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Grafting induces precocity and maintains clonal integrity in fruit tree crops. However,
the complex rootstock x scion interaction often precludes understanding how the tree
phenotype is shaped, limiting the potential to select optimum rootstocks. Therefore,
it is necessary to assess (1) how seedling progenies inherit trait variation from elite
‘plus trees’, and (2) whether such family superiority may be transferred after grafting
to the clonal scion. To bridge this gap, we quantified additive genetic parameters
(.e., narrow sense heritability—h?, and genetic-estimated breeding values—GEBVs)
across landraces, “criollo”, “plus trees” of the super-food fruit tree crop avocado (Persea
americana Mill.), and their open-pollinated (OP) half-sib seedling families. Specifically, we
used a genomic best linear unbiased prediction (G-BLUP) model to merge phenotypic
characterization of 17 morpho-agronomic traits with genetic screening of 13 highly
polymorphic SSR markers in a diverse panel of 104 avocado “criollo” “plus trees.”
Estimated additive genetic parameters were validated at a 5-year-old common garden
trial (i.e., provenance test), in which 22 OP half-sib seedlings from 82 elite “plus trees”
served as rootstocks for the cv. Hass clone. Heritability (h?) scores in the “criollo” “plus
trees” ranged from 0.28 to 0.51. The highest h? values were observed for ribbed petiole
and adaxial veins with 0.47 (Cl 95%0.2-0.8) and 0.51 (Cl 0.2-0.8), respectively. The
h? scores for the agronomic traits ranged from 0.34 (Cl 0.2-0.6) to 0.39 (Cl 0.2-0.6)
for seed weight, fruit weight, and total volume, respectively. When inspecting yield
variation across 5-year-old grafted avocado cv. Hass trees with elite OP half-sib seedling
rootstocks, the traits total number of fruits and fruits’ weight, respectively, exhibited
h? scores of 0.36 (£ 0.23) and 0.11 (+ 0.09). Our results indicate that elite “criollo”
“plus trees” may serve as promissory donors of seedling rootstocks for avocado cv.
Hass orchards due to the inheritance of their outstanding trait values. This reinforces
the feasibility to leverage natural variation from “plus trees” via OP half-sib seedling
rootstock families. By jointly estimating half-sib family effects and rootstock-mediated
heritability, this study promises boosting seedling rootstock breeding programs, while
better discerning the consequences of grafting in fruit tree crops.
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INTRODUCTION

Grafting is an ancient technique used for vegetative propagation,
especially in perennial fruit crops. This method, used on
woody and herbaceous plants, can improve several agronomic
characteristics, such as yield and vigor, as well as tolerance
to biotic and abiotic stresses (Loupit and Cookson, 2020). In
fruit trees, grafting is a common propagation method because
it provides a dual plant system to increase orchard productivity
by maintaining genetic uniformity of the commercial clones.
Usually, scions’ buds with high quality are grafted onto rootstocks
with improved stress/disease tolerance. In this dual plant system,
rootstocks are also selected to increase orchard efficiency through
vigor control and yield improvement of the scion. Increasing
precocity is another benefit of grafting, as scions taken from
mature trees show significantly earlier bearing and maturity
relative to trees grown from seeds. Therefore, many tree crops
with long juvenile phases are grown as grafted plants to obtain
a faster return on investment (Ahsan et al, 2019). Despite
these benefits, grafting tends to obscure individual genotypic
contributions from the scion and the rootstock to the overall tree
phenotype, which makes genetic selection harder at particular
rootstock x scion combinations.

From a physiological perspective, such confounding factors
are pervasive, too. Broadly speaking, grafting affects three main
processes at the tree level: uptake and transport of water and
nutrients (Little et al., 2016), production and transport of
hormones, and large-scale movement of proteins, messenger
RNAs, and small RNAs (Wang et al., 2017; Loupit and Cookson,
2020; Lu et al., 2020; Rasool et al, 2020). These processes
have implications for both subsurface and surface functioning,
yet the interconnection of variables at the rootstock—scion
interface still hides contributions from the individual genotypes
(Tworkoski and Miller, 2007; Amiri et al., 2014; Warschefsky
et al, 2016). After all, both rootstock and scion genotypes
play an important role at the grafting interface, and different
rootstock x scion combinations mutually alter their individual
phenotypic effects (Goldschmidt, 2014). Additional factors that
may affect the rootstock x scion interactions are the age of the
bud-donor tree, the grafting technique, seasonality, time since
grafting, the genotype x environment interaction (Albacete et al.,
2015), the rootstock x scion compatibility, and microbiome-root
interactions (Warschefsky et al., 2016).

A highly valued grafted clonal super-food fruit tree crop
that is rapidly expanding around the world is avocado (Persea
americana Mill.) cv. Hass (O'Brien et al., 2018). Improved
rootstocks for commercial avocado cv. Hass plantations may
confer a beneficial horticultural quality to the tree across
a wide spectrum of traits (Reyes-Herrera et al, 2020),
such as increased fruit yield (Herrera-Gonzalez et al.,, 2013),
postharvest performance (Willingham et al.,, 2001), vegetative
vigor (Mickelbart and Arpaia, 2002), salt tolerance (Bernstein
et al., 2001), and disease resistance (Smith et al., 2011; Sanchez-
Gonzalez et al., 2019). These reports are in line with previous
research that have shown how rootstocks might also induce less
trivial scion morphological changes, such as dwarfing, and even
alter yield traits and fruit quality (Egea et al., 2004; Picolotto

et al,, 2010; Madam et al., 2011; Exposito et al., 2020; Kviklys
and Samuoliene, 2020). For instance, rootstock effects may even
influence properties typically attributed to the clonal Hass scion,
such as fruit sensorial and nutritional quality, e.g., texture, sugar
content, acidity, pH, flavor, and color (Giorgi et al., 2005; Gullo
et al., 2014; Balducci et al., 2019), cold tolerance, and shoot pest
and pathogen resistance (Rubio et al., 2005; Goldschmidt, 2014).

Most commercial avocado Hass plantations in Neotropical
areas currently rely on open-pollinated (OP) half-sib interracial
seedling rootstocks derived from selected “criollo” “plus trees”
(Bernal et al., 2014; Canas-Gutiérrez et al., 2015). Therefore,
avocado production is mainly based on grafting the commercial
Hass cultivar onto untested highly diverse seedling “criollo”
saplings (Rodriguez et al., 2009; Canas-Gutiérrez et al., 2015).
As part of this procedure, the selection of a suitable rootstock
is rarely based on both the genotype of the scion, and
the environment or agro-climatic zone in which the grafted
tree will be cultivated. In other words, due to a triple
rootstock x scion x environment interaction, rootstock selection
from “criollo” seedling genotypes is challenging. Still, growing
half-sib families of seedling rootstocks from selected donor “plus
trees” remains a promising strategy because they may harbor
natural adaptations to the highly heterogeneous ecosystems
found at the Neotropics, not to mention the fact that they
constitute an important source of genetic variability (Kuhn et al.,
2019; Rendon-Anaya et al., 2019; Talavera et al.,, 2019; Lopez-
Guzman et al, 2021) for otherwise clonal Hass plantations
(Canas-Gutiérrez et al., 2019a).

Avocado rootstock breeding programs typically perform an
initial selection step for resistance to soil-borne pathogens, such
as Phytophthora cinnamomi Rans. Yield and adaptive traits are
then left as second and third steps within avocado rootstock
breeding. To guarantee that selected rootstocks exhibit a stable
phenotypic effect, avocado nurseries in temperate latitudes often
rely on clonal rootstock propagation (T¢liz, 2000). However,
clonal rootstocks are still difficult to produce because they
require double grafting techniques (Ernst, 1999), while in vitro
production has not been commercially scaled (Hormaza, 2020).
Therefore, clonal rootstocks are still rare in highly diverse
Neotropical regions where avocados are native, and seedling
saplings from “criollo” trees are more abundant and cheaper.
Because of this, it is imperative to assess which traits of the
avocado “criollo” are inherited to its OP half-sib seedling
progenies, while at the same time transferred to the scion after
grafting. Specifically, an explicit estimation of combined half-
sib families and rootstock heritability effects would be a major
advance to speed-up seedling rootstock breeding programs, and
ultimately discern the consequences of grafting for tropical
avocados (Reyes-Herrera et al., 2020).

To fill this research gap, the goals of this work were to:
(1) estimate additive genetic parameters (i.e., narrow sense
heritability scores and breeding values) across promissory
avocado “criollo” “plus trees,” (2) quantify the inheritance of
agronomic traits of avocado “criollo” “plus trees” in cv. Hass
via OP half-sib seeding families, and (3) identify promissory
avocado “criollo” “plus trees” as seed donors for rootstock
production based on their genetic-estimated breeding values for
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heritable morphological and agronomic traits. We hypothesize
that heritable variation for key traits would enable half-sib
seedling rootstock selection from elite “criollo” “plus trees.”
Specifically, we have relied on a total of 104 avocado “criollo”
trees between 40 and 50 years old, identified as “plus trees”
in the province of Antioquia (northwest Colombia). These
avocado trees are long-term survivors across different remote
agro-ecological zones, so we expect that they may serve as
potential donors of seedling rootstocks due to their presumably
outstanding adaptability and trait values (e.g., health, longevity,
and productivity). These “criollo” avocados had previously been
characterized with microsatellite (single sequence repeat, SSR)
markers to study their genetic diversity, as well as in terms of
their morpho-agronomic traits (Cafas-Gutiérrez et al., 2019a,b).
Therefore, this study merged both genetic and phenotypic
characterizations to assist seedling rootstock selection at early
nursery stages. Estimated additive genetic parameters were
validated at a 5-year-old common garden trial (i.e., provenance
test) that established OP half-sib seedlings from elite “plus trees”
as rootstocks for the Hass clone.

MATERIALS AND METHODS

Plant Material

A total of 104 avocado “criollo” “plus trees” were selected
in different remote agroecological zones up to 2,400 m asl
of the province of Antioquia, northwest Andes of Colombia,
during the years 2014 and 2015 (originally enlisted under the
first table of Canas-Gutiérrez et al. (2019b), and summarized
here under Supplementary Table 1). Their selection was made
based on criteria, such as adaptability to their growing area,
longevity, health, and productivity. During this period, trees
were in situ characterized by taking morphological data, and
carrying out their molecular fingerprinting (section below on
“microsatellite markers characterization”). Collection of yield
data was additionally carried out in these trees during four
consecutive years (2014-2017).

The seeds produced by selected elite avocado “criollo” trees
were germinated at greenhouses, and obtained 3-month-old
seedlings were grafted with cv. Hass scions. In the year 2015, the
cv. Hass grafts were planted at a common garden (i.e., provenance
test) at AGROSAVIAs research station La Selva, located in
Rionegro, province of Antioquia, at 2,100 m asl. Morphological
data, such as length and diameter of the rootstock, the canopy
length and diameter of the scion, and the morphology of the graft
scar were collected during the years 2017-2021. The production
data of the cv. Hass grafts were collected in the same period
from 2017 to 2021. Since half-sib seedling rootstocks grafted with
the Hass clone have been in production during five consecutive
years in the same environment (La Selva locality), we were
able to minimize environmental variance and equal phenotypic
variance to the rootstocks’ additive genetic component, which is
the main benefit of carrying out common garden or provenance
tests. These trials intend to neutralize environmental effects over
phenotypic expression, by planting diverse genotypes in a single
locality (Lascoux et al.,, 2016). Our setup has allowed heritability

» o«

analyses to include a total of 9 years of production data, both
for in situ “criollo” “plus trees” (2014-2017), as well as in their
OP half-sib seedling progenies used as rootstocks for the Hass
scion (2017-2021).

Measurements of Morpho-Agronomic

Traits
A total of 17 morphological and agronomic traits were measured
during the sampling trips of 2014 and 2015 in the avocado
“criollo” selected “plus trees,” according to descriptors that are
specific for avocado based on the International Plant Genetic
Resources Institute (IPGRI). These descriptors included tree, leaf,
fruit, and seed traits (Table 1 and Supplementary Table 2). Fruit
production was recorded in these trees during four consecutive
years until 2017. Pearson’s, Spearman’s and Kendall’s correlation
matrices (Figure 1) were visually inspected using customized
plots drawn with the cor.test and heatmap functions in R v.3.4.4
(R Core Team). Complete phenotypic measures were possible for
a total of 82 “criollo” “plus trees” from the original sampling.
Furthermore, a total of 22 OP half-sib seedling progenies of
82 elite avocado “criollo” “plus trees” were used as rootstocks for
the Hass scion. Grafted trees were characterized at AGROSAVIA’s
La Selva research station in terms of their early growth traits
(i.e., young shoot color, stem color, stem lenticels, lenticels
color, average number of leaves at transplant, and average stem
diameter at grafting), as well as in terms of their production
(i.e., cumulative total number of fruits and fruit’s weight) 5 years
after grafting (2017-2021). The analyses focused on yield traits
because they allowed for a direct comparison with the recorded
production traits in the “criollo” “plus trees,” besides the fact that

TABLE 1 | Phenotypic traits measured in the avocado “criollo” selected “plus
trees,” according to descriptors for avocado of the International Plant Genetic
Resources Institute (IPGRI).

Type of trait Phenotypic traits Abbreviation Units of
measurement
Morphological Tree shape TSH Qualitative
traits Trunk circumference TC Centimeters
Trunk surface TS Qualitative
Branching B Qualitative
Leaf texture LT Qualitative
Leaf shape LS Qualitative
Leaf margin LM Qualitative
Tip of leaf shape TLS Qualitative
Number main veins NMV Number
Adaxial Veins AV Qualitative
Ribbed petiole RP Qualitative
Agronomic Fruit length FL Centimeters
traits Fruit diameter FD Centimeters
Fruit weight FW Grams
Seed weight SW Grams
Pulp weight PW Grams
Total volume v Grams

For details on quality measures and their codifications refer to Supplementary
Table 2.
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plus trees.” For details on the

measured traits please refer to Table 1 and Supplementary Table 2.

yield traits are of paramount interest for commercial avocado cv.
Hass orchards, especially those aiming for exportation markets.

Microsatellite Marker Characterization

Total genomic DNA was obtained from avocado “criollo” leaves
based on the extraction method standardized by Canas-Gutiérrez
et al. (2015). Thirteen microsatellites [simple sequence repeats
(SSRs)], originally designed by Sharon et al. (1997) and Ashworth
et al. (2004), were chosen (Supplementary Table 3) for their
high polymorphism information content following estimates by
Alcaraz and Hormaza (2007). Fingerprinting highly polymorphic
SSR markers allowed disclosing pedigree-free marker-based
relationships among genotypes, which in turn enabled
distinguishing from highly related to completely unrelated
individuals. Such contrasting scales of SSR-reconstructed
shared relatedness due to recent co-ancestry (i.e., isolation
by descendent, IBD) offer the basis to quantify phenotypic
clustering patterns across family types (i.e., genetic heritability),
as demonstrated in oil palm (Cros et al., 2015) and rubber tree
(Cros et al,, 2019), and as expanded in the section below.

Three multiplex PCR amplifications were performed in 10 pl
volume containing 16 mM (NH4)2SO4, 67 mM Tris-HCl pH 8.8,
0.01% Tween20, 2 mM MgCI2, 0.1 mM each dNTP0.4 uM of
each primer, 25 ng genomic DNA and GoTaq® ADN polymerase
(Promega, W1, United States). Forward primers were labeled with
WellRed fluorescent dyes on the 5 end (Proligo, France). The
reactions were carried out in an I-cycler (Bio-Rad Laboratories,
Hercules, CA, United States) thermo cycler using the following
temperature profile for multiplex PCR 2 and 3: an initial step of
1 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 50°C, and 1 min
at 72°C, and a final step of 5 min at 72°C. For multiplex PCR
1, the same temperature profiles were used, except for 55°C for
annealing temperature that was used instead. The PCR products
were analyzed by capillary electrophoresis in the equipment
ABI PRISM® 3130 Genetic Analyzer (Applied Biosystem, CA,
United States). Allele sizes were estimated in base pairs with a
Peak Scanner (Thermo Fisher Scientific, United States), allowing
for a maximum of two alleles per sample.

Computation of Heritability Scores and

Breeding Values

We implemented a G-BLUP (genomic best linear unbiased
predictor) model to quantify genetic parameters (i.e., narrow-
sense heritability and breeding values) for key agronomic traits
across the avocado “criollo” “plus trees” selected as seed donors
for the OP half-sib progenies used as rootstocks for the Hass
clone. Genetic parameters are a baseline of any breeding program
(Holland et al., 2003) since they guarantee that additive genetic
gains are maximized, while breeding cycles are minimized
(Dieters et al., 1995). This is because genetic parameters account
for the proportion of phenotypic variance among individuals in a
population due to genetic effects (Milner et al., 2000; Kruuk, 2004;
Berenos et al., 2014). In this sense, the G-BLUP precisely offers a
modern pedigree-free marker-based approach (Meuwissen et al.,
2001; Crossa et al., 2017) to estimate genetic parameters on
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populations of mixed ancestry (Frentiu et al., 2008; Wilson et al.,
2010), such as OP seedlings.

We first computed a G relatedness matrix, following Lynch
and Ritland (1999), to account for the half-sib structure of the OP
seedling progenies used as rootstocks. To validate relationships
within the G matrix we further computed (1) a distance tree by
means of the Neighbor Joining algorithm (Kamvar et al., 2014)
in R (R Core Team) with 10,000 bootstrap replicates, as well as
(2) an unsupervised Bayesian clustering using the STRUCTURE
software (Pritchard et al., 2000) with five independent runs for
each K-value from K = 2 to K = 8 and 100,000 Monte Carlo
Markov chain replicates with a burn-in of 50,000.

The admixed origin of the avocado “criollo” genepool,
due to avocado’s protogynous dichogamy, is known to favor
an adequately variable G matrix, embracing various degrees
of relationship, as much as the Avocado Genebank (Canas-
Gutiérrez et al., 2019b). The variability in the G matrix (from
highly related to completely unrelated trees) enabled the use of
the G-BLUP predictor. Hence, we relied on this G relationship
matrix to compute the genetic-based G-BLUP model, following
Arenas et al. (2021) and Fernandez-Paz et al. (2021), as in:

y=Xb+ Za + e

where y corresponds to the phenotypic trait vector, a is the
vector of individual random additive genetic effects with a normal
distribution [in other words, a ~ N (0, G 0,2), where G is the
among-tree pedigree-free SSR-based relationship matrix, and o,
corresponds to the additive genetic variance (Miiller et al., 2017)],
b is the vector of fixed effects (i.e., general mean, intercept), e
is the vector of residual effects, and X and Z are the incidence
matrices for fixed effects and additive genetic effects (Chen et al.,
2018; Gutierrez et al., 2018).

Parameter estimation for the G-BLUP model was carried out
using reproducing kernel Hilbert space (RKHS) implemented
in the BGLR (Bayesian Generalized Linear Regression) software
(Perez and De Los Campos, 2014) under an R v.3.44
environment (R Core Team). The multi-dimensional space of
parameters was sampled with 10,000 iterations, an initial burn-in
of 5,000 steps, and a thinning interval of 10 for data recording.
Trace plots were drawn in R to verify convergence in the
posterior distributions.

Narrow sense rootstock-mediated heritability (h?), which is
the proportion of the overall phenotypic variance accounted
for additive genetic variance, was then calculated by retrieving
the additive (0,2) and residual (o,.2) variances from the RKHS
algorithm, following de los Campos et al. (2015):

W = og/(0a+ o)

The vector of h? scores was summarized using the median
and the 95% CI of the BGLR’s posterior distribution. Statistical
accuracy (ak.a., prediction ability, ;) was computed per trait
using Pearson’s correlation between observed and predicted
(v + GEBYV) trait values (Miiller et al., 2017; Zhang et al., 2019).
Predicted trait values were recorded and subtracted to the overall
phenotypic mean (), to gather the vector of genetic-estimated
breeding values (GEBVs), which is the deviation from the overall
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FIGURE 2 | Pairwise relatedness among avocado “criollo” “plus trees”
according to Lynch and Ritland (1999). The overall mean and the 0.95
threshold to identify genetic controls are marked with dashed vertical lines.

trait mean attributed to additive genetic effects. GEBVs were
summarized throughout a biplot diagram using R’s princomp and
biplot functions for the principal components analysis (PCA).
Finally, we implemented mother-offspring regressions to
estimate h* scores for key agronomic traits in the OP half-sib
seedling progenies of avocado “criollo” “plus trees” grafted with
the Hass scion. This heritability analysis included 5 years of
data in the OP half-sib seedling progenies of avocado “criollo”
“plus trees” used as rootstocks for the Hass scion via the mother
vs. half-sib regression analysis (Falconer et al., 1996). These h?
estimates were gathered for cumulative number of fruits and
weight of fruits from the Hass clone grafted on top of the OP
half-sib seedling rootstocks derived from the selected avocado
“criollo” “plus trees.” Mother-offspring regressions were carried
out in R using the function Im. Regressions were plotted for
validation in ggplot, under the same R environment. The narrow-
sense heritability score was calculated as twice the slope from the
mother-offspring regressions, following Lynch and Walsh (1998).

RESULTS

Heritability of Morphological and
Agronomic Traits in Avocado “Criollo”
“Plus Trees”

The 13 microsatellite markers that were used for the molecular
characterization of 104 avocado “criollo” “plus trees” amplified
a total of 147 allelic fragments. This indicated sufficient
polymorphism to reconstruct the pedigree-free marker-
based relationship matrix (Figure 2), while distinguishing
highly related from completely unrelated admixed individuals
(Figure 3). The phylogenetic tree (Supplementary Figure 1)
corroborated the latter point. Therefore, the segregation of 147
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Sampling in Antioquia (AN)
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FIGURE 3 | Unsupervised Bayesian clustering among avocado “criollo” “plus trees” collected from the northwest Andes of Colombia (province of Antioquia, AN),
and the avocado Germplasm Bank (GB) from Colombia as characterized by Canas-Gutiérrez et al. (2019a) with the same panel of SSR markers. M, G, and A, stand
for Mexican, Guatemalan, and West Indies race controls, respectively. GB Section 1 comprises commercial genotypes. The remaining two-letter abbreviation codes
indicate avocado “criollo” trees, respectively sampled from different provinces (under GB) and villages (under AN) across Colombia and the province of Antioquia
(northwest Andes of Colombia), as follows: Antioquia (AN), Bolivar (BO), Cauca (CA), Cesar (CE), Huila (HU), Magdalena (MA), Meta (ME), Narifio (NA), Putumayo
(PU), Quindio (QU), Risaralda (RI), Santander (SA), Tolima (TO), and Valle del Cauca (VA) for provinces across Colombia, and Abejorral (AB), Apartadd (AP), Arboletes
(AR), Buritica (BU), Caramanta, Carepa or Caracoli (CA), Cafas Gordas (CG), Chigorodé (CH), Cisneros (Cl), Dabeiba (DA), Giraldo (Gl), Jardin (JA), Jericé (JE),
Maceo (MA), Mutata (MU), Necocli (NE), Rionegro (RN), Urrao (RR), Santa Barbara (SB), San Juan (SJ), San Roque (SR), Sonsoén (SS), Turbo (TU), Uramita (UR),
Valparaiso (VA), Venecia (VE), and other (OT) for municipalities within the province of Antioquia. For further details on the sampling within Antioquia, such as
sub-region and elevation, please refer to Supplementary Table 1 and the first table in Canas-Gutierrez et al. (2019b).
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FIGURE 4 | Narrow-sense heritability (h2) posterior distributions for morphological traits measured in avocado “criollo
rootstocks of the cv. Hass. Model fits are depicted in the odd columns (A,C,E,G,1,K,M,0,Q,S,U) using Pearson’s correlation r score between the observed (y-axis)
and the predicted (x-axis) trait values. Meanwhile, median values (vertical dashed lines) and the 95% confidence intervals (horizontal gray lines) are depicted in the
even columns (B,D,F,H,J,L,N,P,R,T,V). Different traits are sorted every second subpanel across rows according to the x-label in each subfigure.
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plus trees” selected as seed donors for

allelic SSR fragments allowed to effectively quantify phenotypic
clustering patterns across family types via de G-BLUP model
(i.e., SSR-based genetic heritability estimates, Cros et al., 2015,
2019) for key morphological and agronomic traits in “criollo”
avocado “plus trees.”

The heritability parameters for a total of 11 morphological
traits (Figure 4) and 6 agronomical traits (Figure 5) were
computed in 82 of the 104 avocado “criollo” “plus trees” selected
as seed donors for rootstocks of the cv. Hass. Estimates of
avocado “criollo” “plus trees” narrow-sense heritabilities (h?)
were significant for the 11 measured morphological traits and
for the 6 agronomic traits, according to the 95% ClIs from
the posterior distribution, all of which were above absolute
zero (Table 2).

The estimated heritabilities (k%) for the 11 morphological
traits ranged from 0.28 to 0.51. The tree shape and branching
traits presented the h? lowest scores, 0.28 and 0.29, respectively.
The highest h? values were presented for ribbed petiole and
adaxial veins with 0.47 and 0.51, respectively. The 6 agronomic

traits evaluated presented very similar /2 values that ranged from
0.34 to 0.39. Seed weight was the trait with the lowest h? score
(0.34), while fruit weight and total volume traits exhibited the
highest values, both with 0.39 (Table 2).

Confidence intervals for the heritability scores were generally
narrow for the 17 examined traits. The traits that presented the
widest confidence intervals were: number main veins (0.1-0.7,
r = 0.64) pulp weight (0.1-0.7, r = 0.66), adaxial veins (0.2-0.8,
r = 0.78), and ribbed petiole (0.2-0.8, r = 0.75). Meanwhile, the
trait that presented the narrowest confidence interval was the
shape of the tree with 0.1-0.4 and r = 0.69 (Table 2). Adaxial
veins and ripped petiole traits exhibited the widest 95% ClIs, as
well as the highest heritability scores (0.51 and 0.47, respectively).
On the contrary, the tree shape trait had the lowest 95% CI, and
also showed the lowest heritability score (0.28). Broadly speaking,
the morphological and agronomic traits measured in avocado
“criollo” “plus trees” selected as seed donors for rootstocks of
the cv. Hass presented heritabilities in a medium range. This
suggested a relative contribution of additive genetic effects in the
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total variation of these traits, which may enable moderate genetic
gains via recurrent selection.

Breeding Values of Avocado “Criollo”
“Plus Trees” to Select Target Seed

Donors

To assist the ranking of avocado “criollo” “plus trees” as seed
donors for OP half-sib seedling rootstocks of the cv. Hass, we
summarized the breeding values for the 11 morphological and 6
agronomical traits across 63 of the 104 avocado “criollo” “plus
trees” selected as seed donors for rootstocks of the cv. Hass
using a biplot diagram from a PCA (Figure 6). The length of
each vector in the biplot diagram allowed ranking the traits by
their additive variance. In this sense, fruit diameter, total volume,
fruit weight, pulp weight, fruit length, and branching exhibited
the most notorious additive genetic contributions, reinforcing
the heritability results described in the previous section. On
the contrary, the ribbed petiole and trunk circumference traits,
showed lower vector lengths, indicating a lower additive genetic
variance for these traits. These results suggested that fruit

traits tended to exhibit more potential to respond to selection,
indicating that production at commercial avocado cv. Hass
orchards may be leveraged by a proper selection of avocado
“criollo” “plus trees” as seedling rootstock donors, based on their
breeding values.

The biplot diagram also allowed pinpointing the elite avocado
“criollo” trees that may be promising for selection given their
heritable superiority in terms of agronomical traits. For instance,
the trait vector for fruit diameter (associated with the fruits’
caliber, an important factor for its commercialization) pointed
toward “criollo” trees ANSS9 and ANNES55. Similarly, the trait
vectors for total fruits’ volume, fruits’ length, and fruits’ weight,
respectively pointed toward the avocado “criollo” “plus trees”
encoded as ANDA62, ANCI75, and ANCH65. Meanwhile, the
avocado “criollo” tree encoded as ANTU57 was closed to the
vectors for the traits fruit diameter and pulp weight, which
also makes ANTU57 a promising donor for seedling rootstock
families (Figure 6). On the other hand, the morphological
traits branching, leaf shape, trunk surface, tree shape, and
adaxial veins presented the longest vectors, and consequently
greater potential for selection. Some of these morphological
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TABLE 2 | Narrow—Sense heritability (h%) estimates for the 17 measured traits
from 82 avocado “criollo” “plus trees” selected as seed donors for rootstocks.

Phenotypic traits h? 1Co50, r
Morphological traits Tree shape 0.27 0.15-0.46 0.49
Trunk circumference (cm) 0.39 0.20-0.64 0.69
Trunk surface 0.31 0.16-0.53 0.58
Branching 0.29 0.16-0.54 0.54
Leaf texture 0.39 0.20-0.60 0.69
Leaf shape 0.33 0.18-0.55 0.61
Leaf margin 0.30 0.16-0.51 0.56
Tip of leaf shape 0.31 0.15-0.58 0.62
Number main veins 0.35 0.19-0.58 0.64
Adaxial veins 0.50 0.26-0.72 0.78
Ribbed petiole 0.46 0.26-0.71 0.75
Agronomic traits Fruit length (cm) 0.36 0.19-0.58 0.66
Fruit diameter (cm) 0.38 0.21-0.60 0.68
Fruit weigh (g) 0.38 0.22-0.60 0.68
Seed weight (g) 0.33 0.18-0.61 0.63
Pulp weight (g) 0.37 0.21-0.58 0.66
Total volume (cm?) 0.37 0.20-0.59  0.67

Narrow-sense heritability (h?) and model fits (Pearson’s r between the observed
and the predicted trait value) estimates were gathered using Lynch and Ritland’s
(1999) relatedness matrix inputted in a “genetic prediction” additive mixed linear
model, according to de los Campos et al. (2009). The significance of heritability
scores was determined according to the 95% confidence intervals from posterior
distributions, all of which were above the absolute zero.

traits may be of interest for half-sib rootstock family selection.
For example, branching and tree shape may contribute desired
tree architectures optimum for light penetration to boost
flowering and harvesting.

Inheritance of Key Agronomic Traits on
the Hass Scion Through Open-Pollinated
Half-Sib Seedling Rootstocks of
Avocado “Criollo” “Plus Trees”

A total of 22 “criollo” “plus trees” were selected as seed donors for
rootstock establishment according to the trait criteria enlisted in
the previous section. Their corresponding OP half-sib seedling
progenies were grafted with Hass clonal scion to estimate
rootstock-transferred h* scores for key agronomic traits, such
as total number of fruits and fruits’ weight after 5 years of
production. The estimation of overall h* scores (spanning both
the mother-offspring and the rootstock-mediated inheritance)
for both agronomical traits followed a mothers vs. grafted half-sib
offspring linear regression. In this sense, the dependent variable
corresponded to the average half-sib family trait values for total
number of fruits and fruits’ weight measured in avocado cv.
Hass trees grafted on top of OP seedling rootstock families
obtained from the avocado “criollo” “plus trees.” The trait values
for the total number of fruits and fruits’ weight measured in
the original mother “criollo” “plus trees” were depicted in the
X-axis (Figure 7).

The trait total number of fruits presented a slope of 0.18
and an r score of 0.16. Since the mothers-offspring heritability

corresponded to twice the slope, the h> equaled 0.36 (& 0.23).
The trait fruits’ weight exhibited a slope value of 0.056 with
an r score of 0.18, and therefore an overall h? estimate of
0.11 (£ 0.09, Figure 7). According to the results obtained,
the trait total number of fruits presented a moderate seedling
rootstock-mediated heritability of 0.36, indicating the possibility
of harnessing natural variation from “criollo” plus trees via OP
half-sib seedling rootstock families for cv. Hass orchards. On
the contrary, the trait fruits’ weight presented a lower seedling
rootstock-mediated heritability of 0.11, indicating that this trait
may be influenced by environmental factors, non-additive genetic
factors, such as dominance and epitasis, crop management, and
the rootstocks-scion interaction, rather than additive genetic
contributions from the OP half-sib rootstock families.

DISCUSSION

We quantified additive genetic parameters across landraces “plus
trees” of the super-food fruit tree crop avocado (P. americana
Mill.), and their OP half-sib seedling families. The SSR markers
that were used for the molecular characterization of avocado
“criollo” “plus trees” allowed obtaining G-BLUP heritability
predictions of morphological and agronomic traits. After all,
highly polymorphic SSR markers screened across variable
genotypes (in terms of their degrees of relationships, from highly
related to completely unrelated), enable BLUP predictions, as
demonstrated by Reyes-Herrera et al. (2020) in avocado, and Cros
et al. (2015, 2019) in oil palm and rubber tree, respectively. This
is because pedigree-free marker-based heritability estimations
via G-BLUP work either on the basis of shared relatedness
(typically measured as relationships due to recent co-ancestry) or
on the basis of genetic hitchhiking due to linkage disequilibrium
(LD) among marker loci. In the absence of demonstrated LD
(which would require denser single nucleotide polymorphism,
SNP markers), shared relatedness as inferred by variable SSR
markers across a diverse panel (Ellegren, 2004; Cortés et al.,
2011) offer the basis to disclose the phenotypic clustering
patterns across family types (which in turn are proportional to
heritability scores). In particular, the relationship among samples
is critically important, and therefore, was carefully reconstructed
by our study via the relatedness histogram, the phylogenic
relationships among samples, and the unsupervised Bayesian
admixed clustering.

We estimated heritability values for 17 morpho-agronomic
traits in avocado “criollo” “plus trees” selected as seed donors
for rootstocks of the cv. Hass. These values were significant
according to their 95% confidence intervals and heritabilities
were found to be in a medium range according to Robinson
et al. (1951) classification with the magnitude: 0.28 < W2 > 0.5,
indicating a moderate possibility of genetic gain through seedling
rootstock selection and contribution of these traits to the cv. Hass.
Regarding agronomic traits, the heritability of the fruit weight
trait was quantified both in avocado “criollo” “plus trees” (0.36)
and their OP half-sib seedling progenies used as rootstocks for
the Hass scion (0.11), exhibiting a reduction of almost half in
heritability. This indicates that nearly 50% of “plus tree” genetic
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FIGURE 6 | Breeding values for traits (vectors in red) measured in avocado “criollo
Hass. A match between the specific tree code and the arrow of the trait vector indicates an additive genetic superiority (a.k.a., breeding value) of that particular tree
for the specific trait. Opposing vectors speak for negative genetic correlations, which may limit simultaneous selection for both traits in the same direction, as
opposed to orthogonal vectors that suggest traits are free from genetic correlations.

plus trees” (black codes) selected as seed donors for rootstocks of the cv.

gain for this trait may be inherited to cv. Hass through seed-
mediated grafting.

Leveraging Avocado “Criollo” “Plus
Trees” as Seed Donors for Rootstock

Production
A long-standing debate in the breeding of fruit tree crops is
whether seedling rootstocks are capable to enhance productivity

in the absence of more uniform clonal rootstocks, which
in turn are thought to lack sufficient genetic variability for
long-term adaptation. As an intermediate solution, replacing
seedlings genotypes by a diverse panel of elite clones is
expected to convey major improvements while controlling
adaptive genetic erosion (Ingvarsson and Dahlberg, 2019).
Nonetheless, avocado cv. Hass plantations in northwest South
America have grown exponentially in the last decade without
the availability of clonal rootstock genotypes. Instead, they
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have had to rely on cheaper seedling rootstocks from native
“criollo” trees without any sort of selection or traceability.
Therefore, our narrow sense heritability quantifications are
encouraging guides to additive genetic selection of “criollo” “plus
trees” as seed donors for rootstock production, conveying up
to 35% (h?r) of potential genetic gain for a key yield trait
as is the total number of fruits. This overall effect totalizes
the additive genetic contribution from OP half-sib seedling
rootstock families to the Hass clonal scion (i.e., h%g = 0.44, as
computed by Reyes-Herrera et al., 2020), as well as the expected
additive genetic variance putatively inherited from the “criollo”
“plus trees” to their OP half-sib F1 seedling offspring (i.e.,
h2py = h*r/h*g = 0.7). Ultimately, these estimates reinforce the
feasibility of utilizing selected avocado “criollo” “plus trees” as
seed donors for rootstocks.

Furthermore, the GEBVs, computed here by weighting and
standardizing the overall trait superiority by the corresponding
heritability scores, are already a robust selection index to
target in situ superior “criollo” “plus trees” as donors of
seedling rootstocks. Alternatively, buds from these selected
“criollo” “plus trees” may be grafted to establish ex situ seed
orchards. In any case, avocado cv. Hass nurseries may still
face uncertainty while sorting the OP half-sib offspring from
those “criollo” “plus trees” families in the absence of age-
age correlations at the seedling stage. To assist early within-
family selection of superior half-sib progenies, heritability
estimates above 35% (e.g., for total number of fruits) also
invite implementing last-generation high-throughput genomic
selection (GS) schemes (Desta and Ortiz, 2014; Crossa et al.,
2017). Genomic prediction platforms calibrate infinitesimal

polygenic additive models (Cortés et al, 2020) capable to
forecast breeding values for low-heritability complex traits
(Klapste et al., 2020) at early life stages (Grattapaglia et al,
2018). Therefore, GS simultaneously makes indirect selection
more precise, while allowing speeding up breeding cycles. Its
potential in perennials with prolonged juvenile phases has
already been industrially scaled up by the forest tree sector
(Resende et al., 2012, 2020; Tan et al., 2017; Cappa et al., 2019;
Thistlethwaite et al., 2019), with some prospective pilot studies
carried out in temperate fruit trees (Kumar et al., 2012, 2019,
2020; Muranty et al., 2015; Iwata et al., 2016; Ferrdo et al,
2021). Based on this, avocado cv. Hass nurseries might exploit
the potential of GS to choose the superior progenies from
the “criollo” “plus trees,” even before grafting. Such innovation
will optimize timing and monetary resources at nurseries,
while ultimately translating into reduced tree mortality and
increased productivity/adaptability during the establishment and
production phases.

Meanwhile, efforts must not be spared to breed a diverse
panel of elite clonal rootstock genotypes resistant to root rot
(P. cinnamomi), a major fungal threat for avocado plantation
worldwide (Toapanta-Gallegos et al., 2017; Sanchez-Gonzalez
et al., 2019), while keeping high productivity and adaptation
across heterogeneous mountain climates (Cortés and Wheeler,
2018). However, breeding elite clonal tree genotypes with
conventional direct phenotypic selection doubles the breeding
cycle length compared to gradual population recurrent selection
due to longer progeny-testing and more clonal trials (Neale
and Kremer, 2011). Therefore, GS may once more assist the
identification of elite clonal rootstocks for the avocado cv.
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Hass industry, as already exemplified by the forestry sector
by reducing the length of the clonal breeding cycle to 50%
(Resende et al., 2012). Parallel efforts must be conveyed
to better standardize the propagation of clonal rootstocks
[e.g., via genotype-dependent micro-cloning (Ernst, 1999) and
double grafting (Frolich and Platt, 1971) protocols], which
is still a major bottleneck in regions with high availability
of native avocado trees capable to source nurseries with
cheaper seedlings.

Paving the Path Toward Predictive

Rootstock Breeding

The h? and GEBVs estimate gathered as part of this study
encourage the implementation of more systematic genetic-
guided indirect selection platforms both as part of early (before
grafting) seedling screening at nurseries of avocado cv. Hass,
as well as within the avocado rootstock breeding cycles per se.
Nonetheless, a question persists, which is whether the studied
SSR molecular markers are enough to capture sufficient additive
variance as to make predictive breeding reliable. This potentially
remains open judging by the r scores (> 0.54) of our pedigree-
free SSR-inferred estimation of genetic parameters (Frentiu et al.,
2008; Wilson et al., 2010), which embraced sufficient variation
across distinct kinship levels (Milner et al., 2000; Kruuk, 2004;
Berenos et al., 2014). Therefore, avocado rootstock breeders
would be able to leverage SSR characterizations across a diverse
panel of avocado accessions (Alcaraz and Hormaza, 2007; Cafias-
Gutiérrez et al., 2015; Ferrer-Pereira et al., 2017; Boza et al,,
2018; Canas-Gutiérrez et al., 2019b; Reyes-Herrera et al., 2020;
Sanchez-Gonzdlez et al., 2020). SSR-inferred relationships also
allow bridging the difficulty to generate complete pedigrees in
tropical avocados. It is challenging to carry out control crossing
in tropical “criollo” avocados because their pollination is open,
and exhibit dichogamous protogyny. It would also be unviable
to gather complete pedigrees from in situ “criollo” avocado
trees because they exhibit disparity in the phenological phases,
and are situated in remote locations where access is limited
to perform controlled monitoring. This is why our team is
currently bringing buds from the “criollo” trees for grafting
on their own half-sib rootstocks. This strategy would allow
cloning them at a single research station to better study their
phenology and control their pollination. Meanwhile, molecular
markers offer a realistic pathway to reconstruct relatedness
among avocado “criollo” trees. The prospect to utilize highly
polymorphic SSRs for predictive breeding across a diverse
panel of genotypes spanning various levels of relatedness is
also in line with previous proof-of-concept pilot studies carried
out in oil palm (Cros et al, 2015) and rubber tree (Cros
et al., 2019). This is because indirect selection works either
on the basis of shared relatedness (typically measured as
kinship relationships due to recent co-ancestry, Sedlacek et al.,
2016) or on the basis of linkage disequilibrium (LD) between
marker loci and the genetic variants that underlie phenotypic
variation (Thistlethwaite et al., 2020). The high mutation rate
of SSRs (Ellegren, 2004), and consequently, its unsurpassed
polymorphism information content (Cortés et al., 2011; Blair

et al., 2012), efficiently disclose the shared co-ancestry among
genotypes (Lynch and Ritland, 1999) and its ultimate potential
for predictive breeding.

Nonetheless, predictive breeding would be incapable to rely
on LD (Blair et al,, 2018) between markers and the genetic
variants that underlie trait variation because SSRs are insufficient
to reconstruct the polygenic architecture of complex (Hirschhorn
and Daly, 2005) rootstock-mediated traits. After all, SSR markers,
despite polymorphic, are rare across the genome, which makes
them unlikely to be found in LD with any causal variant (Slatkin,
2008). To bridge this gap, future research will have to couple
SNP screening of avocado genotypes (Kuhn et al., 2019; Rendén-
Anaya et al,, 2019; Rubinstein et al., 2019; Talavera et al., 2019),
via genotyping-by-sequencing (GBS, Elshire et al., 2011; Cortés
and Blair, 2018), whole-genome re-sequencing (WGR, Fuentes-
Pardo and Ruzzante, 2017) and RNAseq (Jensen et al., 2012;
Sun, 2012; Reeksting et al., 2016), with genome-wide association
studies (GWAS, Khan and Korban, 2012). These innovative
“omic” approaches should also target diverse avocado “criollo”
“plus trees,” their OP half-sib progenies used as rootstocks
for the Hass scion, and different tissues of the grafted tree,
for instance through single-cell sequencing (Tang et al., 2019).
Combined genetic mapping efforts will in turn inform on the
upstream regulatory gene networks that contribute shaping the
rootstock—scion compatibility (Loupit and Cookson, 2020) and
interaction (Albacete et al, 2015; Warschefsky et al, 2016;
Migicovsky and Myles, 2017), as well as on the corresponding
downstream mechanistic physiological processes [e.g., transport
of water and nutrients from the rootstocks, and large-scale
movement of hormones, proteins, mRNAs, and sRNAs between
the rootstock and the scion (Wang et al., 2017; Cookson et al.,
2019)].

PERSPECTIVES

The current research has proven the feasibility to transfer
genetic superiority from native avocado “criollo” “plus trees” to
commercial Hass plantations via OP half-sib seedling rootstock
families. Specifically, our estimates suggest that this seedling
rootstock breeding strategy may convey up to 35% of genetic
gain for a relevant yield trait, as is the total number of fruits.
Still, genetic-guided selection of “criollo” “plus trees” as donors
of seedling rootstocks is also likely to impact other relevant traits
both at the rootstock and scion levels. For instance, alterable
rootstock phenotypes could include biotic resistance (Clavijo
and Holguiin, 2020; Ramirez-Gil et al., 2020a, Guevara-Escudero
etal., 2021) toroot rot P. cinnamomi (Smith et al., 2011; Reeksting
et al., 2016; Sanchez-Gonzalez et al.,, 2019), drought and heat
tolerance (Lopez-Herndndez and Cortés, 2019), mineral nutrient
uptake (Bard and Wolstenholme, 1997; Calderén-Vazquez et al.,
2013; Tamayo-Vélez and Osorio, 2018; Tamayo-Vélez et al.,
2018), tolerance to salinity (Bernstein et al., 2001; Mickelbart
and Arpaia, 2002; Raga et al, 2014), genetic compatibility
(Lopez-Guzmén et al., 2021), and harvest (Ramirez-Gil et al.,
2020b) and postharvest physiochemical parameters (Astudillo
and Rodriguez, 2018). This extended panel of potential rootstock
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effects is key for the avocado industry because cv. Hass lacks
trait variation for resistance to diseases (e.g., it is susceptibility
to P. cinnamomi, Sanchez-Gonzalez et al., 2019). Therefore
avocado cv. Hass is unable to provide a realistic source of
rootstocks for commercial plantations, especially in soil types
with a high natural incidence of P. cinnamomi. However, from
a theoretical purely academic point of view, Hass grafted on Hass
would be an appealing reference control treatment for future
rootstock x scion factorial designs.

Meanwhile, indirect rootstock effects on scion’s traits may also
involve alternate bearing and nutrition (Mickelbart et al., 2007),
carbohydrate accumulation (Whiley and Wolstenholme, 1990),
postharvest anthracnose development (Willingham et al., 2001),
overall trunk high, and fruit production for the exportation
market with acceptable fruit weight and lack of thrips’ damage
(Reyes-Herrera et al., 2020). Therefore, future research efforts
should aim quantifying, across this expanded repertoire of
adaptive, morphological, harvest, and quality traits, combined
h? and GEBVs estimates that jointly account for the additive
inheritance of phenotypic variance from the “plus trees” seedling
donors to their OP progenies (i.e., family selection), as well as
from these half-sib rootstock families to the avocado cv. Hass
clonal scion (i.e., within-family offspring selection). These future
studies should also envision collecting further data across years
(beyond the 4 years production data for in situ “criollo” “plus
trees”, and the 5 years production of the OP half-sib seedling
rootstock progenies grafted with the cv. Hass clone). Altogether,
these efforts will permit strengthening our modeling effort. Such
baseline knowledge will further allow implementing predictive
breeding platforms to guide before-grafting seedling selection
at nurseries, while targeting diverse climates (Costa-Neto et al,,
2020) as part of an “enviromic prediction” (Resende et al., 2020).

Diversifying selection of half-sib rootstock families and
within-family offspring at seedling nurseries remains a promising
and affordable avenue, especially if coupled with indirect
genetic-guided predictors. Seedling rootstock breeding also
enables broadening the genetic basis of young avocado
plantations in regions with diverse sources of native avocado
trees, some of them still cultivated in backyard gardens,
traditional orchards, and as living fences (Galindo-Tovar et al.,
2007). Yet, selection of diverse clonal rootstock genotypes may be
a more appealing long-term strategy to contribute diminishing
tree mortality by conveying genotypic superiority and phenotypic
uniformity, while controlling genetic erosion (Ingvarsson and
Dahlberg, 2019). Fulfilling the increased demand of diverse elite
clonal rootstocks is becoming a pivotal requirement at avocado
nurseries (Quintero et al., 2021), which could benefit by merging
current rootstock breeding programs with predictive breeding
platforms capable to boost selection accuracy of clonal rootstocks
in shorter cycles (Resende et al., 2012).

CONCLUSION

Our work has innovated the implementation of a pedigree-
free marker-inferred heritability prediction model to assess the
potential of avocado “criollo” “plus trees” as seed donors to

produce OP half-sib rootstock families for the Hass clonal scion.
The h? scores and GEBVs gathered throughout this research
indicate that the selection of seed donor “criollo” trees is able
to confer, via seedling rootstocks, up to 35% of genetic gain for
relevant yield traits, such as total number of fruits. This finding
is in line with the overwhelming indirect rootstock effects on
the avocado cv. Hass scion phenotype, which has been reported
to impact a wide spectrum of harvest and quality traits beyond
the total number of fruits (up to 44%), such as number of
fruits with exportation quality, as well as those discarded because
of low weight or thrips” damage. The feasibility to harness
“criollo” seedling diversity within a rootstock-breeding program
reinforces the utility of native avocado trees to source cryptic
genetic variation and adaptive potential (Cortés and Lopez-
Hernandez, 2021), ultimately counterbalancing the winnowing
effect (Cortés et al., 2022) of clonal rootstocks and scions on
genetic variation in fruit tree plantations.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors upon request, without
undue reservation.

AUTHOR CONTRIBUTIONS

GC-G, AN-A, and AC conceived the original sampling and
research questions. GC-G and SS-O performed phenotypic data
collection and sampling of leaves for genotyping. GC-G carried
out DNA extractions, SSR genotyping, and alleles size estimation.
GC-G, FL-H, and AC filtered input datasets and carried out data
analyses. FL-H and AC plotted diagrams. GC-G, FL-H, AN-A,
and AC interpreted heritability scores. All authors contributed to
the article and approved the submitted version.

FUNDING

This research was funded by grants from Sistema General de
Regalias (SGR—Antioquia) awarded to AN-A under contract
numbers 1833 and 80740-096-2021. MinCiencias postdoctoral
fellowship 891 was also acknowledged for subsidizing GC-G’s
internship in AGROSAVIA during 2021 under the supervision
of AC and AN-A. Permiso Marco 1466-2014 of AGROSAVIA
allowed the sampling of the avocado “criollo” “plus trees” in
the province of Antioquia, Colombia. AGROSAVIA’s Department
for Research Capacity Building is recognized for sponsoring
the participation of the last author in the V Latin American
Avocado Congress (held on September 2017 in Ciudad Guzmén,
Mexico), and the 3rd Global Congress on Plant Biology and
Biotechnology (held on March 2019 in Singapore), where some
preliminary hypotheses sustaining this work were discussed.
AGROSAVIAs Research Department, through its Scientific
Divulgation Unit, and the editorial office of Frontiers in Plant
Science are deeply acknowledged for subsidizing the article
processing charge (APC).

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 843099


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Canas-Gutiérrez et al.

Inheritance via Avocado “Criollo” Seedling Rootstocks

ACKNOWLEDGMENTS

We appreciate the help of all the people who assisted during the
sampling of avocado “criollo” trees. Specifically, field assistants
M. Osorno, G. Higinio, L. Cano, and M. Latorre are also
deeply thanked for monitoring and data collection in the
avocado elite collection at AGROSAVIAs La Selva research
station. We would like to acknowledge M. Londoiio, too, for
the invitation to socialize some of the findings presented in
this work at Territorio Aguacate (held on December 2021 in
Medellin, Colombia), and the IX World Avocado Congress
(held on September 2019 in Medellin, Colombia). Furthermore,
we highly appreciate discussions with A. Barrientos, J.L
Hormaza, M.F. Martinez, P. Manosalva, R. Martinez, D.
Monsalve, and P. Tamayo on avocado rootstock breeding, as
well as with J. Berdugo-Cely, I. Cerén-Souza, P.H. Reyes-
Herrera, and R. Yockteng on avocado “criollo” diversification
and genomics. M. Torres is thanked for assistamce. We
are in debt with AGROSAVIAs Research Department (and
its Scientific Divulgation Unit) for supporting this article’s
processing charge (APC). Last but not least, 2021 mourns
the passing of two avocado visionaries: Samuel Salazar-Garcia
(INIFAP. Santiago Ixcuintla, Nayarit, Mexico), and André
Ernst (Allesbeste Boerdery. Tzaneen, Limpop, South Africa).
Among many outstanding contributions, we would like to
highlight their efforts to select dwarfing avocado rootstocks
tolerant to drought and P. cinnamomi (Salazar-Garcia et al.,
2004; Herrera-Gonzalez et al., 2013), and implement clonal
propagation of avocado rootstocks (Ernst, 1999), works that

REFERENCES

Ahsan, M. U., Hayward, A., Alam, M., Bandaralage, J. H., Topp, B., Beveridge,
C. A, et al. (2019). Scion control of miRNA abundance and tree maturity in
grafted avocado. BMC Plant Biol. 19:382. doi: 10.1186/s12870-019-1994-5

Albacete, A., Martinez-Andujar, C., Martinez-Perez, A., Thompson, A. J., Dodd,
I. C., and Perez-Alfocea, F. (2015). Unravelling rootstock X scion interactions
to improve food security. J. Exp. Bot. 66, 2211-2226. doi: 10.1093/jxb/erv027

Alcaraz, M. L., and Hormaza, J. I. (2007). Molecular characterization and genetic
diversity in an avocado collection of cultivars and local Spanish genotypes using
SSRs. Hereditas 144:253. doi: 10.1111/j.2007.0018-0661.02019x

Amiri, M. E, Fallahi, E., and Safi-Songhorabad, M. (2014). Influence of
rootstock on mineral uptake and scion growth of ‘Golden Deliciousand ‘Royal
Gala’apples. J. Plant Nutr. 37, 16-29. doi: 10.1080/01904167.2013.792838

Arenas, S., Cortés, A. J., Mastretta, A., and Jaramillo, J. P. (2021). Evaluating
the accuracy of genomic prediction for the management and conservation of
relictual natural tree populations. Tree Genet. Genomes 17:12. doi: 10.1007/
$11295-020-01489-1

Ashworth, V. E. T. M., Kobayashi, M. C., De la Cruz, M., and Clegg, M. T. (2004).
Microsatellite markers in avocado (Persea americana Mill.): development of
dinucleotide and trinucleotide markers. Sci. Hortic. 101, 255-267. doi: 10.1016/
j.scienta.2003.11.008

Astudillo, C., and Rodriguez, P. (2018). Physicochemical parameters of avocado
Persea americana mill. Cv. hass (Lauraceae) grown in Antioquia (Colombia) for
export. Cienc. Tecnol. Agropecu. 19, 383-392. doi: 10.21930/rcta.vol19_num2_
art:694

Balducci, F., Capriotti, L., Mazzoni, L., Medori, L., Albanesi, A., Giovanni, B., et al.
(2019). The rootstock effects on vigor, production and fruit quality in sweet
cherry (Prunus Avium L.). J. Berry Res. 9, 249-265. doi: 10.3233/JBR-180345

Bard, Z. J., and Wolstenholme, B. N. (1997). Soil boron application for the control
of boron deficiency in Kwazulu-Natal avocado orchards. South African Avocado
Growers’. Assoc. Yearbook 20, 13-15.

ultimately contributed to the foundation of modern avocado
rootstock breeding.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
843099/full#supplementary-material

Supplementary Figure 1 | Distance tree computed by means of Neighbor
Joining algorithm in R with 10,000 bootstrap replicates.

Supplementary Table 1 | Avocado “criollo” “plus trees” considered as part of this
study. ID number, municipality, sub-region within the province of Antioquia, and
elevation are depicted in each case. A preliminary version of this table was
originally compiled by Canas-Gutiérrez et al. (2019b). Under the last column, the
symbol + marks trees for which complete molecular and phenotyping
characterizations were possible. Under the same column, the asterisk * marks
“criollo” “elite trees” that donated seeds for the establishment of OP half-sib
rootstock families grafted with the cv. Hass clone as part of the common garden
(provenance trial) established at Cl La Selva (Rionegro, Antioquia, 2,100 m asl).

Supplementary Table 2 | Codification of qualitative traits (Table 1) measured in
the avocado “criollo” selected “plus trees,” based on descriptors of the
International Plant Genetic Resources Institute (IPGRI).

Supplementary Table 3 | Primers and motif pattern for the 13 microsatellite
markers (simple sequence repeats—SSRs) used in this study to avocado “criollo”
“plus tree.” Forward and reverse primers, sequence motif, source, and summary
statistics are shown. Markers were originally designed by Sharon et al. (1997) and
Ashworth et al. (2004) and were prioritized according to their polymorphism
information content (PIC), following Alcaraz and Hormaza (2007).

Berenos, C., Ellis, P. A, Pilkington, J. G., and Pemberton, J. M. (2014). Estimating
quantitative genetic parameters in wild populations: a comparison of pedigree
and genomic approaches. Mol. Ecol. 23, 3434-3451. doi: 10.1111/mec.12827

Bernal, E., Alonso, J., and Diaz, D. C. (2014). Manejo del Cultivo. En: Corporacién
Colombiana de Investigacién Agropecuaria — Corpoica; Secretaria de Agricultura
y Desarrollo Rural de Antioquia. Actualizacion Tecnoldgica y Buenas Prdcticas
Agricolas (BPA) en el Cultivo de Aguacate, 2nd Edn. Medellin: Agrosiaa, 10-151.

Bernstein, N., Loffe, M., and Zilberstaine, M. (2001). Salt-stress effects on avocado
rootstock growth. I. Establishing criteria for determination of shoot growth
sensitivity to the stress. Plant Soil 233, 1-11. doi: 10.1023/A:1010370802773

Blair, M. W., Cortes, A. J., Farmer, A. D., Huang, W., Ambachew, D., Penmetsa,
R. V., et al. (2018). Uneven recombination rate and linkage disequilibrium
across a reference SNP map for common bean (Phaseolus vulgaris L.). PLoS One
13:¢0189597. doi: 10.1371/journal.pone.0189597

Blair, M. W, Soler, A., and Cortés, A. J. (2012). Diversification and population
structure in common beans (Phaseolus vulgaris L.). PLoS One 7:¢49488. doi:
10.1371/journal.pone.0049488

Boza, E., Tondo, C., Ledesma, N., Campbell, R., Bost, J., Schnell, R,, et al. (2018).
Genetic differentiation, races and interracial admixture in avocado (Persea
americana Mill.), and Persea Spp. evaluated using SSR markers. Genetic Resour.
Crop Evolut. 65, 1195-1215. doi: 10.1007/s10722-018-0608-7

Calderén-Véazquez, C., Durbin, M. L., Ashworth, V. E. T. M., Livia, T., Meyer,
K. K. T., and Clegg, M. T. (2013). Quantitative genetic analysis of three
important nutritive traits in the fruit of avocado. J. Am. Soc. Hortic. Sci. 138,
283-289. doi: 10.21273/JASHS.138.4.283

Canas-Gutiérrez, G. P., Alcaraz, L., Hormaza, J. I, Arango-Isaza, R. E., and
Saldamando-Benjumea, C. I. (2019a). Diversity of avocado (Persea americana
Mill.) cultivars from Antioquia (Northeast Colombia) and comparison with a
worldwide germplasm collection. Turk. J. Agric. For. 43, 437-449. doi: 10.3906/
tar-1807-25

Canas-Gutiérrez, G. P., Arango-Isaza, R. E,, and Saldamando-Benjumea, C. 1.
(2019b). Microsatellites revealed genetic diversity and population structure

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 843099


https://www.frontiersin.org/articles/10.3389/fpls.2022.843099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.843099/full#supplementary-material
https://doi.org/10.1186/s12870-019-1994-5
https://doi.org/10.1093/jxb/erv027
https://doi.org/10.1111/j.2007.0018-0661.02019x
https://doi.org/10.1080/01904167.2013.792838
https://doi.org/10.1007/s11295-020-01489-1
https://doi.org/10.1007/s11295-020-01489-1
https://doi.org/10.1016/j.scienta.2003.11.008
https://doi.org/10.1016/j.scienta.2003.11.008
https://doi.org/10.21930/rcta.vol19_num2_art:694
https://doi.org/10.21930/rcta.vol19_num2_art:694
https://doi.org/10.3233/JBR-180345
https://doi.org/10.1111/mec.12827
https://doi.org/10.1023/A:1010370802773
https://doi.org/10.1371/journal.pone.0189597
https://doi.org/10.1371/journal.pone.0049488
https://doi.org/10.1371/journal.pone.0049488
https://doi.org/10.1007/s10722-018-0608-7
https://doi.org/10.21273/JASHS.138.4.283
https://doi.org/10.3906/tar-1807-25
https://doi.org/10.3906/tar-1807-25
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Canas-Gutiérrez et al.

Inheritance via Avocado “Criollo” Seedling Rootstocks

in Colombian avocado (Persea americana Mill.) germplasm collection and
its natural populations. J. Plant Breed. Crop Sci. 11, 106-119. doi: 10.5897/
JPBCS2018.0792

Canas-Gutiérrez, G. P., Galindo-Lopez, L. F., Arango-Isaza, R., and Saldamando-
Benjumea, C. I. (2015). Diversidad genética de cultivares de aguacate (Persea
americana Mill.) en Antioquia, Colombia. Agron. Mesoam. 26:129. doi: 10.
15517/am.v26i1.16936

Cappa, E. P., De Lima, B. M., Da Silva-Junior, O. B., Garcia, C. C., Mansfield, S. D.,
and Grattapaglia, D. (2019). Improving genomic prediction of growth and wood
traits in eucalyptus using phenotypes from non-genotyped trees by single-step
Gblup. Plant Sci. 284, 9-15. doi: 10.1016/j.plantsci.2019.03.017

Chen, Z. Q., Baison, J., Pan, J., Karlsson, B., Andersson, B., Westin, J., et al.
(2018). Accuracy of genomic selection for growth and wood quality traits in
two control-pollinated progeny trials using exome capture as the genotyping
platform in Norway spruce. BMC Genomics 19:946. doi: 10.1186/s12864-018-
5256-y

Clavijo, A. P., and Holguiin, C. M. (2020). Pathogenicity of commercial
entomopathogenic fungal strains on the avocado seed borer (Asb), Heilipus
lauri (Coleoptera: Curculionidae) under laboratory conditions. Int. J. Trop.
Insect Sci. 40, 1059-1067. doi: 10.1007/542690-020-00167-y

Cookson, S. J., Prodhomme, D., Chambaud, C., Hévin, C., Valls Fonayet, J.,
Hilbert, G., et al. (2019). Understanding scion-rootstock interactions at the graft
interface of grapevine. Acta Hortic. 1248, 369-374. doi: 10.17660/ActaHortic.
2019.1248.53

Cortés, A. J., and Blair, M. W. (2018). Genotyping by sequencing and genome —
environment associations in wild common bean predict widespread divergent
adaptation to drought. Front. Plant Sci. 9:128. doi: 10.3389/fpls.2018.00128

Cortés, A. J., Chavarro, M. C., and Blair, M. W. (2011). Snp marker diversity
in common bean (Phaseolus vulgaris L.). Theor. Appl. Genet. 123, 827-845.
doi: 10.1007/s00122-011-1630-8

Cortés, A. J., Cornille, A., and Yockteng, R. (2022). Evolutionary genetics of
crop-wild complexes. Genes 13:1. doi: 10.3390/genes13010001

Cortés, A. J., and Lépez-Hernandez, F. (2021). Harnessing crop wild diversity for
climate change adaptation. Genes 12:783. doi: 10.3390/genes12050783

Cortés, A. J., Restrepo-Montoya, M., and Bedoya-Canas, L. E. (2020). Modern
strategies to assess and breed forest tree adaptation to changing climate. Front.
Plant Sci. 11:583323. doi: 10.3389/fpls.2020.583323

Cortés, A. J., and Wheeler, J. A. (2018). “The environmental heterogeneity of
mountains at a fine scale in a changing world,” in Mountains, Climate, and
Biodiversity, eds C. Hoorn, A. Perrigo, and A. Antonelli (New York, NY: Wiley).

Costa-Neto, G., Fritsche-Neto, R., and Crossa, J. (2020). Nonlinear kernels,
dominance, and envirotyping data increase the accuracy of genome-based
prediction in multi-environment trials. Heredity 126, 92-106. doi: 10.1038/
$41437-020-00353-1

Cros, D., Denis, M., Sanchez, L., Cochard, B., Flori, A., Durand-Gasselin, T.,
et al. (2015). genomic selection prediction accuracy in a perennial crop: case
study of oil palm (Elaeis guineensis Jacq.). Theor. Appl. Genet. 128, 397-410.
doi: 10.1007/s00122-014-2439-z

Cros, D., Mbo-Nkoulou, L., Bell, J. M., Oum, J., Masson, A., Soumahoro, M.,
etal. (2019). Within-family genomic selection in rubber tree (Hevea brasiliensis)
increases genetic gain for rubber production. Ind. Crops Prod. 138:111464.
doi: 10.1016/j.indcrop.2019.111464

Crossa, J., Perez-Rodriguez, P., Cuevas, J., Montesinos-Lopez, O., Jarquin, D., De
Los Campos, G., et al. (2017). Genomic selection in plant breeding: methods:
models, and perspectives. Trends Plant Sci. 22, 961-975. doi: 10.1016/j.tplants.
2017.08.011

de los Campos, G., Naya, H., Gianola, D., Crossa, J., Legarra, A., Manfredi, E.,
et al. (2009). Predicting quantitative traits with regression models for dense
molecular markers and pedigree. Genetics 182, 375-385. doi: 10.1534/genetics.
109.101501

de los Campos, G., Sorensen, D., and Gianola, D. (2015). Genomic heritability:
what is it? PLoS Genet. 11:e1005048. doi: 10.1371/journal.pgen.1005048

Desta, Z. A., and Ortiz, R. (2014). Genomic selection: genome-wide prediction in
plant improvement. Trends Plant Sci. 19, 592-601. doi: 10.1016/j.tplants.2014.
05.006

Dieters, M. J., White, T. L., and Hodge, G. R. (1995). Genetic parameter estimates
for volume from full-sib tests of slash pine (Pinus elliottii). Can. ]. Forest Res. 25,
1397-1408. doi: 10.1139/x95-152

Egea, J., Ruiz, D., and Martinez-Gémez, P. (2004). Influence of rootstock on the
productive behaviour of ‘Orange Red’ apricot under Mediterranean conditions.
Fruits 59, 367-373. doi: 10.1051/fruits:2004035

Ellegren, H. (2004). Microsatellites: simple sequences with complex evolution. Nat.
Rev. Genet. 5, 435-445. doi: 10.1038/nrg1348

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler,
E.S. etal. (2011). A robust, simple genotyping-by-sequencing (GBS) approach
for high diversity species. PLoS One 6:€19379. doi: 10.1371/journal.pone.
0019379

Ernst, A. A. (1999). Micro cloning: a multiple cloning technique for avocados using
micro containers. Rev. Chapingo Ser. Hortic. 5, 217-220.

Exposito, A., Pujola, M., Achaerandio, I, Giné, A., Escudero, N., Fullana, A. M.,
etal. (2020). Tomato and melon Meloidogyne resistant rootstocks improve crop
yield but melon fruit quality is influenced by the cropping season. Front. Plant
Sci. 11:560024. doi: 10.3389/fpls.2020.560024

Falconer, D. S., Mackay, T. F., and Frankham, R. (1996). Introduction to
quantitative genetics (4th edn). Trends Genet. 12:280. doi: 10.1016/0168-
9525(96)81458-2

Fernandez-Paz, ., Cortés, A. J., Hernandez-Varela, C. A., Mejia-de-Tafur, M. S.,
Rodriguez-Medina, C., and Baligar, V. C. (2021). Rootstock mediated genetic
variance in cadmium uptake by juvenile cacao (Theobroma cacao L.) genotypes,
and its effect on growth and physiology. Front. Plant Sci. 12:777842. doi:
10.3389/fpls.2021.777842

Ferrao, L. F. V., Amadeu, R. R., Benevenuto, J., De Bem Oliveira, I., and Munoz,
P. R. (2021). Genomic selection in an outcrossing autotetraploid fruit crop:
lessons from blueberry breeding. Front. Plant Sci. 12:676326. doi: 10.3389/fpls.
2021.676326

Ferrer-Pereira, H., Pérez-Almeida, 1., Raymundez-Urrutia, M., and Sudrez, L.
(2017). Genetic relationship analysis for avocado cultivars from Venezuelan
germplasm bank (INIA-CENIAP) using molecular markers. Tree Genet.
Genomes 13:82. doi: 10.1007/s11295-017-1164-6

Frentiu, F. D., Clegg, S. M., Chittock, J., Burke, T., Blows, M. W., and Owens, I. P. F.
(2008). Pedigree-free animal models: the relatedness matrix reloaded. Proc. R.
Soc. B Biol. Sci. 275, 639-647. doi: 10.1098/rspb.2007.1032

Frolich, E. F., and Platt, R. G. (1971). Use of the etiolation technique in rooting
avocado cuttings. Calif. Avocado Soc. 55, 97-109.

Fuentes-Pardo, A. P., and Ruzzante, D. E. (2017). Whole-genome sequencing
approaches for conservation biology: advantages, limitations and practical
recommendations. Mol. Ecol. 26, 5369-5406. doi: 10.1111/mec.14264

Galindo-Tovar, M. E., Arzate-Ferndndez, A. M., Ogata-Aguilar, N., and Landero-
Torres, I. (2007). The avocado (Persea americana, Lauraceae) crop in
Mesoamerica: 10,000 years of history. Harv. Pap. Bot. 12, 325-334. doi: 10.
3100/1043-4534(2007)12[325:TAPALC]2.0.CO;2

Giorgi, M., Capocasa, F., Scalzo, J., Murri, G., Battino, M., and Mezzetti, B.
(2005). The rootstock effects on plant adaptability, production, fruit quality,
and nutrition in the peach (Cv. ‘Suncrest’). Sci. Horticul. 107, 36-42. doi:
10.1016/j.scienta.2005.06.003

Goldschmidt, E. E. (2014). Plant grafting: new mechanisms, evolutionary
implications. Plant  Sci.  5:727. doi:  10.3389/fpls.2014.
00727

Grattapaglia, D., Silva-Junior, O. B., Resende, R. T., Cappa, E. P., Muller,
B. S. F, Tan, B, et al. (2018). Quantitative genetics and genomics converge to
accelerate forest tree breeding. Front. Plant Sci. 9:1693. doi: 10.3389/fpls.2018.
01693

Guevara-Escudero, M., Osorio, A. N., and Cortés, A. J. (2021). Integrative pre-
breeding for biotic resistance in forest trees. Plants 10:2022. doi: 10.3390/
plants10102022

Gullo, G., Motisi, A., Zappia, R., Dattola, A., Diamanti, J., and Mezzetti, B. (2014).
Rootstock and fruit canopy position affect peach [Prunus persica (L.) Batsch]
(Cv. Rich May) plant productivity and fruit sensorial and nutritional quality.
Food Chem. 153, 234-242. doi: 10.1016/j.foodchem.2013.12.056

Gutierrez, A. P., Matika, O., Bean, T. P., and Houston, R. D. (2018). Genomic
selec- tion for growth traits in Pacific oyster (Crassostrea gigas): potential of
low-density marker panels for breeding value prediction. Front. Genet. 9:391.
doi: 10.3389/fgene.2018.00391

Herrera-Gonziélez, J. A., Salazar-Garcia, S., Gutiérrez-Martinez, P., and Gonzalez-
Duran, I. J. L. (2013). Postharvest performance of ‘Hass' avocado fruit is
influenced by rootstock. Rev. Mex. Cienc. Agric. 4,19-32.

Front.

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 843099


https://doi.org/10.5897/JPBCS2018.0792
https://doi.org/10.5897/JPBCS2018.0792
https://doi.org/10.15517/am.v26i1.16936
https://doi.org/10.15517/am.v26i1.16936
https://doi.org/10.1016/j.plantsci.2019.03.017
https://doi.org/10.1186/s12864-018-5256-y
https://doi.org/10.1186/s12864-018-5256-y
https://doi.org/10.1007/s42690-020-00167-y
https://doi.org/10.17660/ActaHortic.2019.1248.53
https://doi.org/10.17660/ActaHortic.2019.1248.53
https://doi.org/10.3389/fpls.2018.00128
https://doi.org/10.1007/s00122-011-1630-8
https://doi.org/10.3390/genes13010001
https://doi.org/10.3390/genes12050783
https://doi.org/10.3389/fpls.2020.583323
https://doi.org/10.1038/s41437-020-00353-1
https://doi.org/10.1038/s41437-020-00353-1
https://doi.org/10.1007/s00122-014-2439-z
https://doi.org/10.1016/j.indcrop.2019.111464
https://doi.org/10.1016/j.tplants.2017.08.011
https://doi.org/10.1016/j.tplants.2017.08.011
https://doi.org/10.1534/genetics.109.101501
https://doi.org/10.1534/genetics.109.101501
https://doi.org/10.1371/journal.pgen.1005048
https://doi.org/10.1016/j.tplants.2014.05.006
https://doi.org/10.1016/j.tplants.2014.05.006
https://doi.org/10.1139/x95-152
https://doi.org/10.1051/fruits:2004035
https://doi.org/10.1038/nrg1348
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.3389/fpls.2020.560024
https://doi.org/10.1016/0168-9525(96)81458-2
https://doi.org/10.1016/0168-9525(96)81458-2
https://doi.org/10.3389/fpls.2021.777842
https://doi.org/10.3389/fpls.2021.777842
https://doi.org/10.3389/fpls.2021.676326
https://doi.org/10.3389/fpls.2021.676326
https://doi.org/10.1007/s11295-017-1164-6
https://doi.org/10.1098/rspb.2007.1032
https://doi.org/10.1111/mec.14264
https://doi.org/10.3100/1043-4534(2007)12[325:TAPALC]2.0.CO;2
https://doi.org/10.3100/1043-4534(2007)12[325:TAPALC]2.0.CO;2
https://doi.org/10.1016/j.scienta.2005.06.003
https://doi.org/10.1016/j.scienta.2005.06.003
https://doi.org/10.3389/fpls.2014.00727
https://doi.org/10.3389/fpls.2014.00727
https://doi.org/10.3389/fpls.2018.01693
https://doi.org/10.3389/fpls.2018.01693
https://doi.org/10.3390/plants10102022
https://doi.org/10.3390/plants10102022
https://doi.org/10.1016/j.foodchem.2013.12.056
https://doi.org/10.3389/fgene.2018.00391
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Canas-Gutiérrez et al.

Inheritance via Avocado “Criollo” Seedling Rootstocks

Hirschhorn, J. N., and Daly, M. J. (2005). Genome-wide association studies for
common diseases and complex traits. Nat. Rev. Genet. 6, 95-108. doi: 10.1038/
nrgl521

Holland, J. B., Nyquist, W. E., and Cervantes-MartiiNez, C. T. (2003). Estimating
and interpreting heritability for plant breeding: an update. Plant Breed. Rev. 22,
9-112. doi: 10.1002/9780470650202.ch2

Hormaza, J. I (2020). Una Vision Sobre las Variedades y Portainjertos
en Aguacates. Available online at: redagricola.com/co/una-vision-sobre-las-
variedades-y-portainjertos-en-aguacates/ (accessed May 22, 2020).

Ingvarsson, P. K., and Dahlberg, H. (2019). The effects of clonal forestry on genetic
diversity in wild and domesticated stands of forest trees. Scand. J. For. Res. 34,
370-379. doi: 10.1080/02827581.2018.1469665

Iwata, H., Minamikawa, M. F., Kajiya-Kanegae, H., Ishimori, M., and Hayashi,
T. (2016). Genomics-assisted breeding in fruit trees. Breed. Sci. 66, 100-115.
doi: 10.1270/jsbbs.66.100

Jensen, P. J., Halbrendt, J., Fazio, G., Makalowska, I., Altman, N., Praul, V., et al.
(2012). Rootstock-regulated gene expression patterns associated with fire blight
resistance in apple. BMC Genomics 13:9. doi: 10.1186/1471-2164-13-9

Kamvar, Z. N., Tabima, J. F., and Grinwald, N. J. (2014). Poppr: an R package
for genetic analysis of populations with clonal, partially clonal, and/or sexual
reproduction. Peer] 2:¢281. doi: 10.7717/peer;j.281

Khan, M. A., and Korban, S. S. (2012). Association mapping in forest trees and fruit
crops. J. Exp. Bot. 63, 4045-4060.

Klépste, J., Dungey, H. S., Telfer, E. J., Suontama, M., Graham, N. J,, Li, Y., et al.
(2020). Marker selection in multivariate genomic prediction improves accuracy
of low heritability traits. Front. Genet. 11:499094. doi: 10.3389/fgene.2020.
499094

Kruuk, L. E. B. (2004). Estimating genetic parameters in natural populations using
the “animal model”. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 359, 873-890.
doi: 10.1098/rstb.2003.1437

Kuhn, D. N,, Livingston, D. S., Richards, J. H., Manosalva, P., Van Den Berg,
N., and Chambers, A. H. (2019). Application of genomic tools to avocado
(Persea americana) breeding: SNP discovery for genotyping and germplasm
characterization. Sci. Hortic. 246, 1-11. doi: 10.1016/j.scienta.2018.10.011

Kumar, S., Chagne, D., Bink, M. C., Volz, R. K., Whitworth, C., and Carlisle, C.
(2012). Genomic selection for fruit quality traits in apple (Malus x domestica
Borkh.). PLoS One 7:¢36674. doi: 10.1371/journal.pone.0036674

Kumar, S., Hilario, E., Deng, C. H., and Molloy, C. (2020). Turbocharging
introgression breeding of perennial fruit crops: a case study on apple. Hortic.
Res. 7:47. doi: 10.1038/541438-020-0270-z

Kumar, S., Kirk, C., Deng, C. H., Shirtliff, A., Wiedow, C., Qin, M., et al. (2019).
Marker-trait associations and genomic predictions of interspecific pear (Pyrus)
fruit characteristics. Sci. Rep. 9:9072. doi: 10.1038/s41598-019-45618-w

Kviklys, D., and Samuoliene, G. (2020). Relationships among the rootstock, crop
load, and sugar hormone signaling of apple tree, and their effects on biennial
bearing. Front. Plant Sci. 11:1213. doi: 10.3389/fpls.2020.01213

Lascoux, M., Glémin, S., and Savolainen, O. (2016). Local Adaptation in Plants.
Chichester: John Wiley& Sons, Ltd, 1-7. doi: 10.1002/9780470015902.a002
5270

Little, C. J., Wheeler, J. A., Sedlacek, J., Cortés, A. J., and Rixen, C. (2016). Small
- scale drivers: the importance of nutrient availability and snowmelt timing
on performance of the alpine shrub Salix herbacea. Oecologia 180, 1015-1024.
doi: 10.1007/s00442-015-3394-3

Lépez-Guzman, G. G., Palomino-Hermosillo, Y. A., Balois-Morales, R., Bautista-
Rosales, P. U., and Jiménez-Zurita, J. O. (2021). Genetic diversity of native
avocado in nayarit, Mexico, determined by ISSRs. Cienc. Tecnol. Agropecu 22,
1-14. doi: 10.21930/rcta.vol22_numl_art:1686

Lopez-Herndndez, F., and Cortés, A. J. (2019). Last-generation genome-
environment associations reveal the genetic basis of heat tolerance in common
bean (Phaseolus vulgaris L.). Front. Genet. 10:954.

Loupit, G., and Cookson, S. J. (2020). Identifying molecular markers of successful
graft union formation and compatibility. Front. Plant Sci. 11:610352. doi:
10.3389/fpls.2020.610352

Lu, X,, Liu, W., Wang, T., Zhang, J., Li, X., and Zhang, W. (2020). Systemic
long - distance signaling and communication between rootstock and scion
in grafted vegetables. Front. Plant Sci. 11:460. doi: 10.3389/fpls.2020.00
460

Lynch, M., and Ritland, K. (1999). Estimation of pairwise relatedness with
molecular markers. Genetics 152, 1753-1766. doi: 10.1093/genetics/152.4.1753

Lynch, M., and Walsh, B. (1998). Genetics and analysis of quantitative traits. Am.
J. Hum. Genet. 68, 548-549. doi: 10.1086/318209

Madam, B., Rahemi, M., Mousavi, A., and MartiNez-G6Mez, P. (2011). Evaluation
of the behavior of native Iranian almond species as rootstocks. Int. J. Nuts Relat.
Sci. 2,29-34.

Meuwissen, T. H. E., Hayes, B. J., and Goddard, M. E. (2001). Prediction of total
genetic value using genome-wide dense marker maps. Genetics 157, 1819-1829.
doi: 10.1093/genetics/157.4.1819

Mickelbart, M. V., and Arpaia, M. L. (2002). Rootstock influences changes in ion
concentrations, growth, and photosynthesis of ‘Hass’ avocado trees in response
to salinity. J. Am. Soc. Hortic. Sci. 127, 649-655. doi: 10.21273/JASHS.127.4.649

Mickelbart, M. V., Bender, G. S., Witney, G. W., Adams, C., and Arpaia, M. L.
(2007). Effects of clonal rootstocks on ‘Hass’ avocado yield components,
alternate bearing, and nutrition. J. Hortic. Sci. Biotechnol. 82, 460-466. doi:
10.1080/14620316.2007.11512259

Migicovsky, Z., and Myles, S. (2017). Exploiting wild relatives for genomics-
assisted breeding of perennial crops. Front. Plant Sci. 8:460. doi: 10.3389/fpls.
2017.00460

Milner, J. M., Pemberton, J. M., Brotherstone, S., and Albon, S. D. (2000).
Estimating variance components and heritabilities in the wild: a case study
using the ’Animal Model’. approach. J. Evolut. Biol. 13, 804-813. doi: 10.1046/
j.1420-9101.2000.00222.x

Miiller, D., Schopp, P., and Melchinger, A. E. (2017). Persistency of prediction
accuracy and genetic gain in synthetic populations under recurrent genomic
selection. G3 7, 801-811. doi: 10.1534/g3.116.036582

Muranty, H., Troggio, M., Sadok, 1. B., Rifai, M. A., Auwerkerken, A., Banchi, E.,
etal. (2015). Accuracy and responses of genomic selection on key traits in apple
breeding. Hortic. Res. 2:15060. doi: 10.1038/hortres.2015.60

Neale, D. B., and Kremer, A. (2011). Forest tree genomics: growing resources and
applications. Nat. Rev. Genet. 12, 111-122. doi: 10.1038/nrg2931

O’Brien, C., Hiti-Bandaralage, J. C., Hayward, A., and Mitter, N. (2018). Avocado
(Persea americana Mill.). In Step Wise Protocols for Somatic Embryogenesis of
Important Woody Plants. Cham.: Springer, 305-328. doi: 10.1007/978-3-319-
79087-9_24

Perez, P., and De Los Campos, G. (2014). Genome-wide regression and prediction
with the BGLR statistical package. Genetics 198, 483-495.

Picolotto, L., Fachinello, J. C., Bianchi, V. J. O., Berto, R. M., Pasa, M. D. S., and
Schmitz, J. D. (2010). Yield and fruit quality of peach scion by using rootstocks
propagated by air layering and seed. Sci. Agricola 67, 646-650. doi: 10.1590/
S0103-90162010000600005

Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population
structure using multilocus genotype data. Genetics 155, 945-959. doi: 10.1093/
genetics/155.2.945

Quintero, S., Ruiz-Castaiieda, W., Cubillos Jiménez, S., Marin Sanchez, B. M.,
Giraldo, D. P., and Vélez Acosta, L. M. (2021). Measurement technological
innovation capabilities in agriculture knowledge and innovation systems. Cienc.
Tecnol. Agropecuaria 22:e1896. doi: 10.21930/rcta.vol22_numl_art:1896

Raga, V., Bernet, P. B., Carbonell, E. A., and Asins, M. J. (2014). Inheritance of
rootstock effects and their association with salt tolerance candidate genes in a
progeny derived from ‘Volkamer’. Lemon. . Am. Soc. Hortic. Sci. 139, 518-528.
doi: 10.21273/JASHS.139.5.518

Ramirez-Gil, J. G., Henao-Rojas, J. C., and Morales-Osorio, J. G. (2020a).
Mitigation of the adverse effects of the El Nifo (El Nifio, La Nifia) Southern
Oscillation (ENSO) phenomenon and the Most important diseases in avocado
cv. Hass crops. Plants 9:790. doi: 10.3390/plants9060790

Ramirez-Gil, J. G., Lopez, J. H.,, and Henao-Rojas, J. C. (2020b). Causes
of Hass avocado fruit rejection in preharvest, harvest, and packinghouse:
economic losses and associated variables. Agronomy 10:8. doi: 10.3390/
agronomy10010008

Rasool, A., Mansoor, S., Bhat, K. M., Hassan, G. I, Baba, T. R,, Alyemeni, M. N,
etal. (2020). Mechanisms underlying graft union formation and rootstock scion
interaction in horticultural plants. Front. Plant Sci 11:590847. doi: 10.3389/fpls.
2020.590847

Reeksting, B. J., Olivier, N. A., and Van Den Berg, N. (2016). Transcriptome
responses of an ungrafted phytophthora root rot tolerant avocado (Persea

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 843099


https://doi.org/10.1038/nrg1521
https://doi.org/10.1038/nrg1521
https://doi.org/10.1002/9780470650202.ch2
https://redagricola.com/co/una-vision-sobre-las-variedades-y-portainjertos-en-aguacates/
https://redagricola.com/co/una-vision-sobre-las-variedades-y-portainjertos-en-aguacates/
https://doi.org/10.1080/02827581.2018.1469665
https://doi.org/10.1270/jsbbs.66.100
https://doi.org/10.1186/1471-2164-13-9
https://doi.org/10.7717/peerj.281
https://doi.org/10.3389/fgene.2020.499094
https://doi.org/10.3389/fgene.2020.499094
https://doi.org/10.1098/rstb.2003.1437
https://doi.org/10.1016/j.scienta.2018.10.011
https://doi.org/10.1371/journal.pone.0036674
https://doi.org/10.1038/s41438-020-0270-z
https://doi.org/10.1038/s41598-019-45618-w
https://doi.org/10.3389/fpls.2020.01213
https://doi.org/10.1002/9780470015902.a0025270
https://doi.org/10.1002/9780470015902.a0025270
https://doi.org/10.1007/s00442-015-3394-3
https://doi.org/10.21930/rcta.vol22_num1_art:1686
https://doi.org/10.3389/fpls.2020.610352
https://doi.org/10.3389/fpls.2020.610352
https://doi.org/10.3389/fpls.2020.00460
https://doi.org/10.3389/fpls.2020.00460
https://doi.org/10.1093/genetics/152.4.1753
https://doi.org/10.1086/318209
https://doi.org/10.1093/genetics/157.4.1819
https://doi.org/10.21273/JASHS.127.4.649
https://doi.org/10.1080/14620316.2007.11512259
https://doi.org/10.1080/14620316.2007.11512259
https://doi.org/10.3389/fpls.2017.00460
https://doi.org/10.3389/fpls.2017.00460
https://doi.org/10.1046/j.1420-9101.2000.00222.x
https://doi.org/10.1046/j.1420-9101.2000.00222.x
https://doi.org/10.1534/g3.116.036582
https://doi.org/10.1038/hortres.2015.60
https://doi.org/10.1038/nrg2931
https://doi.org/10.1007/978-3-319-79087-9_24
https://doi.org/10.1007/978-3-319-79087-9_24
https://doi.org/10.1590/S0103-90162010000600005
https://doi.org/10.1590/S0103-90162010000600005
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.21930/rcta.vol22_num1_art:1896
https://doi.org/10.21273/JASHS.139.5.518
https://doi.org/10.3390/plants9060790
https://doi.org/10.3390/agronomy10010008
https://doi.org/10.3390/agronomy10010008
https://doi.org/10.3389/fpls.2020.590847
https://doi.org/10.3389/fpls.2020.590847
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Canas-Gutiérrez et al.

Inheritance via Avocado “Criollo” Seedling Rootstocks

americana) rootstock to flooding and Phytophthora cinnamomi. BMC Plant
Biol. 16:205. doi: 10.1186/s12870-016-0893-2

Rendén-Anaya, M., Ibarra-Laclette, E., Méndez-Bravo, A., Lan, T., Zheng,
C., Carretero-Paulet, L., et al. (2019). The avocado genome informs deep
angiosperm phylogeny, highlights introgressive hybridization, and reveals
pathogen-influenced gene space adaptation. PNAS 116, 17081-17089. doi:
10.1073/pnas.1822129116

Resende, M. D. V., Resende, . M. F. R. Jr., Sansaloni, C. P., Petroli, C. D,
Missiaggia, A. A., Aguiar, A. M., et al. (2012). Genomic selection for growth and
wood quality in Eucalyptus: capturing the missing heritability and accelerating
breeding for complex traits in forest trees. New Phytol. 194, 116-128. doi:
10.1111/j.1469-8137.2011.04038.x

Resende, R. T., Piepho, H. P., Rosa, G. J. M., Silva-Junior, O. B,, Silva, F. F. E,,
Resende, M. D. V. D, et al. (2020). Enviromics in breeding: applications and
perspectives on envirotypic-assisted selection. Theor. Appl. Genet. 134, 95-112.
doi: 10.1007/s00122-020-03684-z

Reyes-Herrera, P. H., Mufioz-Baena, L., Veldsquez-Zapata, V., Patifio, L., Delgado-
Paz, O. A., Diaz-Diez, C. A., et al. (2020). Inheritance of Rootstock Effects
in Avocado (Persea americana Mill.) Cv. Hass. Front. Plant Sci. 11:555071.
doi: 10.3389/fpls.2020.555071

Robinson, H. F., Comstock, R. E., and Harvery, P. H. (1951). Genotypic and
phenotypic correlation in corn and their implication in selection. Agron. J. 43,
282-287. doi: 10.2134/agronj1951.00021962004300060007x

Rodriguez, M., Jaramillo, J., and Orozco, J. (2009). Colecta de Aguacates
Criollos Colombianos como Base Para Iniciar Programas de Fitomejoramiento
que Contribuyan a su Competitividad. In: III Congreso Latinoamericano de
Aguacate. Available online at: http://corpoaguacate.com/pdf/conferencias/pdf/
Colecta%20de%20aguacates%20criollos%20colombianos.pdf (accessed January
10,2017).

Rubinstein, M., Eshed, R., Rozen, A., Zviran, T., Kuhn, D. N., Irihimovitch, V.,
et al. (2019). Genetic diversity of avocado (Persea americana Mill.) germplasm
using pooled sequencing. BMC Genomics 20:379. doi: 10.1186/s12864-019-5
672-7

Rubio, M., Martinez-Gomez, P., Pinochet, J., and Dicenta, F. (2005). Evaluation of
resistance to sharka (Plum pox virus) of several Prunus rootstocks. Plant Breed.
124, 67-70. doi: 10.1111/j.1439-0523.2004.01068.x

Salazar-Garcia, S., Velasco-Cardenas, J. J., Medina-Torres, R., and Gomez-Aguilar,
J. R. (2004). Avocado selections with potential use as rootstocks I. Grafting and
scion growth. Rev. Fitotecnia Mex. 27, 23-30.

Sédnchez-Gonzdlez, E. 1, Gutiérrez-Diez, A., and Mayek-Pérez, N. (2020).
Outcrossing rate and genetic variability in Mexican race avocado. J. Am. Soc.
Hortic. Sci. 145, 53-59. doi: 10.21273/JASHS04785-19

Sanchez-Gonzélez, E. 1., Gutiérrez-Soto, J. G., Olivares-Séenz, E., Gutiérrez-
Diez, A., Barrientos-Priego, A. F., and Ochoa-Ascencio, S. (2019). Screening
progenies of Mexican race avocado genotypes for resistance to Phytophthora
cinnamomi Rands. Hortscience 54, 809-813. doi: 10.21273/HORTSCI13552-18

Sedlacek, J., Cortés, A. J., Wheeler, J. A., Bossdorf, O., Hoch, G., Klapste, J., et al.
(2016). Evolutionary potential in the alpine: trait heritabilities and performance
variation of the dwarf willow Salix herbacea from different elevations and
microhabitats. Ecol. Evol. 6, 3940-3952. doi: 10.1002/ece3.2171

Sharon, D., Cregan, P. B., Mhameed, S., Kusharska, M., Hillel, J., Lahav; E., et al.
(1997). An integrated genetic linkage map of avocado. Theor. Appl. Genet. 95,
911-921. doi: 10.1007/s001220050642

Slatkin, M. (2008). Linkage disequilibrium — understanding the evolutionary past
and mapping the medical future. Nat. Rev. Genet. 9, 477-485. doi: 10.1038/
nrg2361

Smith, L. A, Dann, E. K., Pegg, K. G., Whiley, A. W., Giblin, F. R. D., and Kopittke,
R. (2011). Field assessment of avocado rootstock selections for resistance to
phytophthora root rot. Aust. Plant Pathol. 40, 39-47. doi: 10.1007/s13313-010-
0011-0

Sun, W. (2012). A statistical framework for eQTL mapping using RNA-Seq data.
Biometrics 68, 1-11. doi: 10.1111/j.1541-0420.2011.01654.x

Talavera, A., Soorni, A., Bombarely, A., Matas, A. J., and Hormaza, J. 1. (2019).
Genome-wide SNP discovery and genomic characterization in Avocado (Persea
americana Mill.). Sci. Rep. 9:20137. doi: 10.1038/s41598-019-56526-4

Tamayo-Vélez, A. i, Bernal, J. A., and Diiaz, C. A. (2018). Composition and removal
of nutrients by the harvested fruit of avocado cv. Hass in Antioquia. Rev. Facul.
Nacional Agron. 71, 8511-8516. doi: 10.15446/rfna.v71n2.71929

Tamayo-Vélez, A. i, and Osorio, N. W. (2018). Soil fertility improvement by litter
decomposition and inoculation with the fungus Mortierella sp. in avocado
plantations of Colombia. Commun. Soil Sci. Plant Anal. 49, 139-147. doi:
10.1080/00103624.2017.1417420

Tan, B., Grattapaglia, D., Martins, G. S., Ferreira, K. Z., Sundberg, B. R., and
Ingvarsson, P. R. K. (2017). Evaluating the accuracy of genomic prediction of
growth and wood traits in two Eucalyptus species and their F1 hybrids. BMC
Plant Biol. 17:110. doi: 10.1186/s12870-017-1059-6

Tang, X., Huang, Y., Lei, J. ., Luo, H, and Zhu, X. (2019). The single-cell
sequencing: new developments and medical applications. Cell Biosci. 9:53. doi:
10.1186/513578-019-0314-y

Téliz, O. D. (2000). El Aguacate y su Manejo Integrado. México: Mundi-Prensa, D.
E 219.

Thistlethwaite, F. R., Gamal El-Dien, O., Ratcliffe, B., Klapste, J., Porth, I., Chen, C.,
et al. (2020). Linkage disequilibrium vs. pedigree: genomic selection prediction
accuracy in conifer species. PLoS One 15:¢0232201. doi: 10.1371/journal.pone.
0232201

Thistlethwaite, F. R., Ratcliffe, B., Klapsté, J., Porth, L, Chen, C,, Stoehr, M. U,
et al. (2019). Genomic selection of juvenile height across a single-generational
gap in Douglas-fir. Heredity 122, 848-863. doi: 10.1038/s41437-018-
0172-0

Toapanta-Gallegos, D. E., Morillo-Velastegui, L. E., and Viera-Arroyo, W. F.
(2017). Molecular diagnosis of Phytophthora cinnamomi associated with root
rot in avocado producing areas of Ecuador. Cienc. Tecnol. Agropecu. 18:285.
doi: 10.21930/rcta.vol18_num2_art:628

Tworkoski, T., and Miller, S. (2007). Rootstock effect on growth of apple scions
with different growth habits. Sci. Hortic. 111, 335-343. doi: 10.1016/j.scienta.
2006.10.034

Wang, J., Jiang, L., and Wu, R. (2017). Plant grafting: how genetic exchange
promotes vascular reconnection. New Phytol. 214, 56-65. doi: 10.1111/nph.
14383

Warschefsky, E. J., Klein, L. L., Frank, M. H., Chitwood, D. H., Londo, J. P.,
Von Wettberg, E. J. B., et al. (2016). Rootstocks: diversity, domestication, and
impacts on shoot phenotypes. Trends Plant Sci. 21, 418-437. doi: 10.1016/j.
tplants.2015.11.008

Whiley, A. W., and Wolstenholme, B. N. (1990). Carbohydrate management in
avocado trees for increased production. S. Afr. Avocado Growers Assoc. Yearb.
13,25-27.

Willingham, S. L., Pegg, K. G., Cooke, A. W., Coates, L. M., Langdon,
P. W. B,, and Dean, J. R. (2001). Rootstock influences postharvest anthracnose
development in ‘Hass’ avocado. Aust. J. Agric. Res. 52,1017-1022. doi: 10.1071/
ARO01015

Wilson, A. ], Réale, D., Clements, M. N., Morrissey, M. M., Postma,
E., Walling, C. A, et al. (2010). An ecologists guide to the animal
model. J. Anim. Ecol. 79, 13-26. doi:  10.1111/j.1365-2656.2009.
01639.x

Zhang, H., Yin, L., Wang, M., Yuan, X,, and Liu, X. (2019). Factors affecting
the accuracy of genomic selection for agricultural economic traits in maize,
cattle, and pig populations. Front. Genet. 10:189. doi: 10.3389/fgene.2019.
00189

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Canas-Gutiérrez, Sepulveda-Ortega, Lopez-Herndndez, Navas-
Arboleda and Cortés. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 843099


https://doi.org/10.1186/s12870-016-0893-2
https://doi.org/10.1073/pnas.1822129116
https://doi.org/10.1073/pnas.1822129116
https://doi.org/10.1111/j.1469-8137.2011.04038.x
https://doi.org/10.1111/j.1469-8137.2011.04038.x
https://doi.org/10.1007/s00122-020-03684-z
https://doi.org/10.3389/fpls.2020.555071
https://doi.org/10.2134/agronj1951.00021962004300060007x
http://corpoaguacate.com/pdf/conferencias/pdf/Colecta%20de%20aguacates%20criollos%20colombianos.pdf
http://corpoaguacate.com/pdf/conferencias/pdf/Colecta%20de%20aguacates%20criollos%20colombianos.pdf
https://doi.org/10.1186/s12864-019-5672-7
https://doi.org/10.1186/s12864-019-5672-7
https://doi.org/10.1111/j.1439-0523.2004.01068.x
https://doi.org/10.21273/JASHS04785-19
https://doi.org/10.21273/HORTSCI13552-18
https://doi.org/10.1002/ece3.2171
https://doi.org/10.1007/s001220050642
https://doi.org/10.1038/nrg2361
https://doi.org/10.1038/nrg2361
https://doi.org/10.1007/s13313-010-0011-0
https://doi.org/10.1007/s13313-010-0011-0
https://doi.org/10.1111/j.1541-0420.2011.01654.x
https://doi.org/10.1038/s41598-019-56526-4
https://doi.org/10.15446/rfna.v71n2.71929
https://doi.org/10.1080/00103624.2017.1417420
https://doi.org/10.1080/00103624.2017.1417420
https://doi.org/10.1186/s12870-017-1059-6
https://doi.org/10.1186/s13578-019-0314-y
https://doi.org/10.1186/s13578-019-0314-y
https://doi.org/10.1371/journal.pone.0232201
https://doi.org/10.1371/journal.pone.0232201
https://doi.org/10.1038/s41437-018-0172-0
https://doi.org/10.1038/s41437-018-0172-0
https://doi.org/10.21930/rcta.vol18_num2_art:628
https://doi.org/10.1016/j.scienta.2006.10.034
https://doi.org/10.1016/j.scienta.2006.10.034
https://doi.org/10.1111/nph.14383
https://doi.org/10.1111/nph.14383
https://doi.org/10.1016/j.tplants.2015.11.008
https://doi.org/10.1016/j.tplants.2015.11.008
https://doi.org/10.1071/AR01015
https://doi.org/10.1071/AR01015
https://doi.org/10.1111/j.1365-2656.2009.01639.x
https://doi.org/10.1111/j.1365-2656.2009.01639.x
https://doi.org/10.3389/fgene.2019.00189
https://doi.org/10.3389/fgene.2019.00189
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Inheritance of Yield Components and Morphological Traits in Avocado cv. Hass From “Criollo” “Elite Trees” via Half-Sib Seedling Rootstocks

	Introduction
	Materials and Methods
	Plant Material
	Measurements of Morpho-Agronomic Traits
	Microsatellite Marker Characterization
	Computation of Heritability Scores and Breeding Values

	Results
	Heritability of Morphological and Agronomic Traits in Avocado “Criollo” “Plus Trees”

	Breeding Values of Avocado “Criollo” “Plus Trees” to Select Target Seed Donors

	Inheritance of Key Agronomic Traits on the Hass Scion Through Open-Pollinated Half-Sib Seedling Rootstocks of Avocado “Criollo” “Plus Trees”


	Discussion
	Leveraging Avocado “Criollo” “Plus Trees” as Seed Donors for Rootstock Production

	Paving the Path Toward Predictive Rootstock Breeding

	Perspectives
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


