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ABSTRACT

Even though Guatemala is considered one of the three domestication centres of the avocado (Persea americana Mill), little is known about
the genetic diversity of its native populations. This is the first study to explore avocado genetic diversity and population structure in native
dispersal areas using microsatellite markers. We sampled 189 avocado trees grown from seeds in eight geographical populations, and 12
microsatellite loci were tested for diversity. There were a total of 289 alleles found throughout the 12 loci, with an average of 23.83 alleles
per locus. The average observed and expected heterozygosity were 0.53 and 0.83, respectively. The analysis of molecular variance revealed
that the eight populations comprised around 2% of the variation. Five of the 28 G'steiy pairwise comparisons indicated no genetic
difference. We discovered a mixture of avocado trees from various populations using unweighted pair group method with arithmetic mean
(UPGMA) hierarchical cluster analysis. The sampled individuals were classified into three main genetic clusters by the model-based
STRUCTURE and discriminant analysis of principal components (DAPC). The weak genetic structure exhibited by mixing avocado trees
from different populations could be mainly attributed to high human-mediated gene flow (Nm = 12.25) due to avocado's importance in
food, culture, and Guatemala's religion. The high genetic diversity found in the avocado germplasm suggests that it might be a valuable
source of variable alleles that could be used in breeding programs for this crop in Guatemala.

Keywords: Persea americana, population structure, genetic admixture, discriminant analysis of principal components, analysis of

molecular variance

INTRODUCTION

Avocado (Persea americana Mill.) is a (sub)tropical evergreen tree native to
Mesoamerica (Schaffer et al., 2012). It is currently one of the most commercially
significant fruit crops worldwide (Liu et al., 2020). Botanists classify avocado into
three horticultural races based on ecological preferences and fruit characteristics
(Schaffer et al., 2012). The Mexican race contain cold-tolerant, early-maturing
fruit with thin skin, the Guatemalan race is slightly cold-tolerant due to its origin
in a tropical highland climate, and its fruit has thick skin, whereas the West Indian
race is cold-sensitive and adapted to humid tropical conditions, and its thin-skinned
fruits have higher sugar and lower oil content than the Mexican and Guatemalan
races (Galindo-Tovar et al., 2008; Schaffer et al., 2012; Gross-German &
Viruel, 2013).

The Mesoamerican topographical conditions, climatic barriers, and the large size
of the avocado seed contributed to the low mobility of the genetic material among
regions, which caused the three races to remain well separated until the arrival of
Spanish explorers, who promoted movement and closer contact of the distinct races
(Popenoe & Zentmyer, 1997). Furthermore, avocado flowering presents a
protogynous dichogamy opening model that favours cross-pollination. Besides,
sterility barriers do not exist between or among the three races (Alcaraz &
Hormaza, 2011; Gross-German & Viruel, 2013). These three reasons have
resulted in a current situation in which races have been mixed in various regions
of America, and numerous collections demonstrate clear racial introgression
(Reyes-Aleman et al., 2013). Most commercial varieties have been developed as
crosses between these three races (Bergh, 1992; Fiedler et al., 1998).

Due to the steady increase of interest in avocado production, many studies have
been developed to explore the genetic diversity of global avocado resources with
molecular markers, like RAPD (Fiedler et al., 1998), RFLP (Davis et al., 1998),
AFLP (Canas-Gutiérrez et al., 2015), SSRs (Ashworth et al., 2004; Gross-
German & Viruel, 2013; Boza et al., 2018), and SNP (Chen et al., 2009). More
recent studies have reported using Next Generation Sequencing (NGS) to evaluate
the genetic diversity of avocado germplasm more precisely, resulting in substantial
contributions to breeding programs (Ge et al., 2019; Rubinstein et al., 2019;
Talavera et al., 2019).

Nevertheless, studies have mainly focused on characterising cultivated commercial
varieties and cultivars. On the other hand, the genetic diversity of avocado
populations in their native dispersal areas, like Guatemala, remain poorly
understood. In Guatemala, the molecular characterisation of native avocado is
crucial because the populations have exhibited a dramatic size reduction, mainly
by land use changes and deforestation. From 2000 to 2017, around 854,137 ha were
deforested, and 1,012,947 ha of forest were disturbed in Guatemala (Bullock et al.,
2020), including areas of natural dispersion of native avocado populations.
Another factor contributing to the decline of native genotypes is establishing
improved cultivars or high productivity hybrids (Rincén et al., 2011). Altogether,
these factors cause genetic erosion damage to avocado's germplasm, which is
highly valuable because it provides excellent traits of fruit quality and taste and
resistance to soil-borne diseases to be used in future breeding programs (Zentmyer
et al., 1988; Guzman et al., 2017).

In Guatemala, native avocado populations can be found in the country's central,
western, and northern parts (Knight & Campbell, 1999). They can be found in a
wide altitudinal range (1,300 to 2,900 masl) and various vegetation types,
including deciduous bushland, horticultural landscapes, and forest (Wolstenholme
& Whiley, 1999). The genetic diversity of Guatemala's native avocado populations
is unknown. As a result, the objective of this study was to use highly variable
microsatellites markers (SSR) to examine the genetic diversity and genetic
structure of native avocado populations in Guatemala's main natural dispersal
areas. SSR markers can be used to investigate pedigrees, population structure,
genomic variation, evolutionary processes, and fingerprinting (Abdul-Muneer,
2014). SSRs are still relevant and cost-effective markers to utilise, even when
newer molecular approaches such as genotyping by sequencing or restriction site-
associated DNA sequencing are available (Hodel et al., 2016). We hypothesise
that the diverse ecological conditions and geographical differences contributed to
creating a distinct genetic structure in the studied populations. The findings of this
study will lead to a better understanding of Guatemala's avocado genetic pool and
will be valuable in future conservation and breeding programs.
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MATERIAL AND METHODS
Study site, tree sampling, and data collection

The present study was carried out in several departments representing the main
areas of natural dispersal of native avocado. The ecological characteristics of each
department included in the study are shown in the S1 Table. In total, 189 individual
trees were sampled from eight populations (Fig 1). We collected three fresh leaves
from each individual tree, dried with silica gel, packed in plastic bags, labelled,
and transported to Prague, Czech Republic, for genetic analysis at the Czech
University of Life Sciences Prague's (CZU) Molecular Genetics Laboratory.
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Figure 1 Map of Guatemala, displaying the geographical location of sampled
avocado populations.

DNA isolation and SSR analyses

The cetrimonium bromide (CTAB) technique was used to extract DNA (Doyle &
Doyle, 1987). A NANODROP™ (THERMOFISHER SCIENTIFIC, MA, USA)
spectrophotometer was used to determine the concentration and purity of DNA.
For the polymerase chain reaction (PCR), DNA samples were diluted to a final
concentration of 25 ng pL-1. Twelve microsatellite primer pairs earlier designed
for P. americana (Sharon et al., 1997; Ashworth et al., 2004) were utilised to
amplify all DNA samples. We used four different colours to mark forward primers
for detection fluorescently. Three multiplex PCRs were performed with varying
annealing temperatures for each one and optimised concentrations for each primer
(S2 Tab).

The PCR reaction mixtures were prepared in a total volume of 10 uL, containing
1 uL of DNA (25 ng L-1), primers at the concentrations listed in the S2 Table, and
Multiplex PCR Plus (1 X) (QIAGEN®, DUS, DE). The Thermal Cycler T 100
(BIO-RAD, CA, USA) was used to perform PCR amplification with the following
profile: 95 °C for 15 min, followed by 35 cycles at 95 °C for 30 s, either 63.4 °C
(M1),57.6 °C (M2), or 65 °C (M3) for 1 min, 72 °C for 1 min, and a final extension
at 72 °C for 10 min. The PCR products were separated using electrophoresis on a
Genetic Analyzer 3500 (APPLIED BIOSYSTEMS, CA, USA). A 1 uL aliquot of
PCR products was combined with 0.2 pL of GeneScan-500 LIZ (APPLIED
BIOSYSTEMS, CA, USA) and 12 pL of Hi-Di formamide (APPLIED
BIOSYSTEMS, CA, USA). GeneMarker v.2.4.0 was used to score the
microsatellite alleles (SOFTGENETICS, PA, USA).

Data analysis

Genetic diversity and population genetic divergence

We used GenoDive v.3.05 (Meirmans, 2020) to calculate basic statistics such as
the number of alleles (Na), number of effective alleles (Ne), observed

heterozygosity (Ho), expected heterozygosity (He), corrected fixation index
(G'stneip), and inbreeding coefficient (Gis) to assess genetic diversity per locus and

population. FSTAT software was used to calculate allelic richness (Ar) using a
rarefaction method (Goudet, 1995). The formula for calculating gene flow (Nm)
was Nm = (1 G'stnei/4 G'stneiy (Slatkin & Barton, 1989). Shannon's information
index () was carried out in GenAlEX v.6.5 (Peakall & Smouse, 2012), Hardy-
Weinberg equilibrium tests and Analysis of Molecular Variance (AMOVA) were
performed in GenoDive.

Individual samples were grouped according to populations, regions, and fixation
indices (Frr, Fis, Fst, Fsc, and Fcr) were computed using hierarchical global
AMOVA. We used GenoDive to do a Mantel test to see if isolation by distance
was significant. To examine pairwise population differentiation (G'srnei)), We also
used GenoDive, and its visualisation was conducted using the package superheat
(Barter & Yu, 2018).

Population structure

Using the poppr package (Kamvar et al., 2014) implemented in R software v.4.0.3
(R Core Team, 2020), the allele dataset in GenAlEx format was converted into a
genind object. Avocado samples with similar genetic features across the 12 loci
were assembled using a hierarchical cluster analysis. We used the software poppr
to compute Bruvo's genetic distance and create the UPGMA hierarchical cluster.
The dendrogram was viewed and customised in the Interactive tree of life (iTOL)
v.4 program (Letunic & Bork, 2019).

Afterwards, to infer the genetic clusters (subpopulations) and explore the
population structure of the sampled trees, we employed a model-based Bayesian
clustering method implemented by software STRUCTURE v.2.3.4 (Pritchard et
al., 2000). The program was run with 100,000 burn-in steps, followed by 1,000,000
MCMC iterations for the number of clusters K=1 to 10, with ten repetitions for
each K. The model assumed correlated allele frequency for the populations and
mixed ancestry (admixture) for the individuals. Because weak structuring was
assumed, the LOCPRIOR model was implemented, which uses sampling locations
as prior information to assist the clustering (Hubisz et al., 2009). Due to the uneven
sampling across geographical populations, the parameters alpha were set to 1/K,
following the recommendations of Wang (2017). For collating results generated
by the program STRUCTURE, the output files were analysed by the web-based
program StructureSelector (Li & Liu, 2018), which implements Puechmaille
estimators (Puechmaille, 2016) to detect the optimal number of K that best fits the
data. The resulting replicate Q-matrices for the optimal K were aligned in
CLUMPP (Jakobsson & Rosenberg, 2007), and a bar graph was visualised using
ggplot2 (Wickham, 2016).

We used a Discriminant Analysis of Principal Components (DAPC) implemented
in the program adegenet (Jombart, 2008) to confirm the population assignment
obtained by STRUCTURE. The method required utilising the find.clusters
function from the adegenet package to determine the ideal number of genetic
clusters (K), and then using the Bayesian Information Criterion (BIC) to choose
the optimal number of genetic clusters using the elbow method. DAPC was used
to describe the clusters that were discovered. The correct number of principal
components and discriminant functions to be preserved were confirmed using a
cross-validation function (Xval.dapc).

RESULTS
Population genetic diversity

Across the 189 avocado trees, 286 alleles were found at twelve loci. The average
mean number of alleles per locus was 23.83 (Tab 1). The highest alleles per locus
(Na) was 32 (AUCRA418), whereas the locus with the fewest alleles per locus (Na)
was AVT436 (9). The allelic richness (Ar) varied from 3.93 (AVAGO07) to 8.66
(AVDO001). Expected heterozygosity (He) and observed heterozygosity (Ho)
ranged from 0.60 (AVAGO7) to 0.92 (AVDO001) and from 0.29 (AVAGO7) to 0.68
(AVMIX04), respectively.

Overall, the mean of Ho was lower than that of He, showing that avocado
populations have a homozygote excess. Inbreeding coefficient (G,s) varied from
0.15 (AVAG22) to 0.51 (AVAGO7). The Shannon's information index (I) ranged
from 1.18 to 2.42 (AVAGO07) (AVAG22). All the loci were found to be
significantly out of Hardy-Weinberg equilibrium.

Table 2 shows the genetic diversity of each of the eight avocado populations. To-
Qui had the greatest Na (14.16), while BV had the lowest (Na = 7.16). Ar varied
from 5.47 (Chi) to 6.80 (Hue). With averages of 0.53 and 0.83, respectively, the
Ho varied from 0.41 to 0.65 and the He from 0.78 to 0.89. When compared to He,
all of these populations exhibited lower Ho. Population BV had the lowest Ho and
population Sac had the highest, whereas population Sol had the lowest He and
population Sac had the most. The G,s (genetic inbreeding coefficient) ranged from
0.16 (Sac) to 0.49 (Sac) (BV). All populations exhibited a significant deviation
from Hardy-Weinberg equilibrium.




J Microbiol Biotech Food Sci / Ruiz-Chutdn et al. 2022 : 12 (2) e6134

Table 1 Characterization of 12 simple sequence repeat loci in avocado (P. americana) based on 189 trees representing eight

populations in Guatemala.

Locus name Repeats Na Ne Ar Ho He  Gstney Gis | Nm HW
AVAGO05* (AG)10 25 459 618 049 081 0037 039 182 651 *
AVAG11*® (CT)s 24 371 554 038 076 0049 049 160 485 *
AVAG13* (AG)20 31 666 766 061 088 0019 030 218 1291 *
AVAGO07* (TC)is 16 238 393 029 060 0.031 051 118 781 *
AVAG21* (CT)2 20 466 585 064 081 0009 021 174 2753 *
AVAG25* (TC)ua 19 533 617 046 084 0.017 045 186 14.46 *
AvD022* (TC)s 24 523 617 046 084 0.022 045 188 1111 *
AVMIX042 (AG)12 (CAA)s (ACAG)1o 26 8.03 784 068 090 0018 024 227 13.64 *
AVT436° (ATC), 9 335 453 041 073 0017 043 139 14.46 *
AUCR418° (CT)22 32 601 703 053 087 001 038 209 2475 *
AVD001° (CN)2 31 903 866 062 092 0002 032 238 12475 *
AVAG22° (GA)1s 29 900 827 077 091 0.016 015 242 1538 *
Mean 2383 567 649 053 082 002 035 190 12.25

* indicates significance of p value at < 0.01 a= from (Sharon et al., 1997) b= from (Ashworth et al., 2004), Na: observed number of
alleles, Ne: effective number of alleles, Ar: allelic richness, Ho: observed heterozygosity, He: expected heterozygosity; G'st(ei:
corrected fixation index, G;s: inbreeding coefficient, I: Shannon information index. Nm: gene flow, HW: Hardy-Weinberg

equilibrium test.

Table 2 Genetic diversity of 189 avocado (P. americana) trees representing eight populations in
Guatemala as detected by allele sizes at 12 simple sequence repeat loci.

Population  Region N Na Ne Ar Ho He Gis | HW
Sac 36 1066 524 556 065 078 0.16 1.82 *
Sac-Chi 32 1058 541 575 053 080 0.33 1.87 *
Chi Central 23 825 512 547 064 079 0.18 1.74 *
Sol 8 7.58 566 6.70 047 089 047 1.82 *
To-Qui 36 1416 723 661 060 084 028 215 *
Western
Hue 23 12 742 680 049 085 041 211 *
BV 11 7.6 507 587 041 082 049 1.69 *
Northern
AV 20 1075 7.05 660 044 084 047 2.01 *
Mean 1015 6.03 617 053 083 035 1.90

* indicates significance of p value at <0.01, N: number of sampled trees, Na: observed number of alleles,

Ne: effective number of alleles, Ar: allelic richness,

Ho: observed heterozygosity, He: expected

heterozygosity, Gs: inbreeding coefficient, I: Shannon information index, HW: Hardy-Weinberg

equilibrium test.
Population genetic divergence

G'stnei), @ genetic differentiation metric, ranged from 0.049 (AVAG11) to 0.002
(AVDO001) among the 12 loci, with a mean of 0.02 (Tab 1). The average gene flow
Nm in 12 SSR loci was 12.25 (Tab 1), far greater than 1, indicating that gene flow
among eight avocado populations was relatively frequent. It was consistent with
the low level of genetic differentiation among populations.

The AMOVA indicated that the genetic diversity mainly was within individuals
(67.4%), followed by within populations (30.7%) and only 1.8% occurring among
populations (Tab 3). When the populations were further grouped into regions, the
percentage of variation indicated that the genetic diversity mainly was within
individuals (67.1%) and within populations (30.6%), followed by among regions
(1.8%) and finally populations within regions (0.6%) (Tab 3).

Table 3 Analysis of molecular variance using 10,000 permutations for 189 avocado (P. americana) trees from eight populations

Source of Variation ?;urzrgz c?)/rir[igr;zit Pe\'gi?;g%i of F-stat p-value
A: when the samples trees were grouped according to geographical populations

Within individuals 615.5 3.381 67.4 Fir=0.326 <0.001
Among individuals within populations 11215 1.54 30.7 Fis=0.313 <0.001
Among populations 74.0 0.092 1.8 Fst=10.018 <0.001
B: when the geographical populations were further grouped according to regions

Within Individuals 615.5 3.381 67.1 Fir=0.329 <0.001
Among individuals within populations 11215 1.54 30.6 Fis=0.313 <0.001
Among populations within regions 38.8 0.03 0.6 Fsc = 0.006 0.007
Among regions 35.2 0.089 1.8 Fer=0.018 <0.001

The genetic divergence between the eight avocado populations was established by calculating pairwise G'sreiy comparisons (Fig
2A). Only 5 of the 28 pairs of populations did not show a significant differentiation (p > 0.05). The G'stei) Values ranged from 0
(AV and BV) to 0.06 (Sac and BV). The Mantel test revealed a significant association between genetic and geographical distance

(r = 0.420, p < 0.05) (Fig 2B).
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Figure 2 A) Pairwise G'stneiy heatmap and dendrogram based on G'srneiy Values
among the eight sampling sites. The G'st(neiy Matrix is represented by the heatmap
colour code, which includes discrete G'srneiy bins ranging from low to high genetic
differentiation. At p < 0.05, the X indicates that the p value is not significant. B)
Mantel test demonstrating a link between geographic and genetic distances
between eight sampling sites. Based on 10,000 permutations of 28 pairwise
comparisons, the genetic and geographical distances were associated (Rxy = 0.420,
p =0.038).

Population genetic structure

The UPGMA-based revealed three distinct groupings, each including samples
from different populations, pointing at a weak genetic structure (Fig 3).
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Figure 3 Dendrogram constructed with UPGMA showing the genetic relationship
of the 189 avocado trees from the eight analysed populations in Guatemala based
on a dataset of twelve microsatellite loci. The same font colour is used to signify
samples obtained from the same population. The inner circle represents the three
main clusters identified on the dendrogram depicted by each colour revealing high
admixture between samples from different populations

Based on Puechmaille estimators obtained from StructureSelector, the true number
of clusters among all samples was K = 3 (S1 Fig). It suggests that the 189 avocado
tree samples can be divided into three groups or clusters (Fig 4). When K = 3, the
genetic structure implies a significant similarity between the Sac, Sac-Chi, and Chi
populations, depicted by blue colour. Individuals from the Sol population had a
genetic makeup similar to that of some individuals from other populations, such as
BV and AV. To-Qui and Hue's populations exhibited an ancestry mainly
represented by red colour and blue colour in less proportion. BV and AV
populations showed an ancestry mainly represented by orange colour and in less
proportion by blue colour.

K=3
£
g 050
025
000
sac Sac-Chi con sol To-Qul Hue-Qui [ av

Individuals

Figure 4 Bayesian clustering analysis based on twelve SSR markers data for
avocado populations from Guatemala performed using STRUCTURE where three
(K =3) main clusters were identified. Each individual is shown by a vertical bar
divided into colored segments that indicate the estimated membership percentages
of that individual.

The data were described using 80 principal components amounting to 92.5% of the
total variance and two discriminant functions. The find.cluster function found three
clusters that were linked to the BIC value (S2 Fig). The DAPC plot (Fig 5A)
revealed three clusters, with clusters 1 and 2 (to the left) and cluster 3 (to the right)
separated by the first discriminant function. Cluster 1 and 2 were distinguished
only by the second discriminant function. Cluster 1 had the most individuals (76),
followed by cluster 3 (56) and cluster 2 (52). The suggested cluster by DAPC
showed a weak structure between the clusters (Fig 5 B) consistent with
STRUCTURE and UPGMA dendrogram.
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Figure 5 Analysis of population structure using DAPC based on 189 avocado
genotypes from eight populations. (A) Scatterplot of the first two discriminant
functions, based on 80 retained principal components. Each colour represents a
genetic cluster (B) Barplot showing assignment of individuals to the three clusters
recovered by the DAPC without prior information.
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DISCUSSION

In the present study, a total of 286 alleles were identified, showing high genetic
diversity among the 189 sampled avocado trees of the eight populations using 12
SSR loci with the number of alleles ranging from 9 to 32 per locus (Tab 1). For
comparison, Juma et al. (2020) detected 167 alleles employing 10 SSR loci across
226 Ghanian genotypes, with the number of alleles ranging from 10 to 23 per locus,
whereas Schnell et al. (2003) detected 8 to 30 alleles per locus. The mean number
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of alleles per locus obtained in the present study was 23.83. A slightly lower
number of alleles per locus was reported by Juma et al. (2020), Schnell et al.
(2003) and Guzman et al. (2017), 16.7, 18.8 and 19.5, respectively. Gross-
German & Viruel (2013) and Abraham & Takrama (2014) reported lower
numbers, 11.4 and 11.5, respectively. The differences between the results from this
study and the previously cited results could be attributed to many factors such as
sample size, different markers used, the diversity of the germplasm investigated,
or the accuracy of the platform for genotyping (Vieira et al., 2016). Other factors
that could explain the discrepancies include the quality of genomic DNA used for
SSR PCR amplification and PCR procedure optimisation (Juma et al., 2020).
The mean observed heterozygosity across SSR loci obtained in the present study
was 0.53, which was similar to the 0.56 reported by Boza et al. (2018), indicating
that both gene pools have similar levels of genetic diversity. Higher Ho values have
been reported by Juma et al. (2020): 0.65, Schnell et al. (2003): 0.64, and
Guzman et al. (2017): 0.61. Lower Ho values in avocado genetic reservoirs have
been reported by Abraham & Takrama (2014): 0.48 and Liu et al. (2020): 0.39,
exhibiting lesser genetic diversity in the germplasm studied than ours. Lower Ho
values could also be due to the use of different SSR loci among the studies.

The diversity analysis among populations exposed that the observed and expected
heterozygosity, Shannon's information index, and allelic richness were the highest
for Sac, Sol, To-Qui, and Hue, respectively (Tab 2). It means that populations from
the central and western regions are more diverse than those from the north. It hence
may provide elite genotypes for breeding programs incorporating the genetic
diversity into new commercialised cultivars. In addition, western and central
populations may also adapt to climate fluctuation better than northern populations.
Most of the diversity measures were the lowest in the BV population, indicating
lower genetic diversity. This finding could be explained by the widespread
replacement of native avocado genotypes with commercial cultivars, owing to
rising demand for the Hass variety, which reduces genetic diversity within the
genetic pool.

The inbreeding level identified within the analysed populations may lead to Hardy-
Weinberg disequilibrium exhibited across the 12 SSR loci (Tab 1). Wright's
fixation indices (Fir, Fst, and Fys) are useful for estimating genetic variation within
and among populations. Fr calculates the heterozygosity deficit (Fir > 0) or excess
(Fir < 0) across all populations (Lachance, 2009). When AMOVA was computed
without considering regions, the global heterozygosity deficit (Fir) was 0.326 (p <
0.001; Tab 3). It denotes around 33% more observed homozygotes which is
concordant with the Gis values (Tab 1), indicating a significant reduction of
heterozygotes.

In the same order, F,s is a measure of deviation from panmixia at local scales (e.g.,
within subsamples). It indicates the deficit (Fis > 0) or excess (Fis < 0) of
heterozygotes (de Meeiis et al., 2007). The average F;s was 0.313 (p < 0.001),
which indicates that within subpopulations, there is about a 31% deficit of
heterozygotes. The high frequency of homozygotes can be attributed to a variety
of factors. The presence of null alleles, which are induced by PCR failure in
microsatellites amplification (Wattier et al., 1998; Stadhouders et al., 2010),
causes heterozygote individuals for these alleles to be wrongly categorised as
homozygotes for the dominant alleles (Lemer et al., 2011). Another factor that can
reduce the observed frequency of heterozygotes in a population is the Wahlund
effect which can be defined as the apparent excess of homozygotes and the deficit
of heterozygotes observed in a sample of individuals due to the existence of
population subdivision (de Meeiis, 2018).

Fst measures the mean deficiency of expected heterozygotes among
subpopulations with respect to that expected for the total population. Usually, it
measures differentiation between subpopulations. The genetic differentiation
among the eight avocado geographical populations was low (Fsr = 0.018, p <
0.001), however, a significant population-based subdivision of Guatemalan
avocados was observed. Thus, genetic variation mostly existed within populations,
as shown through AMOVA, where close to 98% of the genetic variation was
shared within and among the populations. It shows that gene flow was quite
common among avocado populations, minimising genetic differentiation (Wright,
1931), consistent with the high gene flow value (Nm = 12.25). The Fsr value
detected in this study is close to 0.061 and 0.054 published by Juma et al. (2020)
and Caiias-Gutiérrez et al. (2019), but lower than the 0.19, 0.25, and 0.63
previously reported by Boza et al. (2018), Gross-German & Viruel (2013) and
Talavera et al., (2019), respectively. The obvious difference is because, as Juma
et al. (2020) and Caiias-Gutiérrez (2015), the avocado trees genotyped in our
study corresponded only to native avocados, excluding commercial varieties. Boza
et al. (2018) presented a different situation, who genotyped trees of P. americana,
P. nubigena, and P. krugii; and Gross-German & Viruel (2013) genotyped 42
avocado accessions including rootstocks, commercial varieties, and Spanish local
selections.

AMOVA showed that the genetic variation among the eight populations was 1.8%
of the total variation (Tab 3). When the samples were grouped according to the
three main geographical regions, the genetic variation among groups was also 1.8%
with a significant Fcr value (Fcr = 0.018, p < 0.001), pointing to substructure but
in very a slight way. These results are consistent with Juma et al. (2020), who
reported that the genetic variation among groups was 1.98% (Fcr = 0.019, p < 0.05)
when the geographical populations were grouped according to regions. The
substructure found with the AMOVA is consistent with the UPGMA dendrogram

at a population level (Fig 2A) which is grouped according to geographical region,
except for the Sol population, which a priori was included in the central region but
was more related to the western population. However, it is not surprising because
the geographical distance between Sol and western populations is relatively short.
The substructure and organisation displayed in the dendrogram (Fig 2A) are also
supported by the Mantel test with a significant correlation between geographical
and genetic distances among the eight populations.

Nonetheless, when we explored the genetic relationships among all the sampled
trees in-depth, with UPGMA cluster analysis at individuals' level (Fig 3), it was
not possible to separate the trees according to their populations or regions. The
pairwise population G'stpey (Fig 2A) confirmed the dendrogram findings,
revealing an absence of differentiation between pairs of populations, such as AV
versus BV, Sac versus Chi, and Sol versus To-Qui. As one of the three
domestication centres, the religious, mythological, economic, and medicinal
significance of the avocado in Guatemala could explain the genetic admixture
observed among avocado populations (Galindo-Tovar et al., 2008). This situation
persists nowadays and has become the main factor affecting the genetic diversity
and structure of the populations.

To confirm the population structure of the 189 avocado genotypes, we used the
model-based STRUCTURE. The results showed that the sampled trees could be
regrouped into three clusters based on the information of the 12 studied loci. When
K = 3, high similarity in population structure was observed between populations
from the central region, except by Sol population, which exhibited genetic
similarity with northern populations. In addition, populations from western and
northern regions showed a differentiated genetic ancestry. This result is sustained
by the absence of differentiation among populations from the same region found
with the population pairwise G'srneiy (Fig 2A). These findings were corroborated
by DAPC, which proved that the 189 sampled trees might be organised into three
genetic groups. The DAPC was accurate to assign the ancestry of each genotype
according to the three groups (clusters) inferred.

Nevertheless, the bar plot of DAPC (Fig 5B) exhibited a weak structure among
populations and pointed out that each geographical population has alleles
originating from at least three clusters. Diverse analyses such as AMOVA,
UPGMA, STRUCTURE, and DAPC revealed that avocados grown in different
Guatemalan populations show high genetic similarity with low genetic
differentiation among them. Here, we demonstrate that the diverse ecological
conditions and geographical differences do not contribute to creating a distinct
genetic structure in the studied populations, probably due to high human-mediated
gene flow (Nm = 12.25) as suggested by Galindo-Tovar et al. (2008). It could be
considered as the main factor affecting the diversity and genetic structure of
Guatemalan avocado populations.

CONCLUSION

This study represents the first characterisation of native Guatemalan avocado trees
based on microsatellites markers. We found a high genetic diversity in the analysed
germplasm, which was described based on various diversity indices. It also
demonstrates the potential of the native germplasm as a precious source of diverse
alleles that must be conserved for its exploitation in breeding programs. Therefore
we recommend establishing a core collection of the native genotypes from the
whole range as populations genetic differentiation is not very high. The
hierarchical cluster analysis revealed an admixture of trees from different regions
and populations exhibiting a weak but significant population structure, denoting a
high gene flow among the populations. It is corroborated by STRUCTURE and
DAPC, exposing that the avocado genotypes can be regrouped into three genetic
populations. Today's Guatemalan avocado germplasm richness is a product of gene
flow between populations. However, this flow is threatened by deforestation and
the extensive introduction of commercial varieties that displace native genotypes,
reducing their population size. Thus, we suggest avoiding the decreasing
population size and keeping the connectivity among them to ensure the
conservation of genetic diversity.
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