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Abstract: Araucaria araucana is an important seed and timber-yielding tree that grows naturally in the
tropical and subtropical regions of the Andes in Argentina and Chile, and has also been introduced
as an ornamental species in Europe. Genetic diversity has been observed in A. araucana native
populations, but there have been no prior studies on the genetic diversity estimates of this species
introduced in Europe. On the other hand, assessment of the genetic variation in Araucaria populations
occurring in Europe might be an important tool in the selection of appropriate germplasms for
ornamental nursery production and breeding strategies. In this study, morphological and genetic
diversity was analysed using a previously defined descriptor list and SSR molecular markers in
four putative populations of A. araucana, individuated in the Pistoia Nursery District (Tuscany, Italy).
In total, 26 morphological descriptors and 28 SSR primer pairs were used for a diversity assessment
of specimens. Results provide evidence for genetic and morphological correspondence among the
four putative Araucaria populations. PCA and cluster analyses based on morphological traits clearly
revealed three distinct clusters of specimens. SSR primers yielded 68% polymorphic loci among the
considered populations, and 18 of them displayed informativeness for population genetics, according
to a Polymorphic Information Content value larger than 0.25. This marker set revealed significant
genetic differentiation, and UPGMA analysis enabled separation of these populations on the basis
of their genetic distances into three main groups, which largely overlapped with clusters in the
dendrogram obtained from the morphological data. In particular, in both cluster diagrams, all
accessions belonging to a specific population were well separated from all the others due to matrix
distances and differences in the canopy density that are more similar to conifers such as spruce, pine,
or fir. ANOVA analysis and the FST value indicated a large between-population genetic variation.
The Mantel test suggested that genetic differentiation between the four studied populations was
positively correlated with morphological distance (r = 0.141, p < 0.05). Thus, both morphological
and genetic markers showed applicability across populations of different seed origins and proved
suitable for the identification and characterization of A. araucana accessions.

Keywords: monkey puzzle tree; putative population; morphometric descriptors; genetic
diversity; microsatellites

1. Introduction

The genus Araucaria has a limited distribution in the southern hemisphere where it
represents one of the most distinctive components of the forest ecosystem. Fossil records
have provided evidence that Araucaria members formerly occurred also in the north-
ern hemisphere until the late Cenozoic era. Continental separation and climatic drying
are considered the main causes of the very restricted present-day distribution of these
conifers, confined to moist mesothermal climates [1]. Of the 19 Araucaria species left, only
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two native conifers (A. araucana and A. angustifolia) live in South America, while the other
17 are limited to Australia, New Guinea and to some other islands of the South Pacific.
Most of the current populations are relics and considered at risk of becoming extinct in the
near future.

During the past two centuries, A. araucana populations have suffered a drastic reduc-
tion in size as a result of unsustainable human exploitation for agricultural or forestry
use [2–5]. Since the beginning of the 20th century, its distribution has practically halved [6].
Nowadays, the geographical allocation of A. araucana covers a total area of approximately
5000 km2, including the strip on both sides of the Andean Mountain range in Argentina
and Chile, between 37◦ S and 42◦ S of latitude [7].

In Chile A. araucana, also known as the ‘monkey puzzle tree’, exhibits a disjointed
geographical distribution, with 97% of stands being found in the Andes and two small
sub-populations in the Nahuelbuta Cordillera, close to the coast. Almost 50% of the species’
distribution is protected in various conservation units, and in 1976, it was declared a
natural monument. In Argentina, small, scattered populations are found in the province of
Neuquén, at the northern end of Patagonia; a great part of these remnant populations are
degraded, located outside protected areas and are the most prone to extinction [3,4,7–9]. In
consideration of this serious situation, A. araucana has been listed on CITES Appendix II in
2003, and Appendix I from 2017 (Convention on International Trade in Endangered Species of
Flora and Fauna, IUCN Red List of Threatened Species; https://cites.org/eng/disc/text.php;
accessed on 16 September 2022).

This species arrived in Italy in 1822 and, starting from the second post world war period,
it gained wide interest and economic importance in the nursery industry of the central
peninsula (mainly concentrated in the ornamental district of Pistoia, Tuscany), thanks to its
unique shape adaptability to the Mediterranean soil and climate conditions [10–12]. Monkey
puzzle trees spread rapidly in parks and gardens, both public and private, but after the
transfer of the species to Appendix I of CITES, the severe restrictions and requirements
imposed by the CITES regulation progressively led to a gradual reduction of Araucaria
propagation Italy. In view of 200 years of selection and adoption of nursery techniques by
small-scale nursery owners, some degree of genetic differentiation may be expected within
European and Italian germplasms.

Some aspects of the historical demography and geographical distribution together
with the genetic structure were already studied in natural populations of this species [7].
The diversity of geographical and environmental regions where this species grows has
led scientists to speculate on the possibility of genetic variation between A. araucana pop-
ulations. In this respect, Delmastro and Donoso [13] observed some differences in plant
form and vegetative reproduction between coastal and Andean populations, but without
assessing the genetic basis of these traits. Almost twenty years later, Rafii and Dodd [14]
found greater differentiation between west-side Andean populations than between coastal
and Andean populations by using a proportional composition of foliar epicuticular wax
alkanes, which was suggested to reflect genetic adaptation to the more arid conditions
on the eastern side of the Andes. Nevertheless, the results revealed a relatively high
intrapopulation variation. In the early 2000s, various DNA marker systems were used
in Araucaria population genetic studies. High levels of genetic diversity were detected
within A. araucana when using nuclear markers such as SSRs, RAPDs and isozymes [15–18],
however, such studies displayed contradictory results on the genetic divergence within
the species. Most of the genetic variation was found within populations, according to
Bekessey et al. [15], although a significant genetic distance was evidenced among popu-
lations with an increasing latitude [17]. A significant genetic variation was reported by
Gallo et al. [16], being more abundant within the eastern more fragmented populations.
A clear genetic distinction between the Andean and coastal populations was evidenced
by Martìn et al. [18] by using microsatellites, suggesting a local adaptation of the species
due to environmental differences, and the geographical separation of the two regions.
On the other hand, Marchelli et al. [19] evidenced a low level of genetic diversity within
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eastern populations in Argentina by organelle DNA markers, which could be related to a
lower mutation rate of the chloroplast genome compared to the nuclear one [20]. A very
recent study showed the existence of loci under selection in the Chilean monkey puzzle
tree that are correlated with climatic variables of temperature and precipitation, while
some localities were revealed to be in genetic demographic disequilibrium [21]. On the
other hand, to the best of our knowledge, there are no published reports describing any
morphological variations within this species in its native habitat.

Based on this background information, this research was aimed to assess the mor-
phogenetic diversity within Italian A. araucana genetic resources. In this context, it was
hypothesized that the identification of a new Tuscan variety could offer the opportunity
to disengage from the procedural obligation established by the CITES Convention. The
morphological characterization of A. araucana accessions was performed according to the
descriptor list reported by Antonetti et al. [12], and the genetic diversity was estimated
using SSR marker variability. The objectives of this study were the following: (i) to evaluate
the efficacy and informativeness of the developed morphological and genetic markers,
identified through genetic diversity studies on A. araucana accessions from the leading
nursery companies in Italy, (ii) to validate the morphometric descriptor list through a
comparison with SSR molecular markers, and (iii) to determine the possibility of their
application in choosing parental lines for breeding programs and varietal characterization.

2. Materials and Methods
2.1. Plant Sampling and Spatial Distribution

The plant material used in this study for morphological and genetic characterization
was sampled from an area of approximately 965 km2 in the northern part of Tuscany,
enclosing the Pistoia nursery industry, ranging from 50 m to 550 m above sea level. Thanks
to its unique microclimate, the Nursery District of Pistoia produces, all year long, a huge
assortment of ornamental plants, being acknowledged as one of the most important produc-
tion zones in Europe for outdoor ornamentals. Among these are evergreen and deciduous
shrubs, big trees and many conifer species, including A. araucana.

A germplasm for morphological characterization was selected with the objective
of forming uniform core subsets based on plant age and agronomic growth conditions.
Thus, four putative populations derived from seeds of different origins were carefully
chosen: unknown origin = UNK; Dutch fair = NLU; Spanish fair = ESU; local selected
progeny = ITV. These populations were grown in two private nurseries, located very close
to each other in a plain area, under the same organic regime. A total of 24 adult trees
aged between 20–25 years (6 per each putative population) were randomly chosen for
morphometry purposes. The local selected progeny (ITV) refers to seeds collected from a
couple of old ancestor trees planted in Villa Lodolo (S. Marcello Pistoiese, 44◦03′ N; 10◦47′ E;
623 m a.s.l.). These trees (ARG1 = male ancestor; ARG2 = female ancestor) were introduced
from Argentina in 1920 and represent the main genetic source of A. araucana Tuscan
local germplasm.

The simple sequence repeats (SSRs) DNA analysis method was extended to 32 samples
of local available germplasm, including older trees among them, which were the ancestral
progenitors introduced from Argentina (ARG1 and ARG2), and plants of the F2 generation
of the ancestors (ITM).

Plant material origins and acronyms are detailed in Table 1.
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Table 1. Putative populations of A. araucana found in northern Tuscany (Italy): seed source, seed
origin, population code, cultivation area and coordinates, tree age and codes of the tree samples.

Seed Source Seed Origin Population
Code Cultivation Area Coordinates Tree Age Tree Samples

Spain—fair in
Valencia Unknown ESU Vivai Bartolini,

Pistoia
43◦53′ N; 10◦55′ E;
60 m a.s.l. 20–25

ESU1, ESU2,
ESU3, ESU4,
ESU5, ESU6

Unknown Unknown UNK Vivai Bartolini,
Pistoia

43◦53′ N; 10◦55′ E;
60 m a.s.l. 20–25

UNK1, UNK2,
UNK3, UNK4,
UNK5, UNK6

The Netherlands—
Dutch fair stand Unknown NLU Vivai Bartolini,

Pistoia
43◦53′ N; 10◦55′ E;
60 m a.s.l. 20–25

NLU1, NLU2,
NLU3, NLU4,
NLU5, NLU6

Italy—Villa Lodolo
(S. Marcello
Pistoiese, Pistoia)

Ancestor trees ITV Azienda Capecchi,
Pistoia

43◦88′ N; 10◦97′ E;
60 m a.s.l. 20–25

ITV1, ITV2,
ITV3, ITV4, ITV
5, ITV6 (F1)

Italy—Azienda
Macchia Tommaso
(La Grazie, Pistoia)

F1 of the ancestor
trees ITM Azienda Macchia

Tommaso, Pistoia
44◦0′ N; 10◦52′ E;
550 m a.s.l. 6

ITM1, ITM2,
ITM3, ITM4,
ITM5, ITM6
(F2)

Argentina (1920)
Indigenous trees
of the Argentine

Andes
ARG

Villa Lodolo, S.
Marcello Pistoiese,
Pistoia

44◦03′ N; 10◦47′ E;
623 m a.s.l. ~100

ARG1 = female
ancestor,
ARG2 = male
ancestor

2.2. Morphological Characterization

From a subset of 24 adult trees belonging to UNK, NLU, ESU and ITV putative popu-
lations, data regarding 26 plant morphological traits were directly observed or measured
according to Antonetti et al. [12]. In total 7 qualitative and 19 quantitative traits (7 for
the trunk, 5 regarding the primary branch and 7 concerning the secondary branch) were
detected as being representative of the phenotypic variability of the A. araucana specimens.
Traits strongly influenced by the age of the plant (such as height) were not included in the
evaluation. Likewise, traits concerning male inflorescences (catkins at the mature stage),
female strobiles (pinecones at harvest), seeds and productivity were discarded, since not
all the plants had reached sexual maturity. The considered traits used for the Mantel test
correlation analysis are reported below.

Tree: trunk diameter, 1 m from collar (Truø = mm); canopy shape (CaSh = globose,
elliptic, pyramidal, columnar); canopy density (CaDe = sparse, medium, dense); distance
among scaffold branches (DiSB = mm); bark colour (BaCo = light grey, greyish-green,
greyish-brown); density of trunk scales (DTrS = sparse, medium, dense); insertion angle
of trunk scales (IATS = uniform, variable); maximum length of trunk scales (LTrS = mm);
maximum width of trunk scales (WTrS = mm); trunk scale area (TrSA = mm2).

Branches: length of the first internode on primary branch (LFIn = mm); length of
the median internode on the primary branch (LMIn = mm); ratio between trunk diameter
and number of secondary branches (ø/SB = n); wide section of primary branch, including
scales (øWPB = mm); narrow section of primary branch, including scales (øNPB = mm);
(apparent) diameter uniformity on primary branch (øUPB = uniform, difform, very difform);
insertion angle of primary branch scales (IABS = angle ≤ 45◦, angle > 45◦); scale density
on secondary branch (SDSB = sparse, medium, dense); wide section of secondary branch,
including scales (øWSB = mm); narrow section of secondary branch, including scales
(øNSB = mm); (apparent) diameter uniformity on secondary branch (øUSB = uniform,
difform, very difform).
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Leaves (scales): maximum length of secondary branch scale (LSBS = mm); maximum
width of secondary branch scale (WSBS = mm); secondary branch scale area (SBSA = mm);
uniformity of scale size on primary branch (USPB); uniformity of scale size on secondary
branch (USSB).

For each quantitative trait, five replicated measurements were taken. Regarding
qualitative traits, a single direct observation was performed by three expert researchers at
the same time.

2.3. Genetic Characterization
2.3.1. DNA Extraction and Quantification

DNA extraction was achieved using a 30–40 mg fresh leaf, which was cooled in liquid
nitrogen and finely pulverized using a tissue homogenizer (Tissue Lyser, Qiagen, Hilden,
Germany), along with three tungsten carbide beads. DNA extraction was carried out
with the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. DNA was electrophoresed on an agarose gel to validate the quality, whereas
the quantity was measured with a Qubit 1.0 fluorometer (Invitrogen, Waltham, MA, USA).

2.3.2. SSR Markers, PCR Amplification and Sizing

To perform the genotyping of the entire A. araucana population, twenty-eight SSR
primer pairs were used [22–25], as shown in Table 2. PCR amplifications were implemented
in a final volume of 25 µL, containing 20 ng of genomic DNA, 2 mM MgCl2, 200 µM
dNTPs, 200 nM each of forward and reverse primers, 1X GoTaq® colorless Reaction Buffer
(Promega Madison, WI, USA), and 1 U of GoTaq® DNA Polymerase (Promega, Madison,
WI, USA). Then, PCR reactions were carried out on a Primus 96 advanced (PEQLAB
Biotechnologie Gmbh, Erlanger, Germany) according to the subsequent program: 95 ◦C
denaturation for 3 min; 35 cycles of 95 ◦C denaturation for 40 s; primer annealing at the
specific temperature (depending on the primer pair) for 40 s; 72 ◦C extension for 40 s; 72 ◦C
final extension for 7 min. The forward primers were labeled with a fluorescent tag (6-FAM,
VIC, NED, PET) (Applied Biosystems, Inc., Waltham, MA, USA) to visualize the fragment
size on an ABI-3130 xl Genetic Analyzer (Applied Biosystems, Inc., Waltham, MA, USA)
using performance-optimized polymer (POP7). Fragments were studied and detected with
GeneMapper 4.0 (Applied Biosystems, Inc., Waltham, MA, USA).
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Table 2. List of the 28 SSR loci used for the A. araucana genetic analysis: SSR name, GenBank accession, forward and reverse primer sequences, repeat motifs,
observed size, and references.

SSR Name GenBank Accession Forward Primer (5′-3′) Reverse primer (5′-3′) Repeat Motif Size (bp) References

Ara2027 JN896693 AGGAAGGCATTTTGGCTTGG TGGTCATCTTAATGGTACTTTGATTG (AC)22 128–156 [25]
Ara5179 JN896694 GCTTATAGACTCGACTTGCCAC CGGATCCACCATTTGTAACTTTG (CA)15 144 [25]
Ara5182 JN896695 TGATGTGAGCCAAAATCAAAATC AGGAGAGAGTCATGAAGCCG (TG)15 172–206 [25]
Ara5595 JN896696 AGTCCAAAATAGACATAGGCATCC TGGGAAAATCAAACCCTCGC (CA)12 123–125 [25]
Ara11382 JN896697 GGAAAGTAGCAAGGCCTCAAC TGCCTAAAACATCCCTTGGAC (AC)14 200–208 [25]
Ara11384 JN896698 TGATTGATGTGATTGGCTACAAATTC TGTTTGCATGCTTGGAGTGG (CA)16 120–130 [25]
Ara20681 JN896699 AACTAAAAACCTTAAATGCTCATCG CAATCCTCAAATTAGCCCATGC (GT)12 187–191 [25]

Ag20 AJ749964 ACTAGGAATGGATGTTGGTG AAGGTATGGCATCATGTCTC (GA)12 180–200 [23]
Ag45 AJ749966 CCATCCTCCATCATTCATCC TCCCTCCCTATGTCCCAAAG (GT)4AT(GT)7 170–182 [23]
Ag56 AJ749967 CCACACTCAAAACAATAGCAGTTC TGAAGTTGGCCAATCAGATAC (TC)11 165–171 [23]
Ag62 AJ749968 ATATGGTGGGGTGCCTACAG TCCAATCGTTCCTCCAACAG (TC)13 126–130 [23]

CRCAc2 AF522867 ATGCATGACTAGGATGAACA ATAGTTCTGCTTATCACATCT (GA)23 190–196 [22]
Aang01 AY865575 TGACGGGTTCACTCCTACCT TAGGAACCCCCATTCATTTG (CT)22 224–234 [24]
Aang03 AY865577 CGCCTACCTCAATCACTGGT TGGGACAATGTGCTTATCCA (CT)13 254–260 [24]
Aang07 AY865579 ACCTCACAGGGACACCTCAC TTTTCATGCATGTTGCTTGC (GA)24 195 [24]
Aang12 AY865581 AAGGGTTCACAATGCTGAGG TGGATTTTATTATGATGGTTGTTCC (GA)23 192 [24]
Aang14 AY865583 GAGCACGTGCAGATGTTGAT CCATCCTCTCCATGACCACT (GA)27 160 [24]
Aang18 AY865586 ACACGTTTAATCAGACGAAGAAG ATGCCACCTTTTTCAGCAAC (TC)9 207 [24]
Aang21 AY865587 GGAGACACCTCACCCCCTA TGATGAGGGAGGATTACAAGC (CT)12 188 [24]
Aang22 AY865588 TCAACTTGCAAGGTCACCTCTA ATGGGAGCCCCTTCTAGTGT (GA)10 220 [24]
Aang24 AY865590 CTCTCCTTCCCCTTGCTCTT AGGTGGATCACCCACTGAAG (CT)19 198–204 [24]
Aang27 AY865591 CATGGTGGCTATTGCTCCTT AGAAGCCATCAAAGGAGTGG (CT)12 193 [24]
Aang28 AY865592 TCCATTGCATTAGTTTGGGATA TTTCCAATCATACATTCACCACA (CT)11 136–142 [24]
Aang35 AY865594 GGTGAAGCTTCGTTTCAAGG CCACTTGTCTTCACCAACCA (GA)10 169–173 [24]
Aang37 AY865596 GGGGAGTTTCCATGAGATGA TCCACTCACCACTCTGAGGA (GA)18 266–268 [24]
Aang45 AY865601 AGGCTCACATCAGGCTCACT TGGTTTTGGTGGTCAAATCA (CT)15 199–216 [24]
Aang46 AY865602 TCCACCTACCTCAATCACTGG TGGGACAATGTGCTTATCCA (CT)12 259–267 [24]
Aang47 AY865603 GATATGAAAAGAAGGGTTCTATGCT TTTCTTCCATTCCTCCAAGC (GA)15 180–188 [24]
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2.4. Data Analysis

Concerning the morphological analyses, the average, standard deviation and coeffi-
cient of variability (%) values of each morphometric trait were calculated by a One-way
Analysis of Variance (ANOVA) for the whole set of specimens and for each putative popu-
lation in order to analyze the diversity of the subset of 24 Araucaria trees. Where significant
effects were determined, Tukey’s multiple comparisons test was performed using SPSS
20 (Chicago, IL, USA). Average values were standardized before being used for Principal
Component Analysis (PCA). Correlations between morphometric variables was obtained
using R-package corrplot 0.92 [26] and a Principal Component Analysis (PCA) was carried
out on quantitative variables with FactorMineR 2.7 [27] and factoextra packages 1.0.7 [28]
in R-project. Finally, an Unweighted Pair-Group Method (UPGMA) dendrogram based on
Gower distances was created using the R-package Morphotools2 [29]. The dendrogram
editing was carried out with the Interactive Tree of Life 5.5 [30].

Regarding genetic data analyses, a first investigation was accomplished in all the
considered populations (i.e., NLU, UNK, ESU, ITV, ARG and ITM). In this context, a genetic
overview of the A. araucana populations was implemented by the calculation, for each SSR
locus, on the number of alleles (Na), the effective number of alleles (Ne), the frequency
of the predominant allele (Fa), the observed (Ho) the expected heterozygosity (He), and
the fixation index (F), using Genalex 6.5 [31], while the software PowerMarker 3.25 [32]
was used to compute the Polymorphic Information Content (PIC). The distribution of
genetic diversity among and within populations was obtained through the Analysis of
Molecular Variance (AMOVA), the calculation of FST and gene flow (Nm) with Genalex
6.5 software [31]. Furthermore, a Principal Coordinates Analysis (PCoA), based on Eu-
clidean distances, was generated using the packages adegenet 2.1.3 [33] and ade4 1.7 [34],
and was graphically edited with adegraphic [35].

Subsequently, a more accurate analysis was achieved in the subset of the 24 adult trees
belonging to UNK, NLU, ESU and ITV putative populations to compare and validate the
morphometric traits described in chapter 2.2. Specifically, Bruvo’s genetic distances [36]
were computed to accomplish an Unweighted Pair-Group Method (UPGMA) dendrogram
through the packages adegenet 2.1.3 [33] and poppr 2.9.3 [37] in R-project. Moreover,
1000 bootstrap analyses were performed to establish the reliability of the dendrogram. The
predicted tree was visualized using Interactive Tree of Life 5.5 [30].

Finally, a Mantel test, based on the Spearman’s rank correlation, was developed to
verify the interrelationship between morphological and genetic distances, which were
calculated with Gower and Manhattan distances, respectively, using the R packages vegan
2.5.7 [38] and geosphere 1.5 [39] with 1000 permutations.

3. Results
3.1. Morphometry

The morphological diversity from trunk, branches, and scales of the subset of
24 plants is summarized in Table 3. Significant ANOVA results (p < 0.01) showed differences
in all the quantitative morphological characteristics of specimens among the considerate
putative populations.

Only in a few cases were CV values found to be greater within populations than those
observed for the set of all the specimens. For instance, UNK showed the highest value
for various trunk parameters (DTrS, LTrS, TrSA, DiSB, ø/SB) and for the first internode
length (LFIn), while NLU showed larger values of trunk diameter (Truø) variation than
those found for the other populations.
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Table 3. Descriptive statistics of morphological parameters of A. araucana related to the total amount
of studied specimens (TS) and the four putative populations (ESU, UNK, NLU, ITV).

Morfological Parameter
Statistics TS ESU UNK NLU ITV

n 24 6 6 6 6

T
R

U
N

K

Trunk diameter (mm) Truø
Average * 115.0 143.3 a 97.5 b 88.3 b 140.0 a

SD 32.4 13.6 16.6 29.9 23.3
CV% 18.8 9.5 17.1 33.9 17.1

Density of trunk scales (mm) DTrS
Average * 28.5 20.8 b 33.2 a 38.5 a 19.2 b

SD 8.5 4.3 10.2 9.7 5.0
CV% 27.4 20.9 30.8 25.2 26.7

Maximum width of trunk scale (mm) WTrS
Average * 15.6 16.4 ab 14.9 bc 14.6 c 17.5 a

SD 2.7 1.9 1.0 2.4 4.3
CV% 27.3 11.7 6.7 17.0 25.9

Maximum lenght of trunk scale (mm) LTrS
Average * 39.6 41.5 a 39.5 a 33.9 b 43.6 a

SD 6.8 3.4 9.8 3.6 5.2
CV% 17.2 8.4 25.0 10.8 12.1

Trunk scale area (mm) TrSA
Average * 624.4 680.1 a 588.4 b 505.1 c 749.1 a

SD 159.6 90.1 162.3 130.1 177.9
CV% 25.7 13.2 28.0 25.7 24.4

Distance among scaffold branches (mm) DiSB
Average * 335.8 338.3 a 377.1 a 258.4 b 365.0 a

SD 74.2 65.5 78.4 46.3 32.7
CV% 18.0 19.4 21.4 18.0 9.0

Diameter/number of secondary branches (mm)
ø/SB

Average * 13.1 13.1 b 14.8 ab 8.1 c 16.4 a
SD 3.8 2.1 3.1 0.7 2.6

CV% 18.7 16.7 21.3 9.0 16.0

PR
IM

A
R

Y
BR

A
N

C
H

Lenght of first internode on primary branch
(cm) LFIn

Average * 34.5 31.5 c 45.8 a 25.0 d 38.5 b
SD 13.0 5.3 19.6 3.8 5.8

CV% 29.2 16.9 42.9 15.4 15.3

Lenght of median internode on primary branch
(cm) LMIn

Average * 20.9 21.5 b 22.7 ab 15 c 24.4 a
SD 4.7 2.7 5.0 2.5 2.0

CV% 22.8 12.8 22.4 17.0 8.5

Wide section of primary branch including scales
(mm) øWPB

Average * 9.4 9.0 b 11.0 a 7.9 c 9.6 b
SD 1.5 1.0 1.5 1.0 0.8

CV% 16.3 11.7 13.7 12.5 8.8

Narrow section of primary branch including
scales (mm) øNPB

Average * 7.0 7.2 b 7.9 a 5.3 c 7.8 a
SD 1.3 1.4 0.8 0.6 0.5

CV% 19.3 19.8 11.1 12.3 6.8

Apparent diameter uniformity on primary
branch (mm) øUPB

Average * 2.3 1.8 b 3.0 a 2.6 a 1.8 b
SD 1.0 0.8 1.2 0.6 0.6

CV% 43.8 44.5 43.3 31.7 35.3

SE
C

O
N

D
A

R
Y

BR
A

N
C

H

Wide section of secondary branch including
scales (mm) øWSB

Average * 7.3 7.8 a 7.5 a 6.6 b 7.3 a
SD 0.8 1.0 0.7 0.7 0.3

CV% 11.8 14.1 10.6 11.7 5.3

Narrow section of secondary branch including
scales (mm) øNSB

Average * 5.0 5.7 a 5.0 b 3.8 c 5.6 a
SD 0.9 1.0 0.4 0.5 0.5

CV% 19.6 18.0 8.3 14.2 10.1

Apparent diameter uniformity on secondary
branch (mm) øUSB

Average * 2.3 2.2 b 2.5 ab 2.8 a 1.7 c
SD 0.7 0.7 0.7 0.7 0.3

CV% 32.9 32.7 30.7 26.9 21.0

Scale density on secondary branch SDSB
Average * 16.6 16.0 b 13.6 c 17.0 b 19.9 a

SD 2.9 1.3 1.3 1.2 3.0
CV% 17.5 8.7 10.3 7.1 15.5
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Table 3. Cont.

Morfological Parameter
Statistics TS ESU UNK NLU ITV

n 24 6 6 6 6

Maximum width of secondary branch scale
WSBS

Average * 12.7 14.7 a 12.6 b 9.7 c 13.6 c
SD 2.5 2.3 1.4 1.7 1.5

CV% 19.9 15.5 11.3 17.9 11.2

Maximum lenght of secondary branch scale
LSBS

Average * 34.3 38.6 a 35.2 b 28.6 c 34.6 b
SD 4.5 4.1 1.2 1.7 3.2

CV% 13.2 10.8 3.6 6.1 9.3

Secondary branch scale area SBSA
Average * 444.0 570.3 a 451.7 b 284.1 c 469.8 b

SD 128.6 110.3 53.2 55.6 84.8
CV% 29.0 19.3 11.7 19.9 18.1

* Different letters for the average of each parameter indicate significant differences by Tukey’s test for p ≤ 0.01

ESU and ITV plants showed the greatest trunk diameter (Truø), trunk scale sizes (WTrS,
LTrS, TrSA) and distance among scaffold branches (DiSB), while UNK and NLU had higher
scale density (DTrS). Significant differences between the populations were observed also for
primary branch parameters. First internode length (LFIn), median internode length (LMIn),
wide section (øWPB) and narrow section (øNPB) were greatest on UNK and smallest on
NLU primary branches. Similarly, reduced values of wide and narrow section (øWSB and
øNSB), and scale sizes (WSBS, LSBS, SBSA) of secondary branches were found in the Dutch
population. On the other hand, the Spanish population displayed the highest values for
these parameters.

From a global evaluation of the putative populations based on morphological traits
(both quantitative and qualitative; Table 3 and Figure 1) it is evident that the Dutch pop-
ulation is characterized by a pyramidal habit, very dense foliage, an extremely irregular
apparent diameter of the primary branch, reduced distance between scaffold branches, and
small scaly leaves. All these patterns give the plants of NLU a very impenetrable canopy
(Figure 2a). Conversely, plants belonging to the UNK population have primarily a columnar
(or seldom an elliptical) habit, with sparse canopy density, large scales that are inserted at a
very narrow acute angle (<30◦) on the trunk, and very elongated internodes of the primary
branch. These features confer this population a spindly and rarefied canopy appearance.
Specimens belonging to the Spanish population are characterized by a prevailing elliptical
shape and average density of the canopy. The trunk is usually large, and its bark is light
grey with loose, large, and uniformly inserted scales. The branches have medium–large
sections, a very uniform apparent diameter and bear large scale-like leaves, having an
open angle of insertion (Figure 2b). ESU trees, therefore, assume an intermediate canopy
shape between the dense, pyramidal-like habit (NLU) and the sparse, columnar-like habit
(UNK) described above (Figure 2c). Finally, the canopy of ITV trees is sparse but very
variable in shape. These trees share some trunk parameters (larger diameter, lower scale
density, greater scale size) with the Spanish population, and share the greater distance
among scaffold branches with both the ESU and UNK populations. The ratio between
the trunk diameter and number of secondary branches is the highest ranking in these
plants, denoting a more scattered canopy. Moreover, primary branches have long median
internodes, their apparent diameter is uniform, and sections are medium–large; scales are
inserted with an open angle (>30◦) and their density is highest. These features denote a
very rarefied overall habit appearance of the tree, although it can be distinguished by a
dense and uniformly distributed foliage on the branches (Figure 2d).
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ied putative populations (ESU, UNK, NLU, ITV). CaSh = canopy shape (1—columnar, 2—elliptic,
3—globose, 4—pyramidal,). CaDe = canopy density (1—sparse, 2—medium, 3—dense). BaCo = bark
colour (1—light grey, 2—greyish-green, 3—greyish brown). IATS = insertion angle of trunk scales
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USPB = uniformity of scale size on primary branch (high, medium, low). USSB = uniformity of scale
size on secondary branch (high, medium, low).

Forests 2023, 14, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 1. Distribution of qualitative morphological parameters of A. araucana within the four studied 
putative populations (ESU, UNK, NLU, ITV). CaSh = canopy shape (1—columnar, 2—elliptic, 3—
globose, 4—pyramidal,). CaDe = canopy density (1—sparse, 2—medium, 3—dense). BaCo = bark 
colour (1—light grey, 2—greyish-green, 3—greyish brown). IATS = insertion angle of trunk scales 
(1—uniform, 2—variable). IABS = insertion angle of primary branch scales (1—angle ≤ 45°, 2—angle 
> 45°). USPB = uniformity of scale size on primary branch (high, medium, low). USSB = uniformity 
of scale size on secondary branch (high, medium, low). 

 
Figure 2. Canopy appearance of the four putative A. araucana populations: (a) NLU; (b) UNK;
(c) ESU; (d) ITV.



Forests 2023, 14, 466 11 of 20

The PCA was performed with only the standardized quantitative morphological
dataset obtained from trunks, branches, and leaves. Preliminarily, a correlation matrix was
carried out among all considered variables (Figure S1); however, no parameters showed a
coefficient correlation greater than 0.90 and, thus, none of them were removed from the
PCA analysis. The first three components (PC1, PC2 and PC3) expressed 46.10%, 19.56%,
and 8.42% of total variance, respectively, accumulating 74.09% of total observed variability.
The first PCA axis, with 46.1% of total variation, was positively correlated with most
trunk (Truø, ø/SB, DiSB, LTrS, TrSA, DTrS), and some branch, traits (LMIn, øNPB, øNSB,
LSBS, WSBS, SBSA). In fact, a high and significant correlation (r ≥ 0.7) was noted between
many trunk parameters (Figure S1), while branch parameters, except for øUPB, SDSB and
øUSB, were more or less positively correlated (0.36 ≥ r ≤ 0.77) with ø/SB, DiSB, LTrS, and
negatively correlated with DTrS. The second PC included significant parameters, such as
the length of the first internode (LFIn), the wide section of primary and secondary branches
(øWPB and øWSB), and diameter uniformity of branches (øUPB and øUSB).

Figure 3 provides the biplot of the PCA obtained using the first two PCs. This biplot
gives a faithful two-dimensional representation of the relationship between putative popu-
lations having similar quantitative morphological traits. The UNK trees, except UNK5 and
UNK6, were in the top-right on the plot, while NLU plants were in the middle–bottom-left
of the plot; all ITV and ESU plants were in the middle–bottom-right of the quadrant, with
the only exception of ESU2, which was slightly shifted to the left along the PC1 axis. Thus,
plant specimens belonging to NLU and most of those allied to UNK putative populations
were well separated from ITV and ESU populations due to differences in morphology.
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Figure 3. PCA biplot (left) and principal components (PCs) loadings (right). * Variables with
component loading used to interpret the PCs: threshold level 0.23.

The average Gower distance between the 24 analysed A. araucana trees based on
morphological traits resulted in being equal to 0.22, with the lowest value (0.04) observed
for the couple ITV5 and ITV6, belonging to Italian population, and the highest value (0.25)
observed in the pair NLU2–ITV6. The morphological dissimilarity dendrogram (Figure 4)
showed three main aggregations. Cluster (I) held six specimens, and in particular, all those
belonged to the NLU population, while the smallest cluster (II) held four out of six UNK
specimens. Finally, cluster (III) agglomerated all specimens belonging to ESU and ITV, with
accessions UNK5 and UNK6.



Forests 2023, 14, 466 12 of 20

Forests 2023, 14, x FOR PEER REVIEW 13 of 22 
 

 

observed in the pair NLU2–ITV6. The morphological dissimilarity dendrogram (Figure 4) 
showed three main aggregations. Cluster (I) held six specimens, and in particular, all those 
belonged to the NLU population, while the smallest cluster (II) held four out of six UNK 
specimens. Finally, cluster (III) agglomerated all specimens belonging to ESU and ITV, 
with accessions UNK5 and UNK6. 

 
Figure 4. Dendrogram (UPGMA method) obtained from the Gower distance matrix calculated 
based on the morphological traits of the trunk, branches, and leaves of 24 A. araucana accessions 
individuated in the Pistoia nursery industry. Cophenetic correlation 0.80. Main clusters are 
indicated as I, II and III. 

3.2. Genetic Diversity 
Nine of the twenty-eight SSR primers were monomorphic and were discarded from 

the subsequent statistical analysis, resulting in nineteen polymorphic loci (Table S1). To 
enhance the potential of SSR markers, the genetic analysis was performed in 32 samples, 
considering not only the 24 samples used in the morphometric evaluation, but also the 
two ancestors of the ITV population and the second generation (ITM). 

The 19 polymorphic SSR markers amplified a total of 58 alleles. The number of alleles 
(Na) ranged from a minimum of two, observed in many markers (i.e., aang03, aang24, 
aang38, aang45, aang47, ag62, ara11382, ara5185, ara5595 and cacrc2), to a maximum of 
seven (aang01 and ara2027) with an average of 3.053 (Table 4). Moreover, the effective 
number of alleles (Ne) showed a mean of 2.205, ranging from 1.358 (ara5595) to 4.188 
(aang01). The frequency of the predominant allele (Fa) ranged from 0.281 (ag20) to 0.844 
(ara5595), with an average of 0.618. The expected heterozygosity (He) varied between 
0.264 (ara5595) and 0.761 (aaang01), with a mean of 0.495, while the observed 
heterozygosity (Ho) showed a marked reduction, ranging from 0.000 (aang03, aang24, 
aang45, aang47, ag20 and ara5595) to 0.719 (aang35), and leading to an average value of 
0.188. In addition, the fixation index (F) presented a large variation, ranging from −0.377 
(aang35) to 1.000 (aang03, aang24, aang45, aang47, ag20 and ara5595), with a mean of 
0.620. Finally, the Polymorphic Information Content (PIC) displayed an average of 0.423, 
ranging between 0.229 (ara5595) and 0.727 (aang001). 

Table 4. Genetic parameters of the 19 polymorphic loci in 32 A. araucana accessions. For each locus, 
the number of alleles (Na), the effective number of alleles (Ne), the frequency of the predominant 
allele (Fa), the observed (Ho) and expected heterozygosity (He), the fixation index (F) and the 
polymorphic information content (PIC) are reported. 

Locus Na Ne Fa Ho He F PIC 

Figure 4. Dendrogram (UPGMA method) obtained from the Gower distance matrix calculated
based on the morphological traits of the trunk, branches, and leaves of 24 A. araucana accessions
individuated in the Pistoia nursery industry. Cophenetic correlation 0.80. Main clusters are indicated
as I, II and III.

3.2. Genetic Diversity

Nine of the twenty-eight SSR primers were monomorphic and were discarded from
the subsequent statistical analysis, resulting in nineteen polymorphic loci (Table S1). To
enhance the potential of SSR markers, the genetic analysis was performed in 32 samples,
considering not only the 24 samples used in the morphometric evaluation, but also the
two ancestors of the ITV population and the second generation (ITM).

The 19 polymorphic SSR markers amplified a total of 58 alleles. The number of
alleles (Na) ranged from a minimum of two, observed in many markers (i.e., aang03,
aang24, aang38, aang45, aang47, ag62, ara11382, ara5185, ara5595 and cacrc2), to a max-
imum of seven (aang01 and ara2027) with an average of 3.053 (Table 4). Moreover, the
effective number of alleles (Ne) showed a mean of 2.205, ranging from 1.358 (ara5595) to
4.188 (aang01). The frequency of the predominant allele (Fa) ranged from 0.281 (ag20)
to 0.844 (ara5595), with an average of 0.618. The expected heterozygosity (He) varied
between 0.264 (ara5595) and 0.761 (aaang01), with a mean of 0.495, while the observed
heterozygosity (Ho) showed a marked reduction, ranging from 0.000 (aang03, aang24,
aang45, aang47, ag20 and ara5595) to 0.719 (aang35), and leading to an average value
of 0.188. In addition, the fixation index (F) presented a large variation, ranging from
−0.377 (aang35) to 1.000 (aang03, aang24, aang45, aang47, ag20 and ara5595), with a mean
of 0.620. Finally, the Polymorphic Information Content (PIC) displayed an average of 0.423,
ranging between 0.229 (ara5595) and 0.727 (aang001).

An Analysis of Molecular Variance (AMOVA) was conducted to investigate the genetic
variation of the six populations (Table 5). Particularly, it unveiled that the total genetic
variation among populations accounted for 37%, while the variation within populations
accounted for 63%. In addition, the differentiation among populations was also determined
with the FST, showing a large overall value of 0.374 at a significant level (p-value < 0.001),
and with the gene flow (Nm), displaying a small overall value of 0.418. Specifically, the
pairwise FST ranged from 0.003 to 0.497 (Table S2). Although, among all populations,
the FST was higher than 0.25, the value between ITV and ITM (F1 and F2 generations
respectively) was very low. Moreover, ITM showed a major distance from the ancestors
when compared to the one observed in ITV.
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Table 4. Genetic parameters of the 19 polymorphic loci in 32 A. araucana accessions. For each locus, the
number of alleles (Na), the effective number of alleles (Ne), the frequency of the predominant allele
(Fa), the observed (Ho) and expected heterozygosity (He), the fixation index (F) and the polymorphic
information content (PIC) are reported.

Locus Na Ne Fa Ho He F PIC

aang01 7.000 4.188 0.375 0.188 0.761 0.754 0.727
aang03 2.000 1.600 0.750 0.000 0.375 1.000 0.305
aang24 2.000 1.822 0.656 0.000 0.451 1.000 0.349
aang28 2.000 1.679 0.719 0.063 0.404 0.845 0.323
aang35 3.000 2.092 0.547 0.719 0.522 −0.377 0.415
aang45 2.000 1.822 0.656 0.000 0.451 1.000 0.349
aang46 5.000 1.923 0.703 0.375 0.480 0.219 0.454
aang47 2.000 1.600 0.750 0.000 0.375 1.000 0.305

ag20 4.000 3.969 0.281 0.000 0.748 1.000 0.701
ag45 3.000 2.136 0.609 0.313 0.532 0.412 0.458
ag56 3.000 1.697 0.734 0.469 0.411 −0.141 0.357
ag62 2.000 1.640 0.734 0.219 0.390 0.439 0.314

ara11382 2.000 1.822 0.656 0.063 0.451 0.861 0.349
ara11384 3.000 2.653 0.500 0.500 0.623 0.197 0.552
ara2027 7.000 4.171 0.328 0.031 0.760 0.959 0.724

ara20681 3.000 2.169 0.563 0.188 0.539 0.652 0.447
ara5182 2.000 1.679 0.719 0.313 0.404 0.227 0.323
ara5595 2.000 1.358 0.844 0.000 0.264 1.000 0.229
CRCAc2 2.000 1.882 0.625 0.125 0.469 0.733 0.359

Mean 3.053 2.205 0.618 0.188 0.495 0.620 0.423

Table 5. Analysis of Molecular Variance (AMOVA) for the 6 A. araucana populations (32 specimens).

Source df SS MS Est. Var. % FST Nm

Among Pops 5 115.974 23.195 1.905 37%
Within Pops 58 185.167 3.193 3.193 63%
Total 63 301.141 5.098 100% 0.374 *** 0.418

*** p-value < 0.001.

Since AMOVA and FST confirmed the genetic differentiation of the six populations,
a Principal Coordinates Analysis (PCoA) was carried out in accordance with Euclidean
distances, and it was plotted based on the first two coordinates (Figure 5). The first compo-
nent accounted for 18.21% of the total genetic variation, while the second one accounted
for 15.62%. PCoA confirmed the variation among the considered groups, separating the
samples from the Dutch and Spanish fairs and the Tuscan local progeny. In addition,
UNK was grouped with Italian and ancestor samples, suggesting its putative Italian origin.
Furthermore, the two F1 and F2 generations (i.e., ITV and ITM) were clustered together at
the right of the two ancestors, revealing the same genetic identity. As observed in FST, ITV
F1 generation was closer from the ancestors than ITM F2 generation.

A further analysis was performed on the four populations used in morphometric
analyses to validate these descriptors by the means of an UPGMA dendrogram (Figure 6).
The average genetic Bruvo’s distance among the 24 selected samples was 0.23, with the
lowest value (0.00) detected in the pairs NLU6-NLU2 and ITV6-ITV5 and the highest (0.47)
between NLU5 and ITV5. The population was clustered into two main groups by a strong
bootstrap analysis (1000 bootstraps). The first group (I) was composed of the Netherlands
specimens (NLU), while the second one contained the remaining three populations. In more
detail, cluster II showed two subsets of agglomeration, separating the ESU (II) from the
ITV and UNK samples (III); these latter showed the highest genetic similarity, as observed
in the PCoA.
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3.3. Relationship and Concordance among Morphological and Molecular Markers

The cophenetic correlation coefficient value between the dendrogram and the original
distance matrix, estimated from the morphological and SSR markers, was rmorph = 0.80 and
rSSR = 0.82, respectively, indicating a fairly good fit for both sets of data.

In order to define the reliability of the 26 developed morphometric parameters, a
Mantel test between the genetic and morphological distance matrices was carried out.
The test showed a significant correlation (p < 0.05) among genotypes and morphologi-
cal traits, with a correlation value (ρ) of 0.141, after a computational analysis based on
1000 permutations (Figure 7).
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4. Discussion

A wide range of variation was found for most morphological descriptors (Table 3) de-
noting their utility in describing the diversity of Araucaria plant materials and
their relationships.

The PCA performed for quantitative traits was useful for identifying the most impor-
tant traits associated with the variation among the studied putative populations (Figure 3).
The most discriminating features were the uniformity of the branches’ diameter (øUPB and
øUSB), length of the first internode (LFIn), wide section of primary branch (øWPB), narrow
section of primary and secondary branches (øNPB and øNSB), and trunk diameter (Truø),
followed by the width of trunk scales (WTrS), branch scale area (SBSA), and finally by the
scale sizes (LSBS and WSBS), trunk scale area (TrSA), distance between scaffold branches
(DiSB), density of trunk scales (DTrS) and length of the median internode (LMln). Narrow
sections of primary and secondary branches (øNPB and øNSB), and branch scale area
(SBSA) showed the highest correlation on PC1, while the uniformity of branches’ diameter
(øUPB and øUSB), and length of the first internode (LFIn) were characteristics influencing
PCA axis 2.

Figure 3 shows a projection of the A. araucana accessions, as determined by the first
two principal components. The NLU from a Dutch fair (located on the left-hand side of the
plan) seemed to diverge significantly from the other ones. This result was expected since
these trees had the lowest average value for many of the examined traits. Among these, in
addition to Truø, were those factors associated with canopy density (such as DiSB, ø/SB,
LFIn, LMIn), with branched sections (such as øWPB, øNPB, øWSB øNSB), and scales’ size
(such as TRSA, WSBS, LSBS, SBSA). On the other hand, NLU plants displayed the highest
DTrS (38.5 mm) and øUSB (2.8 mm) values. Furthermore, this population presented a
pyramidal-dense canopy, somewhat resembling other evergreen conifers, such as a spruce,
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pine, or fir, used as Christmas trees. For these characteristics, this group of accessions
visually differed from the more classic and typical aspect of the monkey puzzle tree.

Accessions belonging to ITV, ESU, and UNK were generally characterized by a more
striking, top-heavy appearance. In these plants, the jutting limbs branch out in decisive,
well-separated, and safe lines to form a candelabrum silhouette, having stems and arms
scaled with sharp, spade-shaped, green leaves. These individuals were found on the
opposite side, in the right quadrant of the plane, with the exception of ESU2, UNK5 and
UNK6. Going into more detail, the ITV and ESU populations were plotted together and
mixed with each other in the middle–lower area of the PCA graph, sharing several highly
discriminating characteristics, including both having greater Truø, WTRS, LTrS, TrSA, DiSB,
øWSB, øNSB values, and lower DTrS, øUPB and øUSB values. Canopy shape was variable,
but trees were characterized by a very uniform insertion angle of trunk scales (IATS) and
scale size (USPB and USSB). UNK accessions found in the upper-right quadrant had trunk
scale sizes and sections of secondary branches that were similar to those of ITV and ESU
trees but were distinguished by the highest values of trunk scale density (DTrS), distance
among scaffold branches (DiSB), length of first internode (LFIn) and sections of primary
branch (øWPB, øNPB). Moreover, these columnar–elliptical shaped trees displayed the
highest øUPB values, denoting a noticeable variability in the diameter sections of the
primary branch.

Our morphological dissimilarity dendrogram also confirmed the application of mor-
phological traits in separating and clustering the A. araucana putative populations into
separate groups (Figure 4). In fact, all the plants of the ITV and ESU populations were
grouped in the same cluster III, while NLU trees were matched to the cluster I. The fact that
all the plants of the aforementioned populations were grouped into the same morphological
cluster could indicate that the similar plant morphology of ITV and ESU groups might have
been influenced by a low geographic distance from one another, along with similar site
characteristics. Unfortunately, it was not possible to track the origin of the plant material
cultivated in the Pistoia nursery industry, except for the ITV population, which arose from
the ancestor trees of Villa Lodolo.

To our knowledge, the only research paper available regarding the morphological
characterization of this species in worldwide literature is the one by Antonetti et al. [12], and
this is the first time that previously developed descriptors have been used for the evaluation
of germplasm diversity. Such a method has its own limitations, as many morphological
traits are heavily influenced by the environmental conditions, with climate being the main
factor affecting the growth and development of the species [40]. Moreover, the number
of morphological characters that can be reasonably measured in field trials is relatively
small, especially for very long-lived conifer species, such as A. araucana [41], which reaches
large dimensions and varies considerably with age. Nevertheless, in this study, plants that
were uniform in age and with similar environmental growth conditions were chosen, and
SSR markers were used to assess their genetic diversity and corroborate the discriminating
ability of the considered morphological descriptors.

Many genetic studies, using different molecular markers, were conducted in South
American regions to assess the population diversity, in order to develop conservation strate-
gies [15–18,21,42]. Although this species arrived in Europe in the XIX century, research
studies on the genetic diversity of A. araucana in the old continent have not been performed,
except for that accomplished by Antonetti et al. [12], which focused on the development
of morphometric descriptors. Thus, data on genetic diversity of A. araucana trees found
in the European continent are reported for the first time in this work. Moreover, this is
the first research paper where the majority of SSR loci (i.e., 28) identified in the genus
Araucaria were studied together [22–25]. Nine markers resulted in being monomorphic
and not informative for genetic diversity analysis of the selected population, while the
others showed a considerable level of polymorphism. As a matter of fact, the revealed
monomorphism was related to the limited number of collected samples (as well as the
restricted distribution of this species in the Mediterranean area). Even though the popu-
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lation size was reduced, the 19 polymorphic SSRs displayed substantial information, as
unveiled by the PIC (Polymorphic Information Content). Botstein et al. [43] confirmed
that molecular markers with PIC values lower than 0.25 are not informative, while values
between 0.25 and 0.5 are moderately informative, and values higher than 0.5 are considered
highly descriptive. Indeed, only one of the nineteen SSR loci (i.e., ara5595) showed a value
below 0.25, while the other eighteen markers exhibited values above 0.25, highlighting the
strong quality of the selected loci. In this work, the most informative were aang01, ag20,
ara11382, and ara2027.

Regarding the heterozygosity level, the observed heterozygosity was very reduced
in comparison to the expected value (Table 4). Moreover, the average observed heterozy-
gosity (i.e., 0.188) was lower than that detected by Moreno et al. [42] and Martín et al. [18],
which had values of 0.501 and 0.633 respectively. This marked divergence was certainly
determined by the different derivation of populations. In fact, Moreno et al. [42] and
Martín et al. [18] studied natural populations in the center of origin of this species, where
biodiversity is obviously the highest. Nonetheless, in this study, the populations were
restricted and presumably derived from a limited number of ancestors, leading to a de-
creased genetic diversity within populations. In addition, even if A. araucana is a dioicous
species, reproduction occurred inside a restricted number of individuals due to the isolation
of the studied groups, causing a reduction in the heterozygosity level. Indeed, 6 of the
19 SSRs (aang03, aang24, aang45, aang47, ag20 and ara5595) resulted in being homozygous,
underlying this evidence.

According to our results, SSR molecular markers were able to distinguish the exam-
ined populations, as revealed by the AMOVA and the PCoA. Particularly, a high variation
among populations, as certified by the substantial percentage of the total variation obtained
in the AMOVA (i.e., 37%) and by the FST value (0.374), was detected. In fact, a genetic differ-
entiation factor above 0.25 determines a significant genetic divergence among populations,
in accordance with Wright [44]. FST revealed a genetic variation among populations similar
to the one observed by Fuentes et al. [21], which was 0.252 (25% of the variation among
the sites analyzed) through the AFLP molecular markers. Conversely, Martín et al. [18]
observed an average FST value of 0.092, which ranged between 0.005 and 0.219, considering
eleven populations collected from the Coast Cordillera and Andes Cordillera (Chile). This
is the area where A. araucana is predominantly and naturally distributed, and where there
is the highest variability and biodiversity, being presumably one of the sites of its origin. In
fact, the increase in differentiation within groups is evident in natural, non-selected popula-
tions, because the genetic divergence and the gene flow are highly consistent. Otherwise,
in our study, the groups were isolated and putatively originated from a limited number
of ancestors, therefore resulting in a significant differentiation among populations and a
restrained gene flow (i.e., 0.418).

PCoA confirmed this result, displaying a considerable separation among groups, and
also distinguishing the provenience of UNK samples, which were clustered with the Italian
samples (Figure 5). In addition, PCoA unveiled the genetic distances among the ancestors,
including the F1 (ITV) and F2 (ITM) generations. As noticed also in the pairwise FST
analysis (Table S2), ITV and ITM showed no genetic differences; however, ITM exhibited
a major distance from its ancestors than ITV. Segregation variance refers to the increase
in variance due to the segregation of alleles in a second filial generation (F2) relative to
variance observed in a first filial generation (F1) from different genetic lines or divergent
populations [45]. Hence, the apparent low segregation variance found in ITM F2 generation
may have resulted rates of genetic differentiation between the sampled groups of parents
and/or from the additive polygenic mode of inheritance.

Furthermore, morphometric and genetic analyses were compared to validate the
26 developed morphological descriptors. The first approach was based on the attainment
of an UPGMA dendrogram, which was estimated from the SSR markers, and compared to
that obtained from the morphological markers of the 24 considered accessions. Similarly to
what was observed in the dendrogram calculated based on morphological traits, popula-
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tions were divided into three different clusters based on genetic analyses (Figures 4 and 6).
Particularly, all NLU plants were matched to cluster I, while the remaining samples belong-
ing to ITV, UNK and ESU were grouped in a different cluster. These results were in line
with agglomerations found for morphological traits (Figure 4), although some differences
were observed in the sub-clustering of putative populations ITV, UNK and ESU. In fact,
ITV was grouped with UNK trees in the genetic analysis, while it was matched with ESU
in the morphometric dendrogram. The small divergence among distances estimated from
morphological and SSR markers of ITV, UNK and ESU specimens might be assumed to be
associated with an environment-related morphological variation.

Additionally, the Mantel matrix correspondence test, widely used to evaluate the
interrelation among morphological and genetic distances [46], was used to compare the
two distance matrices. Our results showed a considerable correlation (ρ = 0.141), with a
significant statistical probability (p = 0.049). Consequently, the 26 morphological descriptors
were able to substantially discriminate between the populations. Obviously, SSRs offer a
better resolution due to the absence of environmental influences, which play a fundamental
role in phenotypic characterization, offering a valid tool for breeding selection. Nonetheless,
the remaining difference, not identified by the two distance matrices, could be explained
by the limited number of characteristics that were selected and measured along with the
restricted and isolated population that was analyzed. Moreover, the very scarce genomic
information that is available for this species makes it very difficult to predict how many
genes are involved in the morphological analyzed characters. Qualitative traits are expected
to be under monogenic or oligogenic control. Conversely, quantitative traits have a more
complex genetic base, as they are governed by multiple genes and their interactions [47].
Both marker systems should be considered as complementary tools for providing a more
complete understanding of the diversity available in Araucaria genotypes, since each marker
system measures different aspects of germplasm variability.

5. Conclusions

In our study, morphological and genetic distances in four putative populations of
A. araucana individuated in the Pistoia Nursery District (Tuscany, Italy) are given in detail
for the first time. Both morphometry analysis and SSR markers proved to be useful tools
for the identification of trees of a different origin. In particular, our results confirmed the
importance of many trunk and branch morphological parameters in the characterization of
A. araucana trees. Interestingly, a positive correlation between genetic and morphological
distances was observed.

In order to develop improved selection programs based on morphometric characters,
specimens have to be cultivated in the same areas, avoiding environmental influences,
and subjected to a comparison of morphological traits, according to age and plant growth.
Conversely, molecular marker analyses do not require these demands. Our results sug-
gest that both morphological and genetic analyses can be used for discerning A. arau-
cana individuals among populations and for exploring their variability. Specifically, the
26 selected morphometric descriptors might be adopted to distinguish specimens cultivated
in the same environment due to their low cost and easy-to-use approach. On the other hand,
SSR markers might be considered a powerful technique for the differentiation of natural
populations, whose accessions have different ages and locations. The morphometric key
traits which differentiated the populations were both quantitative and qualitative. Desir-
able variations were observed for several canopy traits (scale density, length of internodes,
distance among scaffold branches, etc.), which contribute significantly to the diversity of
the studied accessions, and might have potential uses in breeding programs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14030466/s1, Figure S1: Pearson correlation coefficient (r) matrix
and heatmap for the 19 considered quantitative morphological traits; Table S1: Number of alleles
detected for each SSR locus; Table S2: Pairwise FST among each population (p-value < 0.001).
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