (2009)
The major Australian cool temperate rainforest tree
Nothofagus cunninghamii withstood Pleistocene glacial aridity
within multiple regions: evidence from the chloroplast. New
Phytologist, 182, 519-532.

Wright S (1931) Evolution in mendelian populations. Genetics,
16, 97-159.

Wright S (1965) The interpretation of population structure by
F-statistics with special regard to systems of mating.
Evolution, 19, 358—420.

Yeh FC, Yang RC, Boyle TB], Ye ZH, Mao JX (1999) POPGENE
1.32, the User-Friendly Shareware for Population Genetic
Analysis. Molecular Biology and Biotechnology Center,
University of Alberta, Edmonton. Available from http://
www.ualberta.ca/~fyeh/download.htm

Paula Mathiasen is PhD student interested in population genet-
ics and phylgeographic studies related to ecological, evolution-
ary and biogeographic processes of plant species endemic to

© 2009 Blackwell Publishing Ltd

GENETIC STRUCTURE OF N. PUMILIO 385

South American temperate forests. Andrea Premoli, researcher
of the National Research Council of Argentina. Professional
interests include the study of the processes shaping genetic
characteristics of plant populations and conservation of natural
resources.

Supporting information

Additional supporting information may be found in the online
version of this article.

Table S1 Geographic location of sampling sites and number of
individuals (N) for cpDNA and isozyme analyses on Nothofa-
qus pumilio

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.



