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SUMMARY

Lagunas de Epulauquen forests (36°49°S; 71°04’W) have been considered the northernmost population of Nothofagus obliqua in
Argentina. Recently, however, its taxonomic status has been questioned due to its morphological, architectural and genetic distinctiveness.
The convergence of migratory routes and hybridization with Nothofagus alpina are the two main hypotheses proposed to explain the
distinctiveness of this population. Despite its unique characteristics, no evaluation of its putative origin has been carried out. In order to
test the hypothesis of hybridization we analyzed nuclear Adh and ITS fragment sequences together with 12 nuclear microsatellites. These
nuclear regions were selected based on their previously reported divergence between N. obligua and N. alpina. The survey was conducted
in 12 individuals from Lagunas de Epulauquen, and individuals from N. obligua (8), N. alpina (1), N. macrocarpa (2), N. glauca (4) and
N. leonii (2). By combining a phylogenetic analysis with a principal coordinate analysis of microsatellite data, we showed that Lagunas
de Epulauquen individuals were closely related to other N. obliqua individuals, while hybridization with N. alpina was not detected. Our
results indicate that hybridization processes could be discarded as the origin of the Lagunas de Epulauquen distinctiveness. The hypothesis
of the convergence of two N. obliqgua migratory routes at this latitude was reinforced based on detected patterns of genetic diversity.
Notwithstanding, its high geographical isolation seems to be also a key evolutionary factor to explain the distinctiveness of this population.
Lagunas de Epulauquen population could be therefore included within Argentinean N. obliqua domestication and conservation programs.

Key words: molecular systematics, southern beeches, Patagonia, SSR markers, hybridization.

RESUMEN

Los bosques en Lagunas de Epulauquen (36°49°S; 71°04°0) han sido considerados como la poblacion mas septentrional de Nothofagus
obliqua en Argentina. En afios recientes se ha cuestionado su verdadero estatus. La convergencia de rutas migratorias y la hibridacion
historica con Nothofagus alpina fueron las hipdtesis planteadas como posible origen de esta distincion. A pesar de sus caracteristicas
particulares, no fue realizado hasta el presente un estudio sobre su origen putativo. Con el objetivo de profundizar en la hipotesis de
hibridacion se analiz6 la secuencia del gen Adh y la region ITS, junto a 12 microsatélites nucleares que habian mostrado divergencia
entre N. obliqua y N. alpina en estudios anteriores. Se analizaron 12 individuos de Lagunas de Epulauquen, junto a individuos de
N. obliqua (8), N. alpina (1), N. macrocarpa (2), N. glauca (4) y N. leonii (2). La combinacion de estudios filogenéticos y el analisis
de coordenadas principales de microsatélites mostrd que los individuos de Lagunas de Epulauquen se ubican cercanos a individuos de
N. obliqua de otros origenes, sin detectarse procesos de hibridacion con N. alpina. Nuestros resultados sugieren descartar los procesos
de hibridacion como origen de esta distincion. Se refuerza la hipotesis previa de convergencia de dos rutas migratorias con base en los
patrones de diversidad genética detectados, aunque no se debe descartar el efecto de procesos actuales de aislamiento geografico como
un factor evolutivo clave. Lagunas de Epulauquen deberia incluirse en los programas de domesticacion y conservacion de N. obliqua
en Argentina.

Palabras clave: sistematica molecular, Nothofagus, Patagonia, microsatélites, hibridacion.

INTRODUCTION of pollen-type, flower and fruit characteristics, and the
internal transcribed spacer region (I7S), the Lophozonia

The Nothofagaceae family has four recognized subge-  subgenus has been established to include three American
nera: Fuscospora, Lophozonia, Nothofagus and Bras-

sospora (Manos 1997)'. Based on phylogenetic analyses primary rank of genus (Heenan and Smissen 2013), we maintained
the previous taxonomic definitions since some of the taxa analysed in
this study were not included in the last revision and considering the
' Although a recently revised taxonomy defined these groups at the recommendation of Hill ez al. (2015).
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species, Nothofagus obliqgua (Mirb.) Oerst., Nothofagus
alpina (Phil.) Dimitri ef Milano (= N. nervosa) and Notho-
fagus glauca (Phil.) Krasser (Manos 1997).

The wide latitudinal range of N. obliqua forests occu-
rring from 33° to 41° S (Veblen et al. 1996) promotes a
pronounced clinal variation in their morphological charac-
ters along its extensive distribution area in Chile (Dono-
so et al. 2004); covering an area of more than 1 million
hectares. Three subspecies have been described within
N. obliqua (ssp. obliqua, ssp. valdiviana, ssp. andina); and
anew species, Nothofagus macrocarpa (A. DC.) F.M. Vaz-
quez et R. Rodr., has been reported (Donoso et al. 2004).
Notwithstanding, authors such as Vergara et al. (2014)
still consider N. macrocarpa as a subspecies of N. obliqua
capturing the clinal latitudinal variation described earlier
by Donoso et al. 2004. Moreover, interspecific natural hy-
bridization processes were reported between N. obliqua
and N. alpina (e.g. Gallo ef al. 1997, Marchelli and Gallo
2000) and N. obligua and N. glauca (this hybrid was na-
med N. leonii Espinosa, Donoso and Landrum 1979) ba-
sed on morphological data. The existence of these entities
co-occurring and hybridizing introduces extra complexity
to the definition of their taxonomic status. Vergara et al.
(2014) postulated hybridization processes with both N. al/-
pina and N. glauca for the northern Chilean N. obliqua
populations in order to explain the admixture found while
analyzing molecular data of these three American taxa.

In Argentina, N. obliqua grows as pronounced natura-
lly fragmented forests restricted to the West—East oriented
glacial watersheds, over a latitudinal range from 36°50° S
to 40°10” S (Sabatier et al. 2011) (figure 1A). The species
is distributed in ca 33,800 hectares of forests along a hete-
rogeneous environmental landscape (Sabatier et al. 2011).
Notwithstanding, no identification at sub-species level has
yet been done, though molecular data showed that Argen-
tinean populations have a pronounced latitudinal distinc-
tion, with northern populations exhibiting high levels of
genetic diversity (Azpilicueta et al. 2013) together with
shared genetic variants with populations growing at the
same latitudes at the West of Andes Mountains in Chile
(Azpilicueta et al. 2009) (figure 1). Previous studies ba-
sed on chloroplast DNA markers also revealed a genetic
pattern where Chilean coastal N. obliqua populations and
current forests at North of the Andes and Rucafiancu could
be inferred as glacial refuges for the species (Azpilicueta
et al. 2009), a hypothesis also supported by palynological
data (Villagran 1991).

In this work, we focus on Lagunas de Epulauquen (LE)
population, located at 36° 49” S - 71° 04* W. It has been
considered the northern extreme of N. obligua natural
distribution in Argentina (Donoso et al. 2004), although
much evidence discovered in the last decade has contribu-
ted to casting some doubt on its taxonomic identification.
Lagunas de Epulauquen is considered an ecologically re-
levant area due to its high floristic biodiversity index and
the presence of species with contrasting ecological niches
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(Alfonso and Prina 2009). Nothofagus spp. forests at LE
occur from ~ 1,500 - 1,700 m a.s.1. (the highest altitude for
N. obliqua in Argentina), where mean annual precipitation
values are ~ 2,500 mm year', mainly occurring as snow,
and mean annual temperature is 8.6 °C (AIC, 1997-2012
series). The LE population also exhibits pronounced geo-
graphical isolation, with the nearest con-specific forests
growing at more than 220 km, in Moquehue basin in Ar-
gentina, whereas the closest Chilean population is located
at less than 100 km but on the other side of the Andes.

The ecological characteristics and geographical isola-
tion of LE suggest local adaptation. Recent analyses of leaf
morphology, architectural features and growth conducted
in common garden trials showed a clear differentiation of
the LE population compared with other Argentinean ones
(Azpilicueta et al. 2014, see figure 1C for examples of LE
phenotypic differentiation). High leaf area values together
with low specific leaf area characterized LE individuals,
which also exhibited a distinct architectural feature similar
to that found in N. alpina individuals. Within a provenan-
ces trial, LE individuals showed lower height, although
exhibiting high relative growth rates (Azpilicueta et al.
2014). Meanwhile, in a study of the intraspecific variation
of the resprouting capacity of N. obliqua species, LE was
found to differ from other Argentinean populations in se-
veral key traits (Aparicio et al. 2015). For example, LE
had the lowest rate of investment in shoot per unit of root
seedling biomass; it showed the lowest capacity for reco-
vering height, in a trade-off with multiple resprouting and
the highest degree of episodic frost tolerance during res-
prouting. All these traits as a whole suggest divergence for
the resprouting syndrome.

Previous studies focusing on the genetic characteriza-
tion of N. obliqua also highlighted LE population distincti-
veness. [sozyme (Azpilicueta and Gallo 2009), chloroplast
(cpDNA; Azpilicueta et al. 2009) and simple sequence re-
peat (SSR or microsatellite; Azpilicueta ef al. 2013) analy-
ses revealed the presence of exclusive variants (alleles and
haplotypes, figure 1B) together with higher genetic diver-
sity parameters in this population than those found in other
N. obliqua populations. Two cpDNA haplotypes were repor-
ted for LE, one fixed in N. obliqua populations north of La-
nin volcano in Argentina (39° 30’ S, haplotype II figure 1B)
and another one found exclusively in Chilean populations
(haplotype IV, figure 1B), including those located at a si-
milar latitude to LE (Azpilicueta et al. 2009). This cpDNA
variation pattern suggested the confluence of two migra-
tory routes during the expansion that follows glacial re-
traction as the origin of LE (Azpilicueta et al. 2009). An
introgression pathway from the West into that region has
been proposed, which was dated ~ 5,000 years BP based
on pollen fossil records (Markgraf et al. 2009); and rein-
forced by an isozyme analysis, since a high frequency of
the isozyme allele Adh-2 was detected for both LE and
northern coastal populations in Chile (Azpilicueta and Ga-
llo 2009, Azpilicueta et al. 2014). However, considering
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Figure 1. Distinctiveness of Lagunas de Epulauquen population. A) Entire natural distribution of Nothofagus obliqua forests in Argen-
tina and Chile (green patches), showing the northernmost location of Lagunas de Epulauquen in Argentina. Ovals include N. obliqua
populations studied by Azpilicueta et al. (2009, 2013) and Azpilicueta and Gallo (2009), supporting the distinctiveness of Lagunas
de Epulauquen based on biochemical and molecular markers (figure 1B and in text). B) Biochemical and molecular distinctiveness of
Lagunas de Epulaquen according to number of individuals showing cpDNA haplotypes, number of individuals (Nb. of IND), number
of exclusive alleles for SSR (Nb. of EA) and allelic frequency of specific allele of Adh isozyme. C) Examples of phenotypic traits
showing differentiation for Lagunas de Epulauquen (Azpilicueta e al. 2014). Population ID: C =Coast, LV = Longitudinal Valley, WA
= West Andes, LE = Lagunas de Epulauquen. N = Norquinco, Q = Quillén, A = Aluminé, La = Lacar. Nothofagus obliqua distribution
map was provided by the Remote Sensing Laboratory at INTA EEA Bariloche.

Diferenciacion de la poblacion Lagunas de Epulauquen. A) distribucion total de los bosques de Nothofagus obliqua en Argentina y Chile
(parches verdes), destacando la poblacion septentrional Lagunas de Epulauquen en Argentina. Los 6valos incluyen las poblaciones estudiadas por
Azpilicueta et al. (2009, 2013) y Azpilicueta y Gallo (2009), mostrando la diferenciacion de Lagunas de Epulauquen con base en informacion de mar-
cadores bioquimicos y moleculares (figura 1B y en el texto). B) diferenciacion a nivel bioquimico y molecular de acuerdo con haplotipos de cloroplasto,
nimero de individuos (Nb. of IND), niimero de alelos exclusivos en microsatélites y alelos especificos en el locus isoenzimatico Adh (Nb. of EA).
C) Ejemplos de caracteres fenotipicos que muestran diferencias morfologicas en Lagunas de Epulauquen (Azpilicueta et al. 2014). ID poblacional:
C = Costa, LV = Valle Longitudinal, WA = Andes Oeste, LE = Lagunas de Epulauquen, N = Norquinco, Q = Quillén, A = Aluminé, La = Lacar. El mapa
de la distribucion de Nothofagus obliqua fue provisto por el Laboratorio de Teledeteccion de INTA EEA Bariloche.
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that two alleles have been described for ADH locus, Adh-1
allele for N. obliqua and Adh-2 allele for N. alpina (Gallo
et al. 1997), hybridization between both species has been
postulated as the origin of LE distinctiveness based on its
high frequency of Adh-2 allele; particularly historical hy-
bridization events as N. alpina forests are currently absent
in the area (Azpilicueta and Gallo 2009). The occurrence
of natural hybridization with N. glauca - growing to the
West of the Andean Cordillera (Chile) and situated at ~ 60
km — has been postulated by Donoso et al. (2004) as the
origin of individuals with differential phenotypes at LE,
although no analysis was made in order to validate this
alternative hypothesis.

The hybridization hypothesis with N. alpina based
on isozyme data requires verification. Particularly, the
species-specificity of Adh alleles needs to be tested, as
the isozyme analysis presents some weaknesses associa-
ted with the methodology itself and electro-morphs with
similar electrical mobility could still exhibit differences
in their amino acids or nucleotide constitution (e.g. Gaut
and Clegg 1993). This means that it is possible that the
isozyme Adh-2 allele detected in N. obliqua populations
differs in its nucleotide constitution from that of N. alpina
populations, and therefore isozyme heterozygote genoty-
pes (Adh-1/Adh-2) should reveal intra-specific variability
instead of signals of hybridization. A nucleotide sequence
analysis of nuclear regions showed low to moderate intra-
specific diversity combined with high divergence between
N. obliqua and N. alpina, revealing a strong potential of
nucleotide polymorphisms for the identification of species
and hybrids (E1 Mujtar ef al. 2014). Among low-copy nu-
clear genes, Adh has proven to be useful for inter and in-
traspecific analyses and to provide evidence of the hybrid
origin for some species (Jarvinen et al. 2004, Pan et al.
2007). Moreover, high divergence has been detected for
Adh gene at nucleotide sequence between N. obliqua and
N. alpina (Nst = 0.982). Therefore a nucleotide sequence
analysis of an Adh gene region can be used to test the hy-
pothesis of hybridization as the origin of LE distinctive-
ness and also to verify the specificity of the Adh isozyme
marker by sequencing individuals showing homozygote
and heterozygote genotypes at isozyme Adh locus.

Phylogenetic studies in Nothofagaceae species based
on the internal transcribed spacer (/75) region showed co-
rrespondence with the four subgenera (Manos 1997) de-
fined according to pollen-type and other flower and fruit
characteristics, especially those related to cupule morpho-
logy (Manos 1997). Considering the utility and previous
applications of /7S in Nothofagaceae species (Manos
1997, Acosta and Premoli 2010), we selected this marker
to complement the Adh analysis. We also included twelve
SSRs from those recently developed using next generation
sequencing (NGS) technologies in Lophozonia subgenus;
some of them showing a strong capacity to discriminate

2V EI Mujtar, unpublished data.
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between N. obliqua and N. alpina (Torales et al. 2012, El
Mujtar et al. 2014).

We focused this work on three objectives. The main
objective was to evaluate the hybridization hypothesis bet-
ween N. alpina and N. obliqua as the origin of the Lagu-
nas de Epulauquen distinctiveness. Considering the use of
discriminant nucleotide sequences and SSRs markers bet-
ween N. alpina and N. obliqua, it is expected that hybrids
will show alleles from both species in at least some of the
functional and neutral analyzed genomic regions. Two se-
condary objectives were also defined: i) to test specificity
of Adh isozyme alleles correlating molecular and bioche-
mical markers and ii) to generate molecular data presently
not available for N. glauca, N. leonii and N. macrocarpa,
especially considering the alternative hypothesis of hybri-
dization with N. glauca.

We expect that the results of these analyses will be use-
ful to validate or not the inclusion of LE population within
N. obliqua taxon and in case of confirming its inclusion,
assist the domestication program of N. obliqua species.

METHODS

Considering our main objective, we sampled twelve
individuals from LE and one individual of each putative
parental species (N. obliqgua and N. alpina) as molecular
reference. A higher sample size was not required as gene-
tic diversity of molecular makers from both species has
been previously determined supporting the power of se-
lected markers to discriminate both species (Manos 1997,
El Mujtar et al. 2014, Sola et al. 2016). Samples repre-
senting putative parental species have homozygote geno-
types for Adh isozyme alleles, N. obliqua Adh 1 - Adh 1
and N. alpina Adh 2 - Adh 2 and therefore they were also
used to test species specificity of isozyme alleles. For
this objective we additionally included one individual
showing N. obliqua phenotypic characteristics and hete-
rozygote isozyme genotype for Adh locus (Adh 1 - Adh 2),
and six individuals belonging to a N. obliqua Chilean
coastal population exhibiting high Adh-2 isozyme allele.
Finally considering the third objective, the species enti-
ties N. glauca, N. leonii and N. macrocarpa were inclu-
ded. The sampled individuals and the species and popula-
tions they belonged to - including the previously defined
isozyme genotype at Adh locus - are shown in table 1.
Total DNA was extracted from leaf/bud tissue accor-
ding to conditions described in Azpilicueta et al. (2013).
The partial region of the Adh gene was amplified with
the primers VF1:CTCAGGCAAAYGAAGTCCG and
VR7n:AACAAAGTGGTAAATGGGCTG designed on
conserved regions of sequence alignments of Fagaceae
and Nothofagaceae species. This primer pair was targeted
to one of the two loci of Adh detected in Fagaceae species,
which seems to be closer to the unique Adh locus of Ara-
bidposis thaliana, and designed to amplify the region bet-
ween Exon2-4 (complete intron2-exon3-intron3) accor-
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Table 1. Species and geographical location of sampled individuals. Genotype obtained for Adh locus based on isozyme analysis and

sample size analyzed at each genetic marker are provided.

Especie y localizacion geografica de los individuos muestreados. Se incluye la informacion del genotipo en el locus Adh basado en analisis

isoenzimaticos y el tamailo de la muestra analizada en cada marcador.

Species Sampling location ID Adh genotype® N (Adh) N (ITS) N (SSR)

? Lagunas de Epulauquen LE - 12 8 6

Nothofagus obliqua Northern Pacific coast® No-CP - 6 4 4
Field identification No 11 1 1 1

Field identification No 12 1 1 1

Nothofagus alpina Field identification Na 22 1 1 1
Nothofagus glauca Field identification® Ng - 4 2 2
Nothofagus leonii Field identification® NI - 2 2 2
Nothofagus macrocarpa Field identification® Nm - 2 2 2

N: number of analyzed individuals.
* samples from Chile; all other samples were collected in Argentina.

® 4dh genotype was extracted from Marchelli and Gallo (2000) and Azpilicueta and Gallo (2009). -: no information.

ding to A. thaliana gene structure description. Touchdown
(TD) PCR was used for amplifying fragments according to
the following conditions: an initial denaturating step for 3
min at 94 °C followed by 2 cycles at 94 °C for 1 min, a pri-
mer annealing step at 65 °C for 1 min, an extension step at
72 °C for 1 min, followed by 18 cycles of denaturation at
93 °C for 45 s, primer annealing at 64 °C for 30 s (- 0.5 °C
per cycle), extension at 72 °C for 1 min, then 20 cycles of
denaturation at 92 °C for 30 s, primer annealing at 55 °C
for 30 s, and extension at 72 °C for | min, and finally a 15
min extension step at 72 °C. PCR reactions were carried
out using a 1X Buffer with GoTaq DNA polymerase, con-
taining a final concentration of 0.5 uM of each primer, 200
uM dNTPs, 3.0 mM of MgCl,, 0.3 mg mL"' of BSA, and
0.05 U pL! of GoTaq DNA polymerase (Promega, USA).
For ITS including 5.8S region amplification, we used pri-
mers CY1 and CY3 (Wright et al. 2006) and the PCR con-
ditions reported in Acosta and Premoli (2010). MyCycler
(BIORAD) PCR thermocycler was used for all TD-PCR
reactions. /7S and Adh amplicons were purified by preci-
pitation with sodium acetate and isopropanol and directly
sequenced with an ABI 3730 XL DNA Analyzer (Applied
Biosystems) at the Sequencing and Genotyping Services
of CNIA (INTA, Argentina). Sequences were aligned with
Bioepit v.7.0.5.3, and polymorphic sites revised with Co-
donCode v.4.0.4 (CodonCode Corporation).

Twelve SSRs (table 2) were selected from those deve-
loped by Torales et al. (2012) and El Mujtar ef al. (2014),
considering the presence of species-specific alleles for
N. obliqgua and N. alpina and the number of detected
alleles. In addition, 16 samples from Lacar watershed
(Argentina) previously genotyped at ten out of these

12 SSRs were included in the analysis: eight natural hy-
brids between N. obliqgua and N. alpina (NoxNa), four
N. obliqua and four N. alpina individuals were selected
based on their genotypes, with hybrids showing alleles
from both species at more than one loci (Sola et al. 2016).
PCR reactions of SSRs developed from transcriptome 454
NGS (table 2) were carried out using a 1X Buffer with Go-
Taq DNA polymerase, containing a final concentration of
300 uM dNTPs, 3.0 mM of MgCl,, and 0.15 U pL™" of Go-
Taq DNA polymerase (Promega, USA), as single or mul-
tiplex PCR (table 2). PCR reactions of SSRs developed
from genome 454 NGS (table 2) were carried out using
a 1X Buffer with GoTaq DNA polymerase, containing a
final concentration of 100 uM dNTPs, 3.0 (or 2.0) mM
of MgCl,, 0.3 mg mL"' of BSA and 0.05 U uL"' of GoTaq
DNA polymerase (Promega, USA), as single or multiplex
PCR (table 2) MyCycler (BIORAD) PCR thermocycler
was used for TD-PCR, according to conditions detailed
in table 2. Amplified loci were pooled and genotyped at
the INTA service mentioned previously. The SSR profi-
les were examined and scored using GENEMARKER version
1.95 (SoftGenetics). GENALEX v.6.5 was used for principal
coordinate analysis (PCoA).

The software package Phylip v3.573c was used for the
phylogenetic analysis of the complete combined sequence
obtained by Adh and ITS amplified gene regions, applying
SEQBOOT (to produce 1,000 bootstrapped data sets),
DNAPARS for the parsimony analysis using multiple data
(1,000), jumble (100 times) and outgroup identification,
and CONSENSE for the identification of the consensus
tree. Drawgram from Phylip v3.573c was applied for tree
graphics editing. IUPAC codification was used for poly-
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Table 2. List of the SSRs applied in the analysis, including development source, PCR and genotyping conditions.

Lista de microsatélites utilizados en este estudio, incluyendo condiciones de la PCR y del genotipado.

SSR name SSR Development Dye*®  Forward® Reverse ® PCR PCR condition Genotyping
Notho226 ¢ genome NGS FAM 0.025 0.1 PCR1 TD 64-55°¢ PoolA
Notho224 f genome NGS FAM 0.025 0.1 Multiplex 1 TD 64-55°¢ PoolA
Notho218 ! genome NGS HEX 0.025 0.1 Multiplex1 TD 64-55¢ PoolA
Notho214 f genome NGS HEX 0.025 0.1 Multiplex1 TD 64-55°¢ PoolA
32SN ¢ transcriptome NGS HEX 0.35 0.35 Multiplex2 TD 60-50 ¢ PoolB
IN0230a ¢ transcriptome NGS FAM 0.35 0.35 Multiplex2 TD 60-50 ¢ PoolB
IN0192b ¢ transcriptome NGS NED 0.25 0.25 Multiplex2 TD 60-50 ¢ PoolB
8SN ¢ transcriptome NGS HEX 0.25 0.25 PCR2 TD 60-50 ¢ PoolB
IN0597a ¢ transcriptome NGS FAM 0.25 0.25 PCR3 TD 55-454 PoolB
23SN ¢ transcriptome NGS NED 0.25 0.25 Multiplex3 TD 60-50 ¢ PoolC
13SN ¢ transcriptome NGS FAM 0.25 0.25 Multiplex3 TD 60-50 ¢ PoolC
19SN ¢ transcriptome NGS HEX 0.25 0.25 Multiplex3 TD 60-50 ¢ PoolC

* For SSRs from genome NGS dyes were incorporated using M13 method , with 0.1 pM of tagged modified forward primer added at the PCR reaction.
For SSRs from transcriptome NGS dyes were directly incorporated into forward or reverse primers. ® Concentration of each primer in the PCR reaction,
indicated as uM. ¢ PCR condition according to El Mujtar ef al. (2014). ¢PCR conditions according to Torales et al. (2012). ¢ PCR for this locus was
carried out with 0.2 mM MgCL,. f Primers from El Mujtar ez al. (2014) ¢ Primers from Torales et al. (2012). Locus name in bold indicates species-

specific markers for N. obliqua and N. alpina.

* Para SSRs derivados de datos genomicos la marca fluorescente fue incorporada usando el método de M13, adicionando a la reaccion de PCR el
primer directo modificado (incluyendo la secuencia de M13) y marcado en concentracion 0.1 pM en la reaccion de PCR. Para SSRs derivados de trans-
criptoma, la marca fluorescente fue incorporada directamente a los primers forward o reverse. ® Concentracion de los primers en la reaccion de PCR
(uM). © Condiciones de PCR segin El Mujtar et al. (2014). ¢ Condiciones de PCR segun Torales ef al. (2012). ¢ La PCR para este locus se realizé con
0.2 mM MgCl,. " Primers tomados de El Mujtar et al. (2014) & Primers tomados de Torales et al. (2012). El nombre del locus en negrita indica marcador

especie-especifico para N. obliqua y N. alpina.

morphic sites and indels were considered as a fifth state
(as a single polymorphism independently of the indel’s
length). Individuals representing unique variants for the
combined nuclear amplified regions per analyzed taxon
or LE population were retained for phylogenetic studies.
Outgroup sequences for Adh and ITS were D63463.1 from
A. thaliana and GQ863264.1 from N. pumilio respectively,
obtained from Genbank database of National Center for
Biotechnology Information (NCBI 2016).

RESULTS

Adh gene analyses. The Adh amplified region has 665
bp in N. alpina, while a size of 682 bp was found in the
remainder of the sampled taxa. Twenty-four substitutions
were detected between N. obliqua and N. alpina but all
individuals of the LE population showed the allele of
N. obliqua at each of the polymorphic sites (figure 2).
A similar result was found comparing N. obliqgua and
N. glauca, although only two polymorphic sites were detec-
ted. Positions 44 and 47 of the sequence alignment showed
polymorphism for N. glauca, with the major allele (G and C,
respectively) differing from that fixed for all other taxa
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including also samples from LE (A and T, figure 2). The-
refore, Adh nucleotide sequences do not reveal signs of hy-
bridization with N. alpina nor N. glauca in LE individuals.

Two polymorphic sites (41, 45) were detected conside-
ring Adh sequences of N. obligua individuals with isozyme
genotypesAdh 1-Adh1(No[11])andAdh1-Adh2 (No[12]).
The individual No[l11] was homozygotic at both sites
(T, G), whereas the individual No[12] was heterozygo-
tic at these positions (Y=T/C, K=G/T). The individual of
N. alpina with isozyme genotype Adh 2 - Adh 2 (Na[22])
was homozygotic for both sites (T, C), but differed from
the nucleotide combination of No[11]. The two variants
detected in No[11] and No[12] individuals were also pre-
sent in the remaining sequenced samples from N. obliqua
and the LE population. They may be considered as two
haplotypes (T,G and Y,K) since recombination between
these sites was not detected (e.g. T,K; T,Y; G,K or G,Y);
in addition, one individual of LE showed the alternative
homozygotic haplotype (C,T). The haplotype of Na[22]
was not detected among samples of N. obliqua or the LE
population. Furthermore, we did not detect evidence of
hybridization with N. alpina in any nucleotide position of
sequences from No[12] or LE individuals.



ITS analyses. ITS amplified sequence (795 bp) was ob-
tained for 21 out of 29 individuals. Nucleotide sequences
for N. obliqua, N. alpina and N. glauca were in agreement
with the sequences reported by Manos (1997) and Acosta
and Premoli (2010), although several indels and polymor-
phisms were observed in Manos’s sequences. Two nucleo-
tide substitutions (positions 16 and 27) were detected bet-
ween N. obliqua and N. alpina considering the available
sequences (including those reported by the previously men-
tioned authors), whereas all individuals of the LE popula-
tion showed N. obliqua allele at these positions (figure 2).
On the other hand, one fixed nucleotide substitution (A in
position 18, figure 2) was detected between N. glauca and
all other taxa (C fixed allele), with the exception of both
N. leonii individuals that were heterozygous at this posi-
tion (M=C/A). All individuals of the LE population were
homozygous for C allele (figure 2). Therefore, although a
lower divergence was observed among species for /7S than
for Adh nucleotide sequences, no evidence of hybridization
with N. alpina or N. glauca in LE individuals was detected.

Phylogenetic analysis. A phylogenetic analysis of fourteen
unique variants of the combined Adh and ITS sequence
showed the LE population together with N. obliqua, N.
leonii and N. macrocarpa (figure 3). N. glauca joined this
clade, whereas N. alpina was clearly separated from all other
taxa (figure 3). This last result was expected, based on the
high number of nucleotide differences between N. alpina
and the other species. N. obliqua individuals from No-CP
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Figure 2. Number and location of informative nucleotide polymorphisms between nuclear sequences of N. obliqua, N. alpina and

N. glauca.

Numero y localizacion de polimorfismos de nucleotido entre las secuencias nucleares de N. obliqua, N. alpina and N. glauca.

No-GQ863237.1 and Na-GQ863236.1 reference sequences from Acosta and Premoli (2010).
No-U96867.1, Ng-U96866.1 and Na-U96865.1 reference sequences from Manos (1997).
No-GQ863237.1 y Na-GQ863236.1 secuencia de referencia tomada de Acosta y Premoli (2010).
No-U96867.1, Ng-U96866.1 y Na-U96865.1 secuencia de referencia tomada de Manos (1997).
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population were not included in this analysis because intra-
specific diversity could influence the results of phylogenetic
relationships between species, based mainly on the low
nucleotide differentiation detected among N. obliqua,
N. leonii, N. macrocarpa and LE individuals. However, the
same result was obtained when individuals from the northern
Pacific coast (No-CP) were included (result not shown).

Microsatellite analyses. PCoA based on SSR data showed
clear discrimination of N. alpina. Individuals from the LE
population and N. obliqua, together with the other sampled

taxa, formed another cloud (figure 4A). A similar result
was obtained when previously genotyped individuals were
included in the analysis (figure 4B). SSR data showed an
enormous capacity to separate N. alpina and NoxNa hy-
brids, while individuals from the LE population, N. obli-
qua, and the other taxa remain as a single cloud.

DISCUSSION

The haplotypes described for Adh are located at intron3
of the gene, and therefore could not be directly associated
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Figure 4. Principal coordinate analysis (PCoA) based on the genotypes obtained at 12 nuclear microsatellite loci. A) Using individuals
reported in table 1. B) Including previously genotyped individuals at Lacar watershed: No-La, Na-La and Hi-La corresponding to N.

obliqua, N. alpina and hybrid (NoxNa) individuals, respectively.

Analisis de coordenadas principales basado en los genotipos obtenidos en 12 /oci microsatélites. A) utilizando individuos informados en el
cuadro 1. B) incluyendo individuos de la cuenca Lacar previamente genotipados: No-La, Na-La e Hi-La corresponden a individuos de N. obligua, N.

alpina e hibrido (NoxNa), respectivamente.
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with polymorphisms in translated sequences. However, a
hypervariable region of the Adh gene has been described
for A. thaliana, including parts of intron3 and exon4 and
showing two predominant haplotypes among 37 analy-
zed ecotypes (Hanfstingl er al. 1994). Moreover, extensi-
ve linkage disequilibrium has been described for the Adh
gene in Populus tremula (Ingvarsson 2005). Mutagenesis
and structural studies indicate that this hypervariable region
is functionally important, and that amino acid replacement
polymorphisms at exon4 correlate with mobility differen-
ces between isozyme Adh electrophoretic alleles (Hanfs-
tingl et al. 1994, Vinichenko et al. 2004). Our results su-
ggest the occurrence of different sequence variants in the
Adh gene that explains the patterns of isozyme Adh alle-
les at LE. That is, isozyme Adh 2 allele of N. obliqgua and
N. alpina have the same electrophoretic mobility, though
they differ in their nucleotide constitution. Therefore iso-
zyme genotype Adh 1 - Adh 2 at LE reveals intra-specific
variability but not hybridization with N. alpina. Hence,
these results indicate constraints in the application of Adh
isozyme as a biochemical marker to identify hybrids bet-
ween N. obligua and N. alpina, since the contribution
of intraspecific variation and hybridization in the geno-
type Adh 1 - Adh 2 cannot be resolved. That is in sympa-
tric populations of the hybridizing species N. obliqgua and
N. alpina, we cannot exclude the presence of hybrids having
the isozyme genotype Adh 1, -Adh 2, which could not be
separated from isozyme genotype Adh 1 - Adh 2. The
isozyme analysis needs to be replaced therefore by a nucleo-
tide sequence analysis of candidate genes, which has proven
its capacity to discriminate clearly between these species.
Phylogenetic analyses show LE population clearly se-
parated from N. alpina, without evidence of hybridization.
Even more, SSRs analyses reveal the absence of LE in-
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dividuals located in the quadrant of hybrids N. obliqua x
N. alpina hybrids. Globally our results indicate that the hy-
pothesis of hybridization between N. alpina and N. obliqua
as the origin of distinctiveness of LE should be refuted.

Excluding N. alpina, phylogenetic and SSRs analyses
of molecular data reveals low power to discriminate among
N. leonii, N. macrocarpa, N. glauca and N. obliqua. Consi-
dering the alternative hypothesis of hybridization between
N. obliqua and N. glauca as origin of distinctiveness of La-
gunas de Epulauquen population, evidence of hybridiza-
tion was not detected regarding nucleotide polymorphism
at Adh and ITS; that is, specific alleles of N. glauca were
not detected on individuals of Lagunas de Epulauquen.
However N. glauca, N. obliqua and Lagunas de Epulau-
quen individuals were located within a single cloud that
also included N. leonii and N. macrocarpa individuals; this
result indicates that SSR alleles are mostly shared between
these species. Therefore, it is actually difficult to make
strong conclusions given the low divergence showed by
the applied markers.

The two haplotypes of Adh sequence described for
N. obliqua were also found at Lake Lacar watershed in
25 individuals of this species, although a low frequency
of the haplotype Y,K was detected (El Mujtar ef al. 2012).
While among N. alpina individuals, only the haplotype
T,C was found. On the other hand, both LE and Chilean
populations exhibited a high frequency of haplotype Y,K.
Although no C,T haplotype was found in the Chilean po-
pulation - probably due to the low sample size - the Chilean
and LE populations exhibited a similar frequency pattern,
which was different from that found at Lacar (table 3).

Considering the correlation between Adh haplotypes
and isozyme genotypes previously described, the trend de-
tected for haplotype frequency among the Chilean, LE and

Table 3. Comparison of Adh frequency of sequence haplotypes and isozyme genotypes among Chile, Lagunas de Epulauquen (LE)

and Lacar populations.

Comparacion de la frecuencia de los haplotipos de Adh y los genotipos isoenzimaticos entre poblaciones de Chile, Lagunas de Epulauquen

(LE) y Lacar.
Frequency of Adh region sequence Frequency of Adh genotypes
(haplotypes at polymorphic sites) (at isozyme level)
Population N TG YK CcT N 11 12 22
Chile 6 0.50 0.50 0.00 53 0.29 0.41 0.30
LE 12 0.42 0.50 0.08 120 0.55 0.38 0.07
Lacar 25 0.88 0.12 0.00 91 0.93 0.05 0.02

N=number of individuals

Isozyme genotype frequency at Adh gene region was extracted from Azpilicueta and Gallo (2009) and Azpilicueta et al. (2014). Mean frequency values
taken from six populations within the watershed are presented for Lacar population.

Lacar Adh sequences (El Mujtar et al. 2012).
N=numero de individuos

La frecuencia de genotipos isoenzimaticos en la region génica Adh fue tomada de Azpilicueta and Gallo (2009) y Azpilicueta et al. (2014). Se presenta

el valor medio de la frecuencia de seis poblaciones de la cuenca Lacar.
Secuencias de Adh en la cuenca Lacar (El Mujtar ef al. 2012).
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Lacar populations resembles those reported for isozyme
alleles at Adh locus. These results suggest a common ori-
gin for Chilean and LE populations and therefore reinforce
the hypothesis of convergence of migratory routes around
the geographic area of LE. Even more, new alleles at
SSRs were detected at two of the analyzed loci for LE and
N. obliqua, N. macrocarpa, N. glauca and N. leonii Chi-
lean individuals suggesting a higher genetic diversity for
Chilean populations and LE, which also supports the hy-
pothesis of convergence at LE.

Taking into account the fitness exhibited by LE in-
dividuals in some characters of commercial interest, its
inclusion in N. obliqua breeding programs should be se-
riously considered. Notwithstanding, some considerations
must be stated based on the presence of exclusive molecu-
lar variants at LE population. For restoration activities, a
sub-zone compound of LE population was distinguished
from the northern group (Azpilicueta et al. 2014). Based
on this, restoration activities at LE should use propagation
material - seeds or plants - belonging to the same origin
in order to maintain its original genetic structure, mainly
taking into account that LE population constitutes a pro-
vincial protected area.

CONCLUSIONS

The results of this work argue against the hypothe-
sis of hybridization between N. obliqua and N. alpina.
The results suggest a common origin for LE and Chilean
N. obliqua populations and support the hypothesis of con-
vergence of two migratory routes at LE.

The distinctiveness of Lagunas de Epulauquen popu-
lation could therefore be the combined result of genetic
variation, convergence and the influence of evolutionary
processes related to its particular ecological conditions
and marked geographical isolation (i.e. divergence). Fur-
ther studies with large genome coverage will be useful to
identify the genomic bases of the distinctiveness of the LE
population. From this point on, Lagunas de Epulauquen
population could be included within the Nothofagus obli-
qua taxon, and considered for Argentinean N. obliqua do-
mestication and conservation programs.

We highlight the importance of molecular markers
combination such as the sequencing of low and high copy
number nuclear gene and SSR genotyping in order to eva-
luate different hypotheses, and for the analysis of related
species and putative hybrids.

We cannot rule out hybridization with N. glauca,
although evidence was not detected at Adh or ITS sequen-
ces. The low differentiation found among N. obliqua,
N. macrocarpa and N. leonii - for all analyzed markers
(Adh, ITS and SSRs) - indicates that further studies are
necessary in order to identify highly divergent molecular
markers among these taxa and to achieve a higher degree
of accuracy in their taxonomic identification, including in-
dividuals sampled from different natural populations.
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