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Abstract

The improvement of Eucalyptus clones plays a crucial role in 
modern silviculture. This study used a set of 17 microsatellite 
loci to analyze the genetic diversity and structure of 107 elite 
clones (80 E. grandis and 27 E. globulus). All clones were cultiva-
ted in Uruguay and were sourced from three different provi-
ders. Using the fingerprinting technique, an exclusive molecu-
lar profile was assigned for each clone, and the genotyping 
reaction showed differences between the two species. The 
cumulative probability of identifying two random individuals 
that share the same genotype (𝑃𝑃𝑃𝑃 ) with all 17 loci, was esti-
mated as low for E. grandis (1.18×10-15) and E. globulus 
(4.03×10-14). The combined PIsibs  was (1.05×10-5) and 
(2.17×10-5) for E. grandis and E. globulus, respectively. A total of 
180 alleles were detected for E. grandis and 100 for E. globulus. 
We found a high mean number of alleles per locus (10 for E. 
grandis and 6 for E. globulus), and the results for mean poly-
morphic information content ( PIC ) were (0.648) and (0.548), 
respectively. The observed heterozygosity ( oH ) ranged from 
0.216 to 0.838 (mean = 0.509) for E. grandis and 0 to 1 (mean = 
0.566) for E. globulus. Two core sets of seven EST-SSR loci were 
identified for each species. These markers revealed unambi-
guous fragment amplification, providing a minimum number 
of SSRs for effective clonal identification. The genetic structure 
analysis suggests that the germplasm of the E. grandis popula-
tion is structured in four clusters, while the E. globulus popula-
tion consists of two clusters.
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Introduction

Commercial reforestation with Eucalyptus species exceeds 20 
million hectares worldwide, in tropical and temperate climates 
across more than 90 countries (Rezende et al. 2014; Torres-Dini 
et al. 2016; Brancalion et al. 2020). The Eucalyptus genus con-
sists of more than 800 species (Rodrigues and Faria 2021), 
which are characterized by rapid growth, high-quality wood 
with a range of end uses, wide variability, and capacity for 
vegetative propagation. Tree genetic improvement seeks to 
increase productivity by selecting genotypes with superior 
productive characteristics, while cloning techniques allow for 
the multiplication and development of elite clones. These clo-
nes are the result of decision-making in breeding programs 
focused on achieving differential productivity and are multipli-
ed by the thousands in nurseries for subsequent cultivation in 
plantations (Grattapaglia and Kirst 2008).

However, clone labeling errors can occur during conserva-
tion, propagation, cultivation, or exchange processes (De-
Lucas et al. 2008; Li et al. 2011). Accurate clonal and cultivar 
identification is essential in vegetatively propagated plants, 
and it is a requirement for the registration of new cultivars (Pas-
qualone et al. 2015).  In the past, identification was based on 
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the evaluation of morphological and agronomic characteris-
tics. However, these parameters can be influenced by age and 
phenology, and similar phenotypes may represent different 
genetic backgrounds, leading to numerous cases of synonymy 
and homonymy (Bautista et al. 2002; Wunsch and Hormaza 
2002; Pasqualone et al. 2015). With the use of DNA-based mar-
kers, the methods employed to identify clones and cultivars 
have improved (Wünsch and Hormaza 2002, Gross et al. 2018, 
Veloso et al. 2018), and microsatellite markers have become 
one of the main tools used for genotyping. These develop-
ments enable proper management of reference germplasm 
collections and effective traceability in the development of 
new genotypes (Pasqualone et al. 2015; Gross et al. 2018; Velo-
so et al. 2018). Worldwide, microsatellite markers are used 
extensively to correctly identify clones (Kirst et al. 2005; De-
Lucas et al. 2008; Faria et al. 2011; Li et al. 2011; Tan et al. 2015). 
These techniques are repeatedly requested by producers to 
ensure traceability during successive stages of clonal multipli-
cation, while also protecting intellectual property rights in 
inter-institutional collaboration and commercial trade (Kirst et 
al. 2005; Li et al. 2011; Tan et al. 2015).

The hyper-variability and simple inheritance of microsatel-
lites provide a powerful system for identifying individuals 
through fingerprinting, kinship analysis, and population gene-
tics studies (Faria et al. 2011). Faria et al. (2011) presented a set 
of 21 transferable microsatellite markers between species 
based on repeats of tetra-, penta-, and hexanucleotides. This 
genotyping system consists of combinations of 14 and 18 mar-
kers in multiplex PCR reactions labeled with dyes, which facili-
tates automation and reduces the time required and costs 
associated with genotyping (Faria et al. 2011). The construction 
of genotyping profile databases are used to compare the gene-
tic identities of elite clones. This information is analyzed elect-
ronically against reference samples, ensuring control over the 
traceability of cloned materials and providing a varietal protec-
tion system (Kirst et al. 2005). The power of microsatellite mar-
kers in genotypic characterization has been demonstrated and 
documented across a range of different studies and applica-
tions (Sumathi and Yasodha 2014). The goal of the present stu-
dy was to assign a molecular profile to each of the E. grandis 
and E. globulus clones analyzed herein and build a database to 
monitor clonal identity in successive stages of vegetative pro-
pagation.

Materials and Methods

Plant material and DNA extraction
Leaf tissue samples were collected in the nursery from a total 
of 107 commercial Eucalyptus clones (80 E. grandis and 27 E. 
globulus). All clones were propagated in the nurseries and 
represent elite genotypes from three different providers loca-
ted in Uruguay (Table 1). DNA purification was performed fol-
lowing a standard CTAB protocol described by Ferreira and 
Grattapaglia (1995). Tissue was disrupted using TissueLyser II 

system homogenizer (Qiagen, Valencia, CA) at a speed of 30 Hz 
for 5 min. 

Multiplex EST-SSR genotyping
The genotyping was performed based on the cross-specific 
method described by Faria et al. (2011). A total of 17 primer 
pairs (Alpha DNA, Montreal, CA) were employed in this study, 
which were subdivided into two PCR reaction multiplexed sys-
tems, called A and B (Supplementary material, Table A). Each 
PCR reaction was carried out in a volume of 10 µl containing 1x 
Qiagen multiplex PCR buffer (Qiagen Inc., Valencia, CA, USA), 
an equal concentration of each primer (0.1 µM) for all co-amp-
lified markers, and 20 ng of genomic DNA. The multiplex PCR 
cycling protocol was: 96 °C for 5 min; 10 cycles of 94 °C for 1 
min, 64 °C for 1 min, 72 °C for 2 min; 20 cycles of 94 °C for 1 min, 
56 °C for 1 min, 72 °C for 2 min; and 7 min 72 °C for the final 
extension. The forward primers were labeled with 6-FAM and 
HEX (Supplementary material, Table A). Genotypes were deter-
mined using Genescan Service by Macrogen (Seoul, Korea) and 
scored using the software Peak Scanner 1.0 (Applied Biosys-
tems). An example of an electropherogram is shown in the 
Supplementary material, Figure A.

Descriptive statistics of genetic diversity
The genetic parameters for each marker were estimated sepa-
rately for each species and included: number of amplified indi-
viduals ( n ); number of alleles per locus ( k ); allele size range 
(ASR); observed heterozygosity ( oH ); polymorphism informa-
tion content ( PIC ; Botstein et al. 1980); probability of identity 
(𝑃𝑃𝑃𝑃 ; Paetkau et al. 1995), which corresponds to the probabili-
ty of two random individuals displaying the same genotype; 
major allele frequency ( MAF ); the probability of finding two 
full-sib individuals from a population that have the same geno-
type by chance ( PIsibs ; Waits et al. 2001); paternity exclusion 
probability ( 𝑃𝑃𝑃𝑃 ; Weir 1996) which corresponds to the power 
with which a locus excludes an erroneously assigned individu-
al tree from being the parent of an offspring; and the frequen-
cy of null alleles ( NullF ). The CERVUS 3.7 software (Kalinowsky 
et al. 2007) was used to estimate ( k ), ( oH ), ( PIC ), and ( NullF ), 
while (𝑃𝑃𝑃𝑃 ), ( PIsibs ), (𝑃𝑃𝑃𝑃 ) and (MAF) were calculated using 
the IDENTITY 1.0 software (Wagner and Sefc 1999).

Genetic structure analysis
A Bayesian assignment analysis, performed in the STRUCTURE 
2.2.3 software (Pritchard et al. 2000), was used to identify dis-
tinct genetic clusters in each of the two analyzed species. Baye-
sian analysis of population structure was performed using the 
admixture and allele frequency correlated allele models with a 
burn-in of 100,000 and 100,000 Markov chain Monte Carlo 
repetitions. The number of number of clusters (K) was set from 
1 to 10, with 10 replicates for each K. The most probable num-
ber of clusters (K) was selected by computing the second-order 
rate of change of the likelihood function with respect to K 
(Evanno et al. 2005) using the STRUCTURE HARVESTER soft-
ware (Earl 2012).
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Phylogeny tree
Genetic relationships among clones were calculated using a 
matrix of dissimilarity with a simple matching coefficient in the 
DARWIN 6 software (Perrier and Jaquemoud-Collet 2006). The 
dissimilarity matrix was estimated with a setting of 1000 boot-
straps, allelic data, and missing data. A dendrogram was const-
ructed using clustering unweighted pair group method with 
arithmetic mean (UPGMA), again in DARWIN 6 software. The 
graphic representation was prepared with the software FIG-
TREE (Rambaut 2010).

Results

Genetic diversity parameters
The genotyping reaction showed differences between the two 
studied species. In the case of E. grandis, 13 markers exhibited 
a n  greater than 77, while 4 markers showed low n  values: 
EMBRA1008 ( n = 68); EMBRA1364 ( n = 37); EMBRA1374 ( n = 
3); and EMBRA1812 ( n = 37). The genotyping of E. globulus 
showed a ( n ) value greater than 24 for 14 markers, while 3 
markers showed low ( n ) values: EMBRA1957 ( n = 20); 

Table 1 
List of clones analyzed in the study

N Clone code Provider Species N Clone code Provider Species N Clone code Provider Species

1 BV3C1 Lumin E. grandis 37 LAC17 Lumin E. grandis 73 INIA2433 INIA E. grandis

2 BV3C2 Lumin E. grandis 38 LAC18 Lumin E. grandis 74 INIA2436 INIA E. grandis

3 BV3C3 Lumin E. grandis 39 LAC19 Lumin E. grandis 75 INIA2438 INIA E. grandis

4 DC1 Lumin E. grandis 40 LAC2 Lumin E. grandis 76 INIA2707 INIA E. grandis

5 DC2 Lumin E. grandis 41 LAC4 Lumin E. grandis 77 INIA2715 INIA E. grandis

6 DC3 Lumin E. grandis 42 LAC5 Lumin E. grandis 78 MPHG CEBIOF E. grandis

7 DC4 Lumin E. grandis 43 LAC7 Lumin E. grandis 79 MPHL CEBIOF E. grandis

8 HHK1C1 Lumin E. grandis 44 LAC9 Lumin E. grandis 80 MP865 CEBIOF E. grandis

9 HHK1C2 Lumin E. grandis 45 LTC2 Lumin E. grandis 81 SCDesc1 CEBIOF E. globulus

10 HHK1C3 Lumin E. grandis 46 LTC3 Lumin E. grandis 82 SCDesc2 CEBIOF E. globulus

11 HHK1C4 Lumin E. grandis 47 MLPC1 Lumin E. grandis 83 SC100334 CEBIOF E. globulus

12 HHK2C1 Lumin E. grandis 48 MLPC2 Lumin E. grandis 84 SCCandon CEBIOF E. globulus

13 HHK2C10 Lumin E. grandis 49 ZHC1 Lumin E. grandis 85 SCMAncel1 CEBIOF E. globulus

14 HHK2C12 Lumin E. grandis 50 ZHC10 Lumin E. grandis 86 SCMAncel2 CEBIOF E. globulus

15 HHK2C2 Lumin E. grandis 51 ZHC11 Lumin E. grandis 87 SCMAncel3 CEBIOF E. globulus

16 HHK2C3 Lumin E. grandis 52 ZHC2 Lumin E. grandis 88 SCMAncel4 CEBIOF E. globulus

17 HHK2C5 Lumin E. grandis 53 ZHC3 Lumin E. grandis 89 FM11 CEBIOF E. globulus

18 HHK2C6 Lumin E. grandis 54 ZHC4 Lumin E. grandis 90 FM12 CEBIOF E. globulus

19 HHK2C8 Lumin E. grandis 55 ZHC7 Lumin E. grandis 91 FM21 CEBIOF E. globulus

20 HHK2C9 Lumin E. grandis 56 ZHC8 Lumin E. grandis 92 FM22 CEBIOF E. globulus

21 IC1 Lumin E. grandis 57 ZH2C1 Lumin E. grandis 93 FM23 CEBIOF E. globulus

22 IC10 Lumin E. grandis 58 INIA31 INIA E. grandis 94 FM24 CEBIOF E. globulus

23 IC12 Lumin E. grandis 59 INIA32 INIA E. grandis 95 FM25 CEBIOF E. globulus

24 IC13 Lumin E. grandis 60 INIA33 INIA E. grandis 96 FM31 CEBIOF E. globulus

25 IC14 Lumin E. grandis 61 INIA34 INIA E. grandis 97 FM32 CEBIOF E. globulus

26 IC15 Lumin E. grandis 62 INIA36 INIA E. grandis 98 FM34 CEBIOF E. globulus

27 IC6 Lumin E. grandis 63 INIA37 INIA E. grandis 99 FM35 CEBIOF E. globulus

28 IC7 Lumin E. grandis 64 INIA39 INIA E. grandis 100 FM41 CEBIOF E. globulus

29 IC8 Lumin E. grandis 65 INIAJL28 INIA E. grandis 101 FM42 CEBIOF E. globulus

30 IC9 Lumin E. grandis 66 INIA21100 INIA E. grandis 102 FM43 CEBIOF E. globulus

31 LAC10 Lumin E. grandis 67 INIA2116 INIA E. grandis 103 FM44 CEBIOF E. globulus

32 LAC11 Lumin E. grandis 68 INIA2133 INIA E. grandis 104 FM51 CEBIOF E. globulus

33 LAC12 Lumin E. grandis 69 INIA2179 INIA E. grandis 105 FM52 CEBIOF E. globulus

34 LAC14 Lumin E. grandis 70 INIA2190 INIA E. grandis 106 FM53 CEBIOF E. globulus

35 LAC15 Lumin E. grandis 71 INIA2193 INIA E. grandis 107 FM54 CEBIOF E. globulus

36 LAC16 Lumin E. grandis 72 INIA2198 INIA E. grandis
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EMBRA1977 ( n = 13); and EMBRA1364 ( n = 13) (Table 2; Excel 
genotyping dataset is available in the Supplementary materi-
al). The 17 microsatellite loci were polymorphic with the num-
ber of alleles per locus ( k ) ranging from 4 to 16 (mean = 10) for 
E. grandis and 1 to 15 (mean = 6) for E. globulus, for a total of 180 
and 100 alleles, respectively, for the studied species (Table 2). 
Based on the genotyping data, no match was detected, indica-
ting that each of 107 clones had an exclusive fingerprint profi-
le. The probability of identity (𝑃𝑃𝑃𝑃 ) for E. grandis ranged from 
0.022 (EMBRA1616) to 0.859 (EMBRA1374), with a mean of 
0.204. In E. globolus 𝑃𝑃𝑃𝑃  ranged from 0.032 (EMBRA850) to 1 
(EMBRA915), with a mean of 0.228. The cumulative probability 
of identifying two random individuals, sharing the same geno-
type for the 17 loci, was estimated to be low for both species 
(1.18×10-15 for E. grandis and 4.03×10-14 for E. globulus). The 
PIsibs  ranged from 0.312 (EMBRA1616) to 1.357 (EMBRA1374) 

(mean = 0.556) for E. grandis, and from 0.372 (EMBRA1811) to 
1.500 (EMBRA915) (mean = 0.574) for E. globulus. The com-
bined PIsibs  was very low (1.05×10-5 and 2.17×10-5, respec-
tively), and the 𝑃𝑃𝑃𝑃  combined for both species was 0.999.

The oH  ranged from 0.216 (EMBRA1364) to 0.838 (EMB-
RA1812) (mean = 0.509) for E. grandis and 0 (EMBRA915) to 1 
(EMBRA1811, EMBRA813 and EMBRA1616) (mean = 0.566) for 
E. globulus. For E. grandis the PIC value ranged from 0.235 
(EMBRA1040) to 0.875 (EMBRA1616) (mean = 0.648) and 0 
(EMBRA915) to 0.825 (EMBRA850) (mean = 0.548) for E. globu-
lus. The FNull ranged respectively for each species from -0.07 
(EMBRA1812) to 0.571 (EMBRA1364) (mean= 0.146) and -0.212 
(EMBRA1616) to 0.671 (EMBRA915) (mean = 0.10). The MAF for 
each locus ranged from 0.006 (EMBRA1374) to 0.868 (EMB-
RA1040) (mean 0.403) for E. grandis and 0.129 (EMBRA1977) to 
1 (EMBRA915) (mean = 0.482) for E. globulus.

Based on the criteria of high PIC , low 𝑃𝑃𝑃𝑃 , PIsibs, and n, 
we selected seven EST-SSR loci for each species. These markers 
gave unambiguous fragment amplification providing a mini-
mum number of effective SSRs for clonal identification. These 
represent two core sets for fingerprinting the 107 Eucalyptus 
clones of each species. For the E. grandis core set, the markers 
EMBRA1616, EMBRA925, EMBRA954, EMBRA813, EMBRA850, 
EMBRA1851, and EMBRA2014 were chosen. The combined  

Table 2 
Results of genetic diversity per locus, as a mean and cumulative across all loci for E. grandis and E. globulus clones.

E. grandis E. globulus

Marker n k 𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃 oH PIC NullF MAF n k 𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃 oH PIC NullF MAF
EMBRA1040 80 9 0.582 1.059 0.133 0.238 0.235 -0.014 0.868 27 6 0.096 0.406 0.538 0.963 0.719 -0.132 0.351

EMBRA925 77 16 0.032 0.329 0.73 0.545 0.839 0.222 0.256 27 5 0.147 0.49 0.444 0.37 0.63 0.325 0.518

EMBRA1008 68 12 0.088 0.412 0.558 0.309 0.656 0.392 0.425 27 6 0.193 0.522 0.375 0.333 0.574 0.322 0.518

EMBRA1851 79 9 0.124 0.436 0.484 0.405 0.665 0.279 0.356 27 4 0.34 0.748 0.248 0.556 0.413 -0.144 0.722

EMBRA1811 78 10 0.145 0.511 0.456 0.615 0.608 0.032 0.562 26 8 0.066 0.372 0.613 1 0.756 -0.128 0.314

EMBRA1957 78 7 0.157 0.497 0.429 0.423 0.597 0.218 0.518 20 3 0.327 0.69 0.245 0.1 0.177 0.447 0.666

EMBRA1977 77 4 0.344 0.701 0.229 0.429 0.356 0.014 0.668 13 5 0.153 0.494 0.436 0.769 0.655 -0.033 0.129

EMBRA1364 37 10 0.137 0.492 0.467 0.216 0.768 0.571 0.137 13 3 0.173 0.507 0.401 0.308 0.566 0.331 0.222

EMBRA943 80 11 0.185 0.541 0.397 0.5 0.579 0.101 0.568 27 6 0.427 0.879 0.208 0.074 0.343 0.671 0.796

EMBRA1374 3 5 0.859 1.357 0.037 0.667 0.744 ND 0.006 24 10 0.095 0.416 0.547 0.25 0.655 0.513 0.407

EMBRA850 80 11 0.077 0.391 0.584 0.738 0.749 0.025 0.375 25 15 0.032 0.334 0.032 0.52 0.825 0.256 0.296

EMBRA915 80 8 0.34 0.72 0.241 0.5 0.411 -0.04 0.693 27 1 1 1.5 0 0 0 ND 1

EMBRA954 79 13 0.055 0.364 0.647 0.468 0.787 0.272 0.331 26 6 0.169 0.49 0.413 0.846 0.574 -0.148 0.462

EMBRA2014 80 6 0.134 0.443 0.462 0.613 0.661 0.072 0.362 27 3 0.363 0.675 0.202 0.704 0.386 -0.186 0.611

EMBRA1616 79 17 0.022 0.312 0.774 0.785 0.875 0.061 0.193 26 7 0.125 0.445 0.486 1 0.643 -0.212 0.425

EMBRA1812 37 9 0.148 0.5 0.447 0.838 0.718 -0.073 0.175 24 5 0.091 0.406 0.55 0.833 0.667 -0.07 0.388

EMBRA813 77 13 0.054 0.369 0.648 0.377 0.774 0.361 0.368 27 7 0.084 0.397 0.565 1 0.738 -0.145 0.37

Mean - 10 0.205 0.245 0.454 0.510 0.648 0.146 0.403 - 6 0.084 0.574 0.370 0.566 0.548 0.100 0.482

Cumulative - 180 1.17× 
10-15

1.05× 
10-5

0.999 - - - - - 100 4.02× 
10-14

2.17× 
10-5

0.999 - - - -

n  is the sample size; k  is the number of alleles per locus; 𝑃𝑃𝑃𝑃  is the probability of identity; 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  is the probability of finding two full-sib individuals from a 
population that have the same genotype by chance;  is the paternity exclusion probability;  is the observed heterozygosity;  is the polymorphism 
information content;  is the fixation index corrected for null alleles;  is the major allele frequency.

n
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𝑃𝑃𝑃𝑃  and PIsibs of the core marker set were 2.67×10-9 and 
1.00×10-3, respectively. The selected markers for E. globulus 
were EMBRA850, EMBRA1811, EMBRA813, EMBRA1040, EMB-
RA1812, EMBRA1374, and EMBRA1616. The combined 𝑃𝑃𝑃𝑃  and 
PIsibs  of this set were 1.84×10-8 and 1.50×10-3, respectively. 

The markers EMBRA850, EMBRA813 and EMBRA1616 were 
common to both core sets.

Population genetic structure
The multilocus data from E. grandis and E. globulus were used 
separately in Bayesian assignment analysis. For E. grandis, we 
observed that (K = 4) produced a (ΔK = 6.83), while for E. globu-
lus (K = 2) provided a (ΔK = 73.5). These results suggest that for 
E. grandis the germplasm is structured into four clusters, while 
for E. globulus there are two clusters (Figure 1).

Phylogeny tree
The dendrogram reflected exactly the two groups composed 
of individuals from E. grandis and E. globulus (Figure 1). No asso-
ciation was observed between the three germplasm providers 
used in this analysis. This dendrogram is consistent with the 
results shown in Table 2 and presents a clear individual identi-
fication of each clone.

Discussion

The hyper-variable nature and codominant inheritance of 
microsatellite markers make them an excellent option for clo-
nal identification and relationship analysis (Faria et al. 2011; Li 
et al. 2011; Tan et al. 2015). However, the success of these stu-
dies is highly dependent on the quality and precision of the 

Figure 1 
Identification of the optimal number of clusters in Bayesian assignment analysis for E. grandis (A, C) and E. globulus (B, D).
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genotyping data (Tan et al. 2015). Herein, we demonstrate that 
the 107 clones sampled from Uruguay can be precisely identi-
fied by fingerprinting, assigning a unique profile for each stu-
died clone. The alleles were detected by high resolution by 
capillary electrophoresis showing a high level of polymor-
phism. The accuracy obtained in the clonal genotyping allows 
the integration of the results in reference databases to control 
the determination of identity in future analyses, thus facilita-
ting clonal registration and control during the stages of vege-
tative propagation and inter-institutional collaboration (Kirst 
et al. 2005; Li et al. 2011).

Power of fingerprinting
A high mean number of alleles per locus were found in the stu-
died clones (10 for E. grandis and 6 for E. globulus). These values 
are lower than the (11.9) reported by Li et al. (2011) who simul-
taneously analyzed the germplasm of E. urophylla, E. grandis, E. 
camaldulensis, E. tereticornis, and E. exserta, which explains the 
greater number of alleles obtained despite only considering 24 
genotypes. On the other hand, Faria et al. (2011) reported 4.3 
alleles, considering only 16 individuals per species. Kirst et al. 
(2005) observed an average estimated value across all loci of 
(19.8) for 192 E. grandis individuals, which is greater than the 
results found herein. For E. grandis, the ( PIC ) for 14 (0.579-
0.875) of the 17 EST-SSR markers was high (> 0.5, Botstein et al. 
1980), while in E. globulus the ( PIC ) (0.566-0.825) was high for 
12 markers. These results indicate that these markers are suita-
ble for fingerprinting studies and kinship analyses. The markers 
that were only moderately informative (0.5 > PIC > 0.25, Bot-
stein et al. 1980) in E. grandis were EMBRA915 ( PIC = 0.411) 
and EMBRA1977 ( PIC = 0.356), while in E. globulus they were 
EMBRA1851 ( PIC = 0.413), EMBRA2014 ( PIC = 0.386), and 
EMBRA943 ( PIC = 0.343). The markers that showed poorly 
information content ( PIC < 0.25, Botstein et al. 1980) were 
EMBRA1040 ( PIC = 0.238) for E. grandis, and EMBRA1957  
(PIC = 0.177) and EMBRA915 ( PIC = 0) for E. globulus. High 
levels of variation have been reported for PIC  among poly-
morphic molecular genetic marker loci (ISSR, SSR, SNP) in Euca-
lyptus spp., ranging from 0.262 to 0.94 (Kirst et al. 2005; Faria et 
al. 2010, 2011; Arumugasundaram et al. 2011; Li et al. 2011; Tel-
fer et al. 2015; Costa et al. 2017; Lu et al. 2018; Teixeira et al. 
2020). However, the comparison of PIC  values across diffe-
rent studies, genetic markers, and loci are not robust due to the 
fact that PIC  is strongly affected by the number of alleles ( k), 
observed heterozygosity ( oH ), and major allele frequency  
( MAF ) in the loci. Based on our data set, the Spearman Ran-
king Correlation was significantly higher than zero between  
( PIC ) and ( k ) ( ρ = 0.621, P= 0.008) and ( PIC ) and ( oH )  
( ρ = 0.499, P= 0.041), and was significantly lower than zero 
between ( PIC ) and ( MAF) ( ρ = -0.887, P< 0.0001). These 
results indicate that samples in which loci have a high number 
of alleles and heterozygosity and low minor allele frequencies, 
will present high ( PIC). Thus, ( PIC ) is affected by the samples 
used to calculate estimates, as large sample sizes of non-inbred 
individuals may present high ( k ) and ( oH ) for SSR loci, resul-
ting in a lower allele frequency across loci and an increased  
( PIC ). Our results reflect the large number of alleles observed 

per marker, especially considering that some markers showed 
more than 10 alleles, which can also explain the differences 
among studies, gene markers, and loci. 

The existence of null alleles can be problematic when esti-
mating statistical parameters and conducting relationship 
analyses. The appearance of null alleles can be the result of 
mutations in one or both primer binding sites and differential 
amplification of allelic variants (Dakin and Avise 2004; Tan et al. 
2015; Roman et al. 2020). Studies have also shown that the fre-
quency of null alleles increases when markers that are transfe-
rable between species are used (Faria et al. 2010; Acuña et al. 
2014; Roman et al. 2020). Due to high selection pressure, EST-
SSR markers based on expressed sequences generally have low 
frequencies of null alleles compared to non-transcribed regi-
ons (Ellis and Burke 2007).

The wide variation in the size range of the alleles enables 
the use of different dyes, which favors clustering in Multiplex 
PCR reactions and reduces the time and cost of analyses. This, 
in turn, allows for the routine management of identity certifica-
tion (Kirst et al. 2005; Faria et al. 2011). Furthermore, the tetra-, 
penta-, and hexanucleotide characteristics of the EST-SSR mar-
kers used in this study facilitate the detection of alleles via 
capillary electrophoresis, reducing the appearance of ambi-
guous fingerprinting profiles (Faria et al. 2011).

The (𝑃𝑃𝑃𝑃 ) and ( PIsibs ) parameters have been widely 
used as indicators of discrimination power by fingerprinting of 
molecular markers (De Lucas et al. 2008; Faria et al. 2011; Li et 
al. 2011; Tan et al. 2015). In this study, the pooled (𝑃𝑃𝑃𝑃 ) for the 
17 markers was low for E. grandis (1.18×10-15) and E. globulus 
(4.03×10-14). However, the (𝑃𝑃𝑃𝑃 ) can be overestimated due to 
the substructure of the population between the tested samp-
les and the assumption that segregation between loci are com-
pletely independent (Waits et al. 2001). Although ( PIsibs ) is 
considered a more conservative parameter, the results remain 
very low for the two studied species (1.05×10-5 and 2.17×10-5 
for E. grandis and E. globulus, respectively). 

The two sets of seven core markers identified herein can 
be used as a monitoring tool in clonal multiplication in future 
analyses of the Uruguayan germplasm bank, thus ensuring the 
exclusivity of each fingerprinting molecular profile for the 107 
clones. For E. grandis, the results for the core set were (𝑃𝑃𝑃𝑃 = 
2.67×10-9 and PIsibs 1.00×10-3), while for E. globulus they were 
(𝑃𝑃𝑃𝑃 = 1.84×10-8 and PIsibs  1.50×10-3). Consequently, these 
sets of core markers can be used to effectively monitor clonal 
traceability during vegetative propagation of the 107 clones. 
The data reported here is the first DNA fingerprint database of 
Eucalyptus clones in Uruguay. These primers have already 
been used by other laboratories and are recommended for the 
integration of data from different sources; however, it is always 
advisable to use common reference samples when working 
collaboratively across institutions (Faria et al. 2011; Tan et al. 
2015).

Genetic structure and phylogenetic analysis
In this study we focus on the genetic information produced by 
fingerprinting Eucalyptus clones from three providers. Howe-
ver, we do not have information on clonal origin, provenance, 



223

productivity, or other aspects related to genetic improvement 
as it is the companies’ intellectual property. The clonal genetic 
structure was inferred based on the genotyping dataset. The E. 
grandis clones were grouped in 4 clusters (K=4), numbered I to 
IV (Figure 1A and 1C). Cluster I, is composed of 20 clones, 19 of 
which belong to the provider Lumin and one (INIA2715) to 
INIA. Cluster II (15 clones) includes a mixture of clones from the 
three providers, while cluster III (22 clones) contains clones 
from Lumin and INIA. Cluster IV (24 clones) is composed exclu-
sively of Lumin genotypes. The structure genetic analysis indi-
cates that clusters I and IV are preferentially associated with 
germplasm from the Lumin company. No correlation is obser-
ved among clusters II and III and the three providers (Figure 
1C). We also observed that there is a mixture among individu-
als of the clusters (Figure 1C). This is related to the fact that pri-
vate genetic improvement programs in Uruguay use germ-
plasm with diverse origins and provenances, and some 
common sources of germplasm with shared origins are expec-
ted considering that genotypes must be adapted to local con-
ditions. The multilocus data for E. globulus show two groups (K 
= 2) numbered V and VI (Figure 1B and 1D); these groups are 
clearly defined (ΔK = 73.5) and the mixture of materials is less 

prevalent than that observed for E. grandis (ΔK = 6.83) (Figure 
1A and 1B), indicating that E. globulus genotypes are more 
divergent than E. grandis. In the case of E. globulus, samples 
were provided by only one provider, CEBIOF.

The phylogenetic reconstruction for the 107 clones based 
on 17 molecular markers generated the first register of the rela-
tionship between these genotypes (Figure 2). The 80 E. grandis 
genotypes are grouped separately from the 27 E. globulus 
genotypes. No correlations were observed among the three 
providers and the E. grandis dendrogram. This supports the 
data obtained for genetic structure (Figure 1 and 2). For E. glo-
bulus, the dendrogram is subdivided into two clusters (Figure 
2), which are consistent with the results obtained for the analy-
sis of genetic structure (Figure 1D). It would be interesting to 
contrast these results with the pedigree information of the 
breeding programs; however, such an analysis is impossible 
given the politics of protecting intellectual property. This has 
been demonstrated by forestry companies in their efforts to 
protect elite genotypes, using these molecular tools to legiti-
mize copyright in court proceedings (Campo Grande News, 
2014).

 
Figure 2 
Dendrogram of the 107 clones obtained with 17 EST-SSR markers. The 80 E. grandis clones did not show clusters concordant 
with the results of STRUCTURE, while the 27 E. globulus clones are subdivided in two clusters (shown in red and green) based on 
the STUCTURE analysis.
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Conclusions

The markers used in this study enabled us to verify that the 
elite clones of Uruguay can be accurately identified. The 
database generated applies to both E. grandis and E. globulus, 
and these tools can support the certification of propagated 

materials, thus minimizing labeling errors. 
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