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Abstract Nothofagus nervosa is one of the most impor-
tant species of the temperate forests of southern South
America. On the eastern slope of the Andes Mountains
(Argentina) it has a very small and narrow natural
distribution area which follows the valleys of the nu-
merous west-east lake basins. Re-colonisation after the
last glaciation is assumed to have originated from ref-
ugia located in the western pacific coast or even in free
interglacial patches of the Andes Mountains. Sixteen
pairs of primers were used to amplify 16 non-coding
regions of chloroplast DNA in 11 populations from
over the entire distribution area in Argentina. After
restriction analysis two polymorphic fragments were
found which defined two haplotypes and allowed a dif-
ferentiation among populations. A clear geographic
divide occurs separating populations distributed south
and north of a west-east mountain chain. This suggests
that after the last glaciation the species spread out from
at least two different refugia. Hypotheses about the
possible location of these refugia are discussed.
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Introduction

The temperate forest in southern South America lies on
both sides of Andes Mountains covering a broad lati-
tudinal range (33°-55° S). The genus Nothofagus, with
its ten species, is the most important component of this
forest.

During the Quaternary this area was affected by
glacial-interglacial cycles. By the time of the last gla-
ciation, 18 000—20 000 years ago, glaciers covered most
of the region. However, and in contrast with glaciations
in the Northern Hemisphere, in the Southern Hemi-
sphere glaciation occurred in patches leaving many
ice-free areas which provided potential refugia for for-
est taxa, even at high latitudes (55°S) (Markgraf 1983;
Markgraf et al. 1995). At central latitudes (36°—42°S),
on the west side of the Andes (Chile), relatively wet and
cold glacial climates allowed forests to persist. On the
east side (Argentina), the steppe expanded towards the
Andes and forests were greatly reduced (Markgraf
1983). Refugia for Nothofagus species were probably in
the pacific coastal mountains and on both sides of the
Andes Mountains. The deciduous species Nothofagus
obliqua and Nothofagus nervosa seemed to have sur-
vived the glaciations within these refugia (above 41°S)
and after the ice retreated they expanded to the south
along the Andes Mountains (Villagran 1991).

Our study is on Nothofagus nervosa (Phil) Dim. et Mil.
(Lennon et al. 1987) (= N. alpina = N. procera) a de-
ciduous, wind pollinated, anemochorous angiosperm
tree species. In Argentina it has a very small distribution
area. It covers only 55000 hectares in a narrow fringe of
about 120 km in length and about 40 km in maximum
width, following the numerous west-east lake basins.
This particular distribution is probably related to the
pattern of the last glaciation. Re-colonisation after the
ice retreated could have occurred either from western
or eastern Andes refugia, but mostly following the
west-east glacial valleys. Therefore latitudinal genetic
differentiation is likely to be expected.



Despite the slow rate in sequence evolution of
chloroplast DNA (cpDNA) (Palmer 1987; Clegg et al.
1991) intraspecific variation has been reported for
cpDNA in many forest tree species (Ferris et al. 1993;
Tsumura et al. 1994; Ziegenhagen et al. 1995; Demesure
et al. 1996; Dumolin-Lapégue et al. 1997 b). Ferris et al.
(1993) found a clear east/west division across European
oaks. Since the inheritance of cpDNA is uniparental,
and predominantly maternal in angiosperms, its gene
flow is reduced compared to nuclear gene flow. There-
fore, differences in cpDNA sequence can persist
allowing for population differentiation and the recon-
struction of post-glaciation migration routes (Kremer
and Petit 1993; Petit et al. 1993; Dumolin-Lapégue
et al. 1997b).

The small distribution area in Argentina, its over-
exploitation in the past due to its high wood quality,
and its relatively fast growth, make N. nervosa an
important species for conservation and breeding pro-
grams. The study of the genetic variation and evolu-
tionary history of the species will greatly contribute to
orientate such programs. We present here an analysis
of the geographic differentiation among 11 populations
of N. nervosa situated along the natural distribution
area of the species in Argentina as revealed by cpDNA
polymorphisms.

Material and methods

Plant material

N. nervosa seeds were harvested as a bulked collection in 11 popula-
tions selected from all over its small natural distribution area in
Argentina. Analyses were carried out on embryos as well as on
germinated seedlings. Embryos were shock-frozen in liquid nitrogen
and stored at —20°C until DNA extraction was performed. Coty-
ledons and leaves were cut from the seedlings and shock-frozen just
before DNA extraction. Ten embryos or ten seedlings from each of
10 of the 11 populations were analysed for two different cpDNA
regions (trnD-trnT and psaA-trnS, Demesure et al. 1995). As no
within-population variation was found, sample size was reduced
down to two embryos or two seedlings per population for analysing
another 14 different cpDNA regions. Moreover, four embryos from
an additional population (population no. 11) were analysed only for
the polymorphic fragments.

DNA extraction

Embryos

Embryos were separated from the seeds and total DNA was extrac-
ted using a DNeasy Plant Kit (QIAGEN, Hilden, Germany, see
instructions of the manufacturer) and a mini-preparation procedure
as described by Ziegenhagen et al. (1993).

Cotyledons and leaves

Total DNA was extracted according to Dumolin et al. (1995) with
slight modifications including a final treatment with 0.5 pg RNaseA
(Boehringer Mannheim, Germany) at 37°C for 30 min.
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PCR amplification

All primer pairs used in this study were described by Demesure et al.
(1995) and Dumolin-Lapegue et al. (1997a). Table 1 presents the
primers, the annealing temperatures and restriction enzymes. PCR
amplification was carried out in a total volume of 25 ul containing
about 20 ng of template DNA, 2.5 mM of MgCl,, 100 uM of each
dNTP, 0.2 uM of each primer and 0.25 U of Tagq polymerase with
the respective 1 x PCR buffer (Tag polymerase and 10 x PCR buffer
purchased from Eurogentec, Ougree, Belgium) following the cycle
profile as described by Demesure et al. (1995). PCR was run in the
Touch-Down™ Thermal System (Hybaid Limited, Teddington,
UK).

Digestion

For restriction analysis, 5 ul of PCR products were digested by 5 U
of restriction endonuclease according to the primer/enzyme combi-
nations shown in Table 1, in a total volume of 20 pl. Digestion was
performed at 65 °C for 3 h in the case of Tagl and at 37 °C for 4 h to
overnight in the case of the other enzymes. The total digestion
volume was loaded into the gel.

Visualisation of PCR products and restriction fragment patterns

PCR products were checked by electrophoresis in 0.8% agarose gels
run in TRIS borate EDTA (0.5x) at 80 V for about 2 h.

Table 1 Primer pairs, annealing temperatures and restriction en-
zymes used on cpDNA of N. nervosa

Primer pair Abbreviations Annealing Restriction
temperature enzyme
0
trnD-trnT DT 50 Haelll
Taql
psaA-trnS AS 57 Hinfl
trnF-trnVr FV 57.5 Taql
trnT-trnF TF 57 Tagl
Hinfl
trnC-trnD CD 58 Tagl
Hinfl
trnM-rbcL ML 58 Taql
Hinfl
trnH-trnK HK 62 Taql
Haelll
rpoCl-trnCr rpoCC 47.5 Taql
Hinfl
trnK -trnK KK, 52.5 Taql
Hinfl
trnV-rbcLr VL 57.5 Taql
Hinfl
trnQ-trnRr QR 56.5 Tagl
Hinfl
trnK,-trnQr K,Q 47.5 Taql
52 -
57 Taql
trnS-trnT ST 57 Tagl
54 Taql
trnS-trnfM StM 62 Taql
57 -
trnT-psbCr TC 52.5 -
50 Tagl
trnfM-psaAr fMA 47.5 Taql
50 Tagl




644

Restriction fragments were separated by electrophoresis in 8%
non-denaturating polyacrylamide gels run in TRIS borate EDTA
(1x) at 300 V for 3-4 h.

PCR products, as well as restriction fragment patterns, were
visualised by UV fluorescence after staining with ethidium bromide
(0.25 pl/ml staining solution).

Analysis of variation

In our study, polymorphism occurred as length variation of the
restriction fragments. Polymorphic fragments were labelled by de-
creasing order of fragment size as visualised in the polyacrylamide
gels and as described by Demesure et al. (1996). Haplotypes were
defined according to different combinations of length variants.

Results
DNA extraction

N. nervosa is generally assumed to be a difficult subject
for DNA extraction, particularly from embryos, due to
high levels of polysaccharides, and from buds, because
of the presence of resins. Few reports on DNA extrac-
tion from this species exist [e.g. Manos (1997) from leaf
material]. In a preliminary study one of us succeeded
in extracting DNA from buds of N. nervosa and N.
obliqua using the procedure described by Ziegenhagen
et al. (1993) (Gallo 1996, internal report). In the present
study different procedures were tried with different
results. DNA from leaves and cotyledons was success-
fully extracted following the procedure of Dumolin
et al. (1995). From embryo tissue, DNA was extracted
using a DNeasy Plant Kit (QIAGEN, Hilden Ger-
many) and also by using the mini-preparation proced-
ure described by Ziegenhagen et al. (1993); both of them
gave good results.

PCR products

Among the 16 pairs of chloroplast primers employed in
this study, ten (DT, AS, FV, CD, ML, HK, rpoCC,
KiK2, VL, and QR) yielded distinct amplification
products, although in some cases the lengths were
slightly different to those described by Demesure et al.
(1995) and Dumolin-Lapegue et al. (1997) (Table 2). In
the case of the primer pair trnQ-trnRr two PCR prod-
ucts were obtained, while using the primer pair trnKz-
trnQr three amplification products were formed. The
remaining four (ST, SfM, TC, and fMA) gave poor
amplification products.

As far as could be judged from agarose gels, the
lengths of the amplification products did not differ
between individuals or populations.

Restriction analysis

Restriction analysis revealed a length polymorphism in
two PCR products (DT and FV, Table 3). Figure 1

Table 2 Lengths of amplification products as detected in agarose
gels

Primer pair Length of amplification

products in bp

trnD-trn T 1100

psaA-trn S 3000
trnF-trnVr 3000

trnT-trnF 1600

trnC-trnD 3000
trnM-rbcL 3000

trnH-trn K 1800
rpoCl-trnCr 4500
trnK-trnK, 2500
trnV-rbcLr 3800
trnQ-trnRr 3100/1900
trnK,-trnQr 3000/2000/1400
trnS-trn T 1300
trnS-trnfM 1600
trnT-psbCr 3500
trnfM-psaAr 5000/1200/1100

Table 3 Polymorphic fragments, labelled in decreasing order of
fragment size, and defined haplotypes

DT Hae 111
band 2

Population
number

DT Tagql
band 2

FV Taql
band 2

Haplotype
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Fig. 1 Restriction patterns observed for FV cpDNA region diges-
ted with Taql. Lanes 1 and 14 kb ladder; 2 and 3: population 16; 4—7
population 30; 8 and 9 population 27; 10 and 11 population 24; 12
and 13 population 28



shows the restriction patterns observed for primer pair
FV and subsequent digestion with Tagl. Digestion of
the PCR product obtained by primer pair DT resulted
in length polymorphism for both enzymes (Haelll and
Tagl, data not shown). The results obtained for DT
were consistent with those for FV. Thus, these two
polymorphic fragments defined two different haplo-
types (Table 3). The two haplotypes allow a clear differ-
entiation between populations. An unambiguous
geographic divide occurs separating the eight popula-
tions distributed south, from those three populations
distributed north, of a mountain chain including a high
volcano (3776 m) (Fig. 2).
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Fig. 2 Geographical location of the two haplotypes found in this
study. O Haplotype I; @ Haplotype 11
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Discussion

PCR-RFLP anaylsis of the chloroplast genome pro-
vides an efficient tool for the detection of cpDNA
polymorphisms as was demonstrated by Demesure
et al. (1996) and Dumolin-Lapegue et al. (1997 b) who
efficiently explored non-coding cpDNA regions for in-
traspecific variation in European beech and oak. Des-
pite the slight differences in the length of the PCR
products obtained, 10 of the 16 pair of primers de-
veloped by Demesure et al. (1995) and Dumolin-La™*
pegue et al. (1997 a) successfully amplified ten cpDNA
regions of N. nervosa, confirming the universality of the
tool and the high conservation of the chloroplast
genome. Length polymorphisms were detected in two
of the cpDNA regions analysed: trnF-trnV and trnD-
trnT. The very small difference in length found among
the polymorphic restriction fragments, especially those
produced after digestion of the DT PCR product, sug-
gests the possibility of conformational differences due
to an inversion. Nevertheless, an indel (insertion/dele-
tion) cannot be discarded (Dumolin-Lapegue and Petit,
personal communication). Restriction by both enzymes
(Haelll and Tagql) determined a length polymorphism
in the DT cpDNA region that divides the 11 popula-
tions into two groups. Moreover, for each restriction
enzyme these groups are opposite in respect of the
length of the polymorphic band (Table 3). It may be
that two mutations are involved. Sequencing of the
fragment to determine the type and number of muta-
tions would be of great interest.

To our knowledge, this study is the first molecular
approach towards an analysis of the genetic differenti-
ation between populations of the southern beech N.
nervosa. In spite of its extremely small natural range of
distribution there is an evident polymorphism in the
chloroplast genome which could be detected by our
PCR-RFLP approach. The two polymorphic frag-
ments observed defined two haplotypes which allowed
a clear differentiation among the populations (Table 3).
These two haplotypes are geographically polarised;
haplotype I occurs exclusively south, while haplotype
IT only occurs north, of a mountain chain that includes
a high volcano (Lanin volcano, 3776 m) and which
runs west-east dividing the narrow distribution area of
the species. This mountain chain extends to the west,
into Chile, with a series of high mountains also includ-
ing a high volcano (Villarrica volcano, 2847 m) (Fig. 2).
At this latitude the distribution area is very narrow
(about 6 km). This area was affected not only by gla-
ciations but also by the post-glaciation eruptions re-
sponsible for the actual shape of the volcano (Rabassa
et al. 1990).

Geographic structure of cpDNA polymorphisms has
been reported for different species and related to post-
glaciation migration routes. In Abies mariesii a geo-
graphical cline in a small distribution area was found
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(Tsumura et al. 1994). Also in A. alba a possible geo-
graphic cline of two cytotypes was reported (Ziegen-
hagen et al. 1995). Two lineages also divide the range of
Argania spinosa in Morocco (El Mousadik and Petit
1996). Ferris et al. (1993) reported an intraspecific poly-
morphism in two European oaks distributed east and
west in Europe. The divide runs down the centre of
Europe, an area with hybrid zones where western and
eastern taxa meet and also the line that divides many
birds which migrate to and from the south each year
taking westerly and easterly routes.

In the Southern Hemisphere the glaciations occurred
in patches, leaving many possible refugia for plants and
animals (Markgraf et al. 1995). The occurrence of two
different haplotypes in N. nervosa populations suggests
the existence of at least two different refugia from where
the species spread out. These refugia could be located
either in the coastal mountains or in the Andes Moun-
tains (Villagran 1991). The coastal mountains are about
250 km away from the nearest extant population of N.
nervosa in Argentina. Fruit dispersal in Nothofagus is
very poor (Hill 1992) and in N. nervosa it can only
reach between 50 and 100 m per year (Donoso 1993).
Thus, even under the most favorable conditions, the
species would have needed between 30000-100000
years to cross from coastal mountains to Argentina.
This far exceeds the time that has elapsed since the last
glaciation (18 000-20000 years) and even more so for
the time cited for its expansion (95003000 years) (Mark-
graf 1983; Villagran 1991). This has led us to suggest
that N. nervosa populations from Argentina spread
from refugia situated in the Andes Mountains. It would
be of great interest to also analyse populations from
Chile in order to verify our hypothesis.
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