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Abstract

Background: Discovering a genome-wide set of avocado (Persea americana Mill.) single nucleotide polymorphisms
and characterizing the diversity of germplasm collection is a powerful tool for breeding. However, discovery is a
costly process, due to loss of loci that are proven to be non-informative when genotyping the germplasm.

Results: Our study on a collection of 100 accessions comprised the three race types, Guatemalan, Mexican, and
West Indian. To increase the chances of discovering polymorphic loci, three pools of genomic DNA, one from each
race, were sequenced and the reads were aligned to a reference transcriptome. In total, 507,917 polymorphic loci
were identified in the entire collection. Of these, 345,617 were observed in all three pools, 117,692 in two pools,
44,552 in one of the pools, and only 56 (0.0001%) were homozygous in the three pools but for different alleles. The
polymorphic loci were validated using 192 randomly selected SNPs by genotyping the accessions within each pool.
The sensitivity of polymorphic locus prediction ranged from 0.77 to 0.94. The correlation between the allele
frequency estimated from the pooled sequences and actual allele frequency from genotype calling of individual
accessions was r = 0.8. A subset of 109 SNPs were then used to evaluate the genetic relationships among avocado
accessions and the genetic diversity of the collection. The three races were distinctly clustered by projecting the
genetic variation on a PCA plot. As expected, by estimating the kinship coefficient for all the accessions, many of
the cultivars from the California breeding program were closely related to each other, especially, the Hass-like ones.
The green-skin avocados, e.g., ‘Bacon’, ‘Zutano’, ‘Ettinger’ and ‘Fuerte’ were also closely related to each other.

Conclusions: A framework for SNP discovery and genetically characterizing of a breeder‘s accessions was described.
Sequencing pools of gDNA is a cost-effective approach to create a genome-wide stock of polymorphic loci for a
breeding program. Reassessing the botanical and the genetic knowledge about the germplasm accessions is
valuable for future breeding. Kinship analysis may be used as a first step in finding a parental candidates in a
parentage analyses.
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Background
Avocado (Persea americana Mill.) is a subtropical tree
which belongs to the Lauraceae family, one of the oldest
known flowering plant families [1]. Its natural habitat is
Central and South America. The P. americana species is
conventionally classified as Guatemalan (P.americana

var. guatemalensis L.), Mexican (P.americana var. drymi-
folia) and West Indian (P.americana var. americana
Mill). The three races are distinguished by their traits:
the Mexican avocados are tolerant to cold and have high
oil content; the Guatemalan are less cold tolerant, and
the West Indian types are tolerant to salty soil but sensi-
tive to cold [2]. Other differences found in fruit and seed
size, skin thickness and surface, oil content of the fresh
fruit, maturity season, and anise-scented leaves, refine
their horticultural classification [3] . Commercial
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cultivars are considered to be hybrids of the three races,
mainly crosses between the Guatemalan and the Mexi-
can types [4]. The division to races has been supported by
genetic markers such as restriction fragment length poly-
morphisms (RFLP) [5], random amplified polymorphic
DNA (RAPD) [6], and microsatellite markers [4, 7, 8]. In
light of the high-throughput technologies that have
been developed in the last decade such as microarray,
next-generation sequencing (NGS), and successively
genotype-by-sequencing (GBS), single-nucleotide poly-
morphisms (SNPs) have emerged as a useful genetic
marker tool to estimate variability on a genome-wide
scale [9–12]. A ‘good’ or informative marker is a poly-
morphic marker in the population under study that
varies due to the bi-parental cross. Therefore, compil-
ing a stock of SNPs that is polymorphic in any segre-
gating population is difficult. To increase the chances
of marker segregation in any future crossbreeding
from the germplasm collection, SNPs with equal pro-
portions of the SNP alleles throughout the collection
should be compiled. A cost-effective approach to asses-
sing allele frequency in a germplasm collection is sequen-
cing a pool of the individuals’ DNA [13–15]. Previous
studies have suggested a high accuracy of allele frequency
determined from sequencing DNA pools [16–18]. Exome--
wide SNP discovery can reduce the genome’s complexity
and increase the sequence-read coverage [15]. Moreover, this
approach increases the chances of finding markers close to
causative trait loci. However, estimating the allele frequency
directly from expression data might lead to a biased result or
even false loss-of-heterozygosity (LOH) deductions due to
allele-specific expression.
In this report, we suggest a framework for SNP discov-

ery and genetic characterization of a germplasm collection
based on sequencing of genomic DNA (gDNA) pools. The
genomic complexity in the SNP discovery was reduced by
aligning the sequencing reads with the avocado reference
transcriptome. Genotyping avocado accessions from the
germplasm collection using a randomly selected subset of
loci illustrated the sensitivity of the pools to predicted
polymorphic loci. Furthermore, using this subset of SNPs,
we suggested an alternative approach to characterize the
genetic diversity of a crop germplasm. Instead of using ei-
ther botanical characters or genetic markers, we used the
consensus of both to define three core sets of accessions
from the germplasm collection representing the three
races. Finally, we assigned the rest of the accessions to ei-
ther one of the races or to an admixed group and delin-
eated the genetic structure of the collection.

Results
SNP discovery by sequencing of DNA pools
SNPs were discovered by sequencing (Illumina
HiSeq-2000) of three gDNA pools of the Israeli avocado

germplasm bank (IAGB) and aligning them to avocado
mRNA transcriptome. The rationale behind this ap-
proach was supported by two arguments. First, for SNP
discovery, gDNA is favored over mRNA to avoid false
calls that might be a result of allelic specific expression.
Second, sequencing the entire collection using a pool of
DNA as opposed to individual samples is cost effective.
As mentioned hereinbefore, previous studies suggested
that the three races, as well as their hybrids, are distin-
guishable by genetic markers [5–7]. Thus, to ensure that
both alleles of a SNP will be presented in all races, we
divided the collection into three samples that were
pooled by race type, i.e., Guatemalan, Mexican, and
West Indian. In total, 507,303 loci were presented by
both alleles. Of these, only 345,617 (68%) were poly-
morphic in each of the three pools (Table 1). There were
117,692 (23.2%) loci, which were polymorphic in two
pools. The profile of polymorphic loci in Guatemalan
pool, in Mexican pool, and non-polymorphic in West In-
dian pool (pG-pM-npWI) was significantly more frequent
48% (χ2-test, df = 2, p-value< 0.001) than the two other
profiles (pG-pWI-npM [39%]; pWI-pM-npG [13%]).
There were 44,552 (8.8%) polymorphic loci in only one of
the pools and 56 (0.0001%) loci, which included the two
alleles but were non-polymorphic in all the pools. West
Indian pool was the most polymorphic (36%; χ2-test, df =
2, p-value< 0.001) as the profile (pWI-npM-npG) was
most frequent in single-polymorphic-pool loci. The loci
percentage of Guatemalan and Mexican pool in this pro-
file category was 34 and 30% respectively.
The prediction of the polymorphic loci was validated by

random sampling of 192 loci and calling accession geno-
types using the Fluidigm platform. The loci distribution
comprised 94 loci that were polymorphic in all three pools
(Guatemalan, Mexican, and West Indian), 72 loci that
were polymorphic in two out of the three pools, and 22
were polymorphic in only one of the pools. Only four loci
were polymorphic collectively but not within the pools. In
other words, the pools were typed as either allele A or al-
lele B for those four loci, yet both alleles were represented
in the genotyped accessions. A comparison of the 192 loci
predicted polymorphic calls from the sequencing pools
and the actual calls showed a good predictive power. The
true positive percentage values of polymorphic loci were
in a range of 83 to 86% for the three pools (Table 2; AB

Table 1 Distribution of polymorphism in pools

Number of polymorphic pools Counts Percentage of total

Three 345,617 68.0%

Two 117,692 23.2%

One 44,552 8.8%

None 56 0.0001%

Total 507,917 100.0%
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calls). For the Guatemalan, Mexican, and West Indian
pools, the sensitivity of the prediction (i.e., the true posi-
tive rate) of polymorphism was estimated as 0.94, 0.86,
and 0.77 respectively. The correlation coefficient (r)
of allele proportions estimated from the sequenced
pools and those from genotyping of the collection
was 0.8 (Additional file 5; Figure S2).

Germplasm collection genetic structure
The genetic structure and relationships among IAGB acces-
sions were assessed using the polymorphic loci validation
subset. Markers were filtered out based on minor-allele fre-
quency, linkage equilibrium, and call failure criteria (see
methods) leaving 109 SNPs. The genetic relationships of
the IAGB accessions were depicted by a dendrogram,
which splits them into three distinct clusters (Fig. 1). Those
clusters were roughly correlated with both the morpho-
logical and the genetic structure of the avocado accessions
(Fig. 1). Only 53% of the Guatemalan, 70% of the Mexican,
and 61% of the West Indian accessions in the pools showed
congruent race classification in all three methods. The in-
congruence between the three methods raises some doubts
as to whether any of them can be used to identify the race
type of avocado. Thus, we selected accessions that were
assigned to the same race based on the three methods and
were therefore most genetically and morphologically repre-
sentative of the race to which they were assigned. These ac-
cessions were defined as three core sets, one for each race,
and were expected to contain the most divergent sets of ac-
cessions as they are not yet admixed as a result of breeding.
To support this argument, the degree of divergence of the
three groups of accessions that were defined by each one of
the methods or by a combination of those methods was es-
timated by FST (Table 3). The Bayesian cluster method,
STRUCTURE, estimated the genetic background of the
core-set accessions as homogeneous and therefore highly
divergent. However, the median FST of the core sets was
the largest (Table 3), suggesting that the core sets are the
most representative of their race type. We therefore used
them as a reference to reclassify the rest of the accessions
in the collection.

Based on the core sets, we reclassified the accessions
that were incongruent within the 50 accessions that were
botanically classified as Mexican, Guatemalan, and West
Indian [19] as well as the rest of the avocado accessions
including the unidentified accessions and the commer-
cial cultivars. The classification was performed by
STRUCTURE analysis using the core sets of each race
as the reference population for calculating a prior allele
frequency distribution. As a result, each accession in the
collection was assigned to either one of the core races or
as an admixed of two or three races (Additional file 2:
Table S2). The number of accessions assigned as Mexi-
can, Guatemalan, and West Indian was 3, 17 and 12 re-
spectively. Cultivar accessions were classified as either
hybrids of Guatemalan x Mexican or as Guatemalan.
Most of the hybrid accessions (38) were assigned as ei-
ther Guatemalan x West Indian of which mostly uniden-
tified or as Guatemalan x Mexican of which mostly
known commercial cultivars (e.g., ‘Pinkerton’, ‘Ettinger’,
and ‘Fuerte’). Interestingly, ‘Hass’ which was previously
described as Mexican x Guatemalan hybrid [4–6] but
mostly Guatemalan [3] was assigned here as 99% Guate-
malan. The smallest group was of two accessions (‘Argui
1’, ‘M. Pedro 2’) of complex hybrid (Mexican x Guate-
malan x West Indian), which their genome comprises of
three races. Two of the accessions that known as Mexican
were turned out to be admixed with Guatemalan (‘Basaldua’)
and with West Indian (‘Banos’). One accession, which was
misclassified as Mexican (‘Km 43’), was found to be mostly
Guatemalan. Note that the ‘Km 43’ was clustered together
with the Guatemalan avocados in the genetic-relationship
dendrogram.

Avocado accessions’ kinship
To recapitulate the STRUCTURE clustering and to val-
idate our avocado-accession classifications we then pro-
jected 63% of the genetic variation of the IAGB
collection on a PCA plot (Fig. 2). The core accessions of
each of the three races were most distant from each
other. The bi-racial hybrids were spread between the ori-
ginal races creating a triangle. The two accessions of the
complex (tri-racial) hybrids were closer to the center of

Table 2 Comparison of polymorphic status of loci in the sequenced pools to actual polymorphism in the collection

Pool

Guatemalan Mexican West Indian

Accessions AA AB BB NA AA AB BB NA AA AB BB NA

AA 1 13 1 1 2 14 0 12 1 9 0 1

AB 1 151 0 9 7 130 6 9 15 126 18 4

BB 0 1 0 3 0 1 6 3 0 3 1 3

NA 0 11 0 0 0 11 0 1 1 9 1 0

True positive percentage 50% 86% 0% 0% 22% 83% 50% 4% 6% 86% 5% 0%

NA – missing data
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the triangle in the PCA space. One of them, ‘M. Pedro 2’
was a slightly closer to the center although according to
the classification both are complex types. Surprisingly,
most (15 out of 17) of the assigned Guatemalan acces-
sions created a cluster that was slightly separate from the
core Guatemalan accessions and they were comprised
mostly (13 accessions) of commercial cultivars.
Identity by descent (IBD) analysis to estimate acces-

sions relatedness was performed. In total, 12 accessions

were closely related to each other to a second degree. Of
these, eight were Guatemalan commercial cultivars, five
were Mexican x Guatemalan commercial cultivar hy-
brids, one was Guatemalan x West Indian hybrid, and
one was a complex hybrid. Two groups of related acces-
sions were created. One among the Guatemalan com-
mercial cultivars and the other among the Mexican x
Guatemalan commercial hybrids. Moreover, the Guate-
malan x West Indian hybrid was closely related to the

Fig. 1 Genetic relationship dendrogram and genetic structure of germplasm collection. Accession names on the dendrogram node-leaves are
colored according to morphological characteristics distinct to the three races. Clustering of genetic groups was based on Ward’s method and the
distance method of 1-proportion of shared alleles (PSA). Only bootstrap values > 650 are presented with a confidence of the bootstrap-value out
of 1000. Genomic admixture was estimated by STRUCTURE program with three subpopulations (K = 3). The average result over 20 simulations
was calculated using CLUMPAK, and plotted as a color coded bar plot

Table 3 Classification of races by different methods

Classifying method # Mexican # Guatemalan # West Indian Median of FST

A – Botanical characterization 10 17 23 0.23

B – PSA dendrogram 14 16 20 0.36

C - STRUCTURE (Q > 0.85) 9 11 16 0.65

A & B 9 12 17 0.56

A & C 7 9 14 0.41

B & C 9 11 16 0.65

A & B & C 7 9 14 0.73

FST – fixation index
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complex hybrid ‘Argui1’ and the Guatemalan ‘N-151-2’
was related to Mexican x Guatemalan ‘Arad’. Such close
relationships may indicate the source of the genome in
the hybrids. For example, the Guatemalan avocado
‘N-151-2’ might be the potential contributor of the
Guatemalan genomic block, and therefore the
Guatemalan-associated traits, to the Mexican x Guate-
malan genome of ‘Arad’ as a second-degree relative.
The Mexican x West Indian (‘Guacimal’) is related at a
second-degree level to the complex (tri-racial) avo-
cado accession ‘Argui 1’. Thus, ‘Argui 1’ other parents,
must come from accessions that contain Guatemalan
haplotype block.

Discussion
For many crops, the germplasm is split into sub-species
groups based on their original habitat. Generally, those
groups have typical traits. During the process of crop devel-
opment, one might want to transfer a trait that is typical of
a specific sub-group to another. Naturally, such introgres-
sion can be guaranteed by choosing a pure sub-species
(races) accession rather than an admixed one. Identification
of a typical sub-species accession based on morphological
characteristics only could be misleading. As a result of such

a misidentification the sub-species typical traits may not be
inherited due to admixture. In avocado, for instance, three
sub-species groups exist, which are conventionally notated
as races. Several different methods can be used to
characterize and classify the different accessions of a germ-
plasm [3, 20, 21]. This study proposed a framework for
evaluating the genetic diversity of a germplasm collection
based on a selected core set of accessions, which are most
representative of the sub-species group. This method is
based upon cost-effective and efficient SNP discovery. The
relatedness among the IAGB accessions was then estimated
by calculating a kinship coefficient.
Sequencing of DNA pools of natural populations was

suggested as a cost-effective and reliable approach for
estimating the allele frequency [16, 18]. We utilized the
pooled-DNA sequencing approach for SNP discovery,
and to create a repository of markers for future use.
Pooling the entire germplasm collection is the most
cost-effective. Our strategy, which relied on known gen-
etic divergence among the three avocado races, divided
the collection into three racial pools to maximize the
chances for polymorphic-locus discovery. The use of
sub-pooling was further supported by the fact that 32.5%
of the SNPs were non-polymorphic in at least one of the

Fig. 2 Principal component analysis (PCA) and the second-degree relatedness in avocado germplasm collection. PCA based on identity by state
(IBS) of the core sets was performed using the SNPRelate R-package. The rest of the accessions were projected on the PCA space. Additionally,
identity by descent (IBD) analysis were performed to detect the level of relatedness. Accessions related to each other with a kinship coefficient≥
0.25 are connected by edges
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races. Thus in the case of genome-wide association ana-
lysis, an issue of stratification might have been raised, es-
pecially for the Mexican race that showed the highest
number of non-polymorphic loci. Marker-assisted breed-
ing can benefit from analyzing the polymorphism profile
along the three pools. For example, in a case of designing
a cross between an accession from the Mexican pool with
an accession from the Guatemalan pool. Supposing that
markers, which are heterozygous in the former and homo-
zygous in the latter, are required. The genotyping should
focus on loci that were polymorphic in the Mexican pool
and non-polymorphic in the Guatemalan pool. These loci
were described, hereinbefore, as npG-pM-pWI or as
npG-pM-npWI. Likewise, any other design can benefit
from narrowing the number of putative polymorphic loci
by knowing of polymorphism profiles. The sub-pools
were chosen according to their botanical characteris-
tics. Yet by genotyping, it was revealed that at least 30%
of the accessions in each pool were admixed with either
of the other races. This fact implies that the reduction
in polymorphism by 32.5% is not only due the diver-
gence of races. Therefore, further study should be con-
ducted to investigate the option of random sub-pooling
and how it could contribute to the enrichment of poly-
morphic loci.
The sequenced pools, in this study, were used mainly

for SNP discovery, i.e., estimation of the existence of the
SNP alleles rather than estimation of the alleles’ frequency.
The high percentage of true positive polymorphic loci in-
dicated that the approach was sensitive to the discovery of
SNPs. The Mexican pool showed the lowest true positive
rate probably because it was the smallest pool. The correl-
ation of allele frequency between the pooled sequences
and the genotype calls of the individual accessions in the
pool was high. We expected that this correlation would
have been higher [16, 18] if the pools had been comprised
of a higher number of accessions [15, 18].
The core sets, in this study, were clearly separated

from each other by a principal component dimensions
and the hybrid accessions were scattered between their
related cores. This suggests that using a combination of
morphological characteristics and genetic markers as a
reference for classification is a good approach. Interest-
ingly, the Guatemalan core accessions were slightly sepa-
rated from the assigned Guatemalan accessions in
comparison to the other two races whose core and the
corresponding assigned accessions were clustered to-
gether. The fact that most of the assigned Guatemalan
accessions were related to each other might explain their
separation from the others. These accessions were
mostly comprised of commercial cultivars, suggesting
the desirability of Guatemalan traits in the market [2].
Of special interest were the connected accessions on the
PCA plot. For instance, three Hass-like cultivars: ‘Gem’,

‘Noble (BL667)’, ‘Lamb-Hass (BL112)’, all products of the
California breeding program, were related to each other
and to the ‘Hass’ cultivar. Knowing that these Hass-like
cultivars, originated from either an open pollination of a
‘Gwen’ seedling (a commercial cultivar resulting of ‘Hass’
x ‘Thille’ cross), or a seedling that originated from ‘Gwen’
x ‘Thille’ cross (a lesser known variety originating from
‘Hass’ seedling) [22], these results were not surprising.
Another interesting feature, emerging from the PCA

plot and IBD analysis, was the tight sibling relationships
established between four green-skinned cultivars includ-
ing: ‘Bacon’, ‘Zutano’, ‘Ettinger’ and ‘Fuerte’ (all represent-
ing Mexcian x Guatamalan hybrids). ‘Fuerte’ was found
as a dooryard seedling in Mexico, and eventually became
an important cultivar [7, 22]. ‘Bacon’ and ‘Zutano’, on
the other hand, originated in the late 1920s, as seedling
trees in Beuna Park, and Fallbrook, California, respect-
ively [22], whereas, ‘Ettinger’ was bred from an open pol-
linated ‘Fuerte’ seedling, in Kfar Malal, Israel, in the late
1930s as well. As far as we know, this is the first study
to corroborate the relationships between ‘Fuerte’ and
these three green-skinned cultivars, reinforcing the
strength of our approach.
Avocado races are distinguished by their origin [21], traits

[7], and their morphological characteristics [3]. Because av-
ocado races were determined, among other factors, by their
putative geographical origins [3], one would expect to find
a tight correlation between the place of collection of the de-
duced core-set accessions, and their proposed center of ori-
gin. Examination of the geographical origin of the
Guatemalan core-set accessions indicated that, indeed, all
nine accessions were collected by Ben- Ya’acov [19] from
the Chiapas and San Marcos area, located at the highland
region of Guatemala. By contrast, only four of seven Mexi-
can core-set accessions were collected from different states
in Mexico, whereas the 14 deduced West Indian core-set
accessions were collected from various geographical regions
(see Additional file 1). These biases might be related to hu-
man intervention, carried out for breeding purposes. In this
context, it worth mentioning, that West Indian rootstocks
especially selected for high tolerance to salinity and soil dis-
eases, have been dispersed throughout the world [23]. It is
therefore likely that the Mexican and West Indian core-set
accessions were not necessarily collected from their genu-
ine centers of origin.
It would be interesting to reconstruct the historical

genealogy of the avocado cultivars from the genetic
data. The analysis of IBD may assist in downstream
parentage analysis with no a-priori knowledge about
the genetic relationship of the accessions in the germ-
plasm collection. In such case, the group of acces-
sions related at a second-degree level can be used as
candidates for a survey of putative-parents. This study
may also contribute to preservation of the genetic
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diversity of P. americana and its sub-species races by
sampling from each core set and from each type of
hybrid as suggested by Guzmán et al. [24] upon com-
posing a core-collection.

Conclusions
Commonly, marker discovery is performed by genotyping
the population under study and using the polymorphic
loci. Our study proposed to discover, as a first step, the
polymorphic loci. This step was done using resequencing
pooled germplasm accessions from the collection followed
by their alignment to a reference transcriptome to reduce
the genome complexity. Consequently, a stock of
genome-wide polymorphic loci was compiled, for future
use. In a case that divergence to sub-species of races exist,
sub-pooling of each race is required to maximize the pre-
diction power of polymorphic loci. This study proposed
that pooling the races based on botanical characterization
solely might be misleading. Therefore, a core set of pure
crop sub-species was identified, which can be used as a
reference for race classification. This approach can serve
as a framework in marker-assisted breeding. By using this
framework, we revisit the accrued knowledge of avocado
cultivars using a subset of discovered loci. While this core
set and the knowledge about the kinship among avocado
cultivars is useful for the avocado community, the frame-
work can be applied to any crop.

Methods
Avocado accessions
Accessions in the Israeli avocado germplasm bank were
classified according to the different botanical race groups
based on key external characteristics [19]. This study in-
cluded 100 accessions comprising the three avocado
races: Guatemalan (17), Mexican (10) and West Indian
(23) from the IAGB, 18 unidentified accessions, and 32
cultivar accessions, which some were developed by the
Agricultural Research Organization (ARO) avocado
breeding program and some are known commercial cul-
tivars (Additional file 1: Table S1).

Genomic DNA extraction and sequencing
gDNA was isolated from young avocado leaves grounded
in liquid nitrogen; 2 g DNA, was extracted in 15ml of
extraction buffer (100M Tris, pH 8.0, 1.5M NaCl, 3% w/
v CTAB, PVP, 1% v/v ß-mercaptoethanol) and 15ml of
chloroform: isoamyl alcohol. After a second extraction
in (chloroform:isoamyl alcohol 24:1), the DNA was pre-
cipitated in Ethanol, treated with 1 μl of 10 μg/ml ribo-
nuclease A (Sigma), precipitated and re-suspended in
water. The DNA was quantified in a NanoDrop spec-
trometer and by separation on 0.8% agarose gels. Pure
DNA sample aliquots of 0.5 μg were pooled by mixing
the extracted DNA in equal amounts. DNA samples

were pooled based on their botanical classification as ei-
ther West Indian, Guatemalan, or Mexican.
The pools of gDNA were sequenced at the

High-Throughput Sequencing and Genotyping Unit, Roy
J Craver Biotechnology Center, University of Illinois on
the Illumina HiSeq-2000 platform, which resulted in a
yield of 30 Gb each. Consequently, the expected cover-
age is 33X, based on the estimation of genome size as
900Mb. Raw data were uploaded to Sequence Reads
Archive (SRA) accession no.: PRJNA438468.

SNP discovery
Reads were improved by trimming the low quality 3′
ends using Sickle [25] with a quality threshold of 30.
The remaining reads were aligned to the avocado refer-
ence transcriptome [26] using bowtie2 [27]. A prelimin-
ary study suggested that very high coverage turns into
false positives when were validated on the collection’s
accessions (unpublished data). Therefore, the SNP
screening was restricted by a lower bound (depth = 6
reads) and upper bound (depth = 200 reads) around the
peak of the coverage distribution (Additional file 4; Fig-
ure S1). SNPs were discovered by running the VarScan
[28] program on the mpileup format of samtools [29] as
input, resulting in a table of SNPs and the proportion of
alleles for each pool (Additional file 3).

Genotype calls
Specific primers for the SNPs were designed based on
the flanking region from the avocado unigenes. The as-
says were run according to manufacture instructions on
an EP1 platform using 96 × 96 chips following standard
Fluidigm protocols (http://www.fluidigm.com) with a
minor modification of four no template controls (NTC)
samples instead of one. The SNP assays were used to
screen the 100 accessions’ DNA samples by running on
‘FR96.96′ arrays of the EP1 Fluidigm platform according
to the manufacturer’s instructions.

Filtering and validation
To guarantee loci with true positive SNPs, only SNPs
with explicitly separated clusters were chosen from the
Fluidigm software for genotype calling. SNP’s loci with
> 10% no calls and samples with > 30% no calls were fil-
tered out. Minor allele frequency SNPs with PIC< 0.1
and linked loci with r2 > 0.7 were filtered out as well,
leaving 109 SNPs out of the randomly selected 192. The
polymorphism information content was calculated as

PIC ¼ 1−
Xn

i

P2
i

where i is the ith allele [30]. The linkage disequilibrium
of two SNPs at two loci was calculated as
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r2 ¼ p11 � p22−p12 � p21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1 � p2 � q1 � q2p

where p1 and p2 are the proportions of alleles 1 and 2,
respectively, in one locus and q1 and q2 are the propor-
tions of alleles 1 and 2, respectively, in another locus.
p11, p12, p21, p22 are the observed proportions of the four
possible haplotypes from the two loci.
Predicted positive calls were defined as loci that were

polymorphic in the pooled sequences and predicted
negative calls were any loci that were not called as poly-
morphic. Actual positive and negative calls were the calls
from the genotyping of individuals, as determined using
Fluidigm. The true positive rate was the proportion of
true positives (the intersection of the predicted positive
calls and the actual positive calls) from the total actual
positive calls.

Genetic structure and relationship
To assess the relationship between pairs of avocado
trees, we estimated the genetic distance as D = [1-pro-
portion of shared alleles (PSA)]. PSA was calculated as:

PSA ¼
PL

i¼1PSi
2 � L

where PS is the proportion of shared alleles for each
locus and L is the total number of loci [31].
Hierarchical clustering was performed on a pairwise D

distance matrix and the Ward’s agglomerative method
[32] was applied. The confidence limits of the tree top-
ology were calculated by applying the bootstrap method
(1000 resampling of loci). To count the number of biparti-
tions that fit the tree we used the ‘ape’ R-package [33, 34]
and presented the bootstrap values.
The subpopulation structure of the germplasm collec-

tion was estimated by running a simulation of STRUC-
TURE software v2.3.3 [35] with 5000 burn-in periods
and 50,000 repetitions. The number of populations, K,
was inferred by running the simulation of K = 1 to K =
10 (20 runs for each K) and using the likelihood method
of ΔK [36]. In the column graph a specific K was the
summation of the different solutions of the 20 runs
using CLUMPAK [37]. To classify the accessions relative
to the core-race accessions we used STRUCTURE with
prior population information, where the core samples
where used to define the three ancestral sub-populations.
Here too, we ran 20 simulations and integrated them by
averaging over the ancestral proportion of each sample.
The fixation index FST [38] was calculated as:

FST ¼ HT−HS

HT

where FST is the genetic differentiation of a subpopula-
tion due to genetic drift, HS is the weighted average of

all subpopulations’ expected heterozygosity, and HT is
the expected heterozygosity in the entire population
(germplasm collection).

Kinship analysis and principal component analysis (PCA)
Principal component analysis was performed on the core
samples only using SNPRelate R-package [39]
snpgdsPCA() function. We then obtained the SNP load-
ings (or SNP eigenvectors) using the snpgdsPCASN-
PLoading() function. We projected all individuals onto
the existing space of the principal components with the
snpgdsPCASampLoading() function.
The kinship between pairs of avocado accessions was

estimated using the robust method of moments called
KING, which calculates moments of IBD coefficients
[40]. The accessions that were related to each other by
at most a second-degree relationship (i.e., parent-child,
siblings, and grandparent-grandchild) estimated using
SNPRelate R-package and were connected by edges in
the PCA plot.

Additional files

Additional file 1: Table S1. The Agricultural Research Organization
(ARO) avocado collection. (DOCX 34 kb)

Additional file 2: Table S2. Classification of avocado accessions.
(DOCX 26 kb)

Additional file 3: Table S3. A list of single nucleotide polymorphisms
(SNPs) in avocado transcriptome. Header descriptions: Contig – mRNA
contig ID; Position – SNP position; Ref allele – Allele call on the reference
contig; Alt allele – Allele call which is different from the reference allele;
Guatemalan coverage – Reads’ depth of the Guatemalan pool sequencing;
Guatemalan alt prop – proportion of the alternative allele; Mexican
coverage – Reads’ depth of the Mexican pool sequencing; Mexican
coverage – Reads’ depth of the Mexican pool sequencing; WestIndian
coverage – Reads’ depth of the WestIndian pool sequencing; WestIndian alt
prop – proportion of the alternative allele; Guatemalan – Guatemalan
polymorphism call; Mexican – Mexican polymorphism call; WestIndian –
WestIndian polymorphism call; Contig sequence – Sequence of the contig;
Polymorphism call description: AA – homozygous to reference allele; BB
– homozygous to alternative allele; AB - heterozygous (XLSX 50424 kb)

Additional file 4: Figure S1. Distribution of avocado transcriptome
coverage. Three pools of genomic DNA representing the three avocado
races were sequenced on Illumina Hi-Seq platform. Reads were aligned
with the avocado transcriptome after trimming adpters and cliping of
low quality base calls. The distributions of read depths for the three pools
are illustrated as solid line (Guatemalan pool), dotted line (Mexican pool),
and dashed line (West Indian pool). Red vertical lines are the bounds the
coverage for SNP discovery. (DOCX 183 kb)

Additional file 5 Figure S2. Correlation between the allele frequency
estimated from the pools and that from genotype calling of the
collection’s individuals. The proportion of SNP alleles were calculated for
each locus and each pool. The proportions of SNP alleles of the
corresponding loci and avocado accessions were calculated from the
genotype calls using the Fluidigm platform. (DOCX 112 kb)

Abbreviations
BNGA: National avocado germplasm depository; GBS: Genotype-by-
sequencing; IAGB: Israeli avocado germplasm bank; IBD: Identity by descent;
ISSR: Inter-simple sequence repeat; LOH: Loss-of-heterozygosity; NGS: Next-
generation sequencing; PCA: Principal component analysis; RAPD: Random

Rubinstein et al. BMC Genomics          (2019) 20:379 Page 8 of 10

https://doi.org/10.1186/s12864-019-5672-7
https://doi.org/10.1186/s12864-019-5672-7
https://doi.org/10.1186/s12864-019-5672-7
https://doi.org/10.1186/s12864-019-5672-7
https://doi.org/10.1186/s12864-019-5672-7


amplified polymorphic DNA; RFLP: Restriction fragment length
polymorphism; SNP: Single-nucleotide polymorphisms

Acknowledgements
We thank Dr. Emi Lahav for his significant remarks and fruitful discussion.

Funding
The research was supported by two grants from the Ministry of Agriculture’s
Chief Scientist No. 203–0859 and No. 203–0757. The grants were provided
for developing the genetic markers and for developing the avocado
breeding program, respectively.

Availability of data and materials
Sequence reads were deposited in NCBI Sequence Reads Archive (SRA)
repository under accession numbers: SRR6841377, SRR6841378, and
SRR6841379. The project accession number is PRJNA438468.

Authors’ contributions
MR: performed the bioinformatics analysis; RE and AR extracted DNA and run
the Fluidigm platform; TZ preformed the molecular biology; DNK provided
the transcriptome; VI contributed a meaningful discussion and assisted with
the manuscript writing; AS supervised the genomic analysis and contributed
a meaningful discussion; RO wrote and conceived the manuscript. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication
The reference transcriptome sequence was provided with the consent of Dr.
David Kuhn.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Fruit Trees Sciences, Institute of Plant Sciences, Agricultural
Research Organization, Volcani Center, Rishon Lezion, Israel. 2Subtropical
Horticulture Research Station, United States Department of
Agriculture—Agriculture Research Service, Miami, FL, USA.

Received: 22 August 2018 Accepted: 8 April 2019

References
1. Renner SS. Circumscription and phylogeny of the Laurales: evidence from

molecular and morphological data. Am J Bot. 1999;86:1301–15.
2. Galindo-Tovar ME, Ogata-Aguilar N, Arzate-Fernández AM. Some aspects of

avocado (Persea americana mill.) diversity and domestication in
Mesoamerica. Genet Resour Crop Evol. 2008;55:441–50.

3. Bergh B, Ellstrand N. Taxonomy of the avocado. Calif Avocado Soc
Yearb. 1986;70:135–45.

4. Schnell RJ, Brown JS, Olano CT, Power EJ, Krol CA, Kuhn DN, et al.
Evaluation of avocado germplasm using microsatellite markers. J Am Soc
Hortic Sci. 2003;128:881–9.

5. Davis J, Henderson D, Kobayashi M, Clegg MT, Clegg MT. Genealogical
relationships among cultivated avocado as revealed through RFLP analyses.
J Hered. 1998;89:319–23.

6. Fiedler J, Bufler G, Bangerth F. Genetic relationships of avocado (Persea
americana mill.) using RAPD markers. Euphytica. 1998;101:249–55.

7. Ashworth VETM, Clegg MT. Microsatellite markers in avocado (Persea
americana mill.): genealogical relationships among cultivated avocado
genotypes. J Hered. 2003;94:407–15.

8. Gross-German E, Viruel MA. Molecular characterization of avocado
germplasm with a new set of SSR and EST-SSR markers: genetic diversity,
population structure, and identification of race-specific markers in a group
of cultivated genotypes. Tree Genet Genomes. 2013;9:539–55.

9. Xu Y, Crouch JH. Marker-assisted selection in plant breeding: from
publications to practice. Crop Sci. 2008;48:391–407.

10. Sharpe AG, Ramsay L, Sanderson L-A, Fedoruk MJ, Clarke WE, Li R, et al.
Ancient orphan crop joins modern era: gene-based SNP discovery and
mapping in lentil. BMC Genomics. 2013;14:192.

11. Ophir R, Sherman A, Rubinstein M, Eshed R, Sharabi Schwager M, Harel-Beja
R, et al. Single-nucleotide polymorphism markers from De-novo assembly of
the pomegranate transcriptome reveal germplasm genetic diversity. PLoS
One. 2014;9:e88998.

12. Sherman A, Rubinstein M, Eshed R, Benita M, Ish-Shalom M, Sharabi-
Schwager M, et al. Mango (Mangifera indica L.) germplasm diversity based
on single nucleotide polymorphisms derived from the transcriptome. BMC
Plant Biol. 2015;15:277.

13. Sham P, Bader JS, Craig I, O’Donovan M, Owen M. DNA pooling: a tool for
large-scale association studies. Nat Rev Genet. 2002;3:862–71.

14. Cutler DJ, Jensen JD. To Pool, or not to Pool? Genetics. 2010;186:41–3.
15. Schlötterer C, Tobler R, Kofler R, Nolte V. Sequencing pools of individuals —

mining genome-wide polymorphism data without big funding. Nat Rev
Genet. 2014;15:749–63.

16. Ozerov M, Vasemägi A, Wennevik V, Niemelä E, Prusov S, Kent M, et al. Cost-
effective genome-wide estimation of allele frequencies from pooled DNA in
Atlantic salmon (Salmo salar L.). BMC Genomics. 2013;14:12.

17. Gautier M, Foucaud J, Gharbi K, Cézard T, Galan M, Loiseau A, et al. Estimation
of population allele frequencies from next-generation sequencing data: pool-
versus individual-based genotyping. Mol Ecol. 2013;22:3766–79.

18. Rellstab C, Zoller S, Tedder A, Gugerli F, Fischer MC. Validation of SNP allele
frequencies determined by pooled next-generation sequencing in natural
populations of a non-model plant species. PLoS One. 2013;8:e80422.

19. Ben-Ya’acov A, Zilberstaine M, Goren M, Tome E. The Israeli avocado
germplasm bank: where and why the items had been collected. Proc V
World Avocado Congr. 2003:13–9.

20. Schnell RJ, Ronning CM Jr. RJK. Identification of cultivars and validation of
genetic relationships in Mangifera indica L. using RAPD markers. Theor Appl
Genet. 1995;90:269–74.

21. Chen H, Morrell PL, Ashworth VETM, de la CM, Clegg MT. Tracing the
geographic origins of major avocado cultivars. J Hered. 2009;100:56–65.

22. Bender GS. In: Gary IB, editor. Avocado botany and commercial cultivars
grown in California. Avocado prod calif cult Handb grow book one–
background; 2012. p. 2–15.

23. Ben-Ya’acov A, Michelson E. Avocado rootstocks. In: Horticultural Reviews. J.
Janick. New York, NY: John Wiley and Sons, Inc.; 1995. p. 381–429.

24. Guzmán LF, Machida-Hirano R, Borrayo E, Cortés-Cruz M, del Carmen
Espíndola-Barquera M, Heredia García E. Genetic structure and selection of a
Core collection for long term conservation of avocado in Mexico. Front
Plant Sci. 2017;8. https://doi.org/10.3389/fpls.2017.00243.

25. Joshi NA, Fass JN. Sickle: a sliding-window, adaptive, quality-based trimming
tool for FastQ files. Available Github Comnajoshisickle 2011.

26. Kuhn DN, Livingstone DS, Richards JH, Manosalva P, Van den Berg N,
Chambers AH. Application of genomic tools to avocado (Persea americana)
breeding: SNP discovery for genotyping and germplasm characterization.
Sci Hortic. 2019;246:1–11.

27. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9:357–9.

28. Koboldt DC, Chen K, Wylie T, Larson DE, McLellan MD, Mardis ER, et al.
VarScan: variant detection in massively parallel sequencing of individual and
pooled samples. Bioinformatics. 2009;25:2283–5.

29. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence
alignment/map format and SAMtools. Bioinformatics. 2009;25:2078–9.

30. Weir BS. Genetic data analysis. Methods for discrete population genetic
data. Sunderland, Massachusetts: Sinauer Associates, Inc. Publishers; 1990.

31. Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd JR, Cavalli-Sforza
LL. High resolution of human evolutionary trees with polymorphic
microsatellites. Nature. 1994;368:455–7.

32. Odong TL, van Heerwaarden J, Jansen J, van Hintum TJ, van Eeuwijk FA.
Determination of genetic structure of germplasm collections: are traditional
hierarchical clustering methods appropriate for molecular marker data?
Theor Appl Genet. 2011;123:195–205.

33. Paradis E, Claude J, Strimmer K. APE: analyses of Phylogenetics and
evolution in R language. Bioinformatics. 2004;20:289–90.

34. Popescu AA, Huber KT, Paradis E. Ape 3.0: new tools for distance-based
phylogenetics and evolutionary analysis in R. Bioinformatics. 2012;28:1536–7.

Rubinstein et al. BMC Genomics          (2019) 20:379 Page 9 of 10

https://doi.org/10.3389/fpls.2017.00243


35. Pritchard JK, Stephens M, Donnelly P. Inference of population structure
using multilocus genotype data. Genetics. 2000;155:945–59.

36. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of
individuals using the software structure: a simulation study. Mol Ecol.
2005;14:2611–20.

37. Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose I. Clumpak: a
program for identifying clustering modes and packaging population
structure inferences across K. Mol Ecol Resour. 2015;15:1179–91.

38. Wright S. Genetical structure of populations. Nature. 1950;166:247–9.
39. Zheng X, Levine D, Shen J, Gogarten SM, Laurie C, Weir BS. A high-

performance computing toolset for relatedness and principal component
analysis of SNP data. Bioinformatics. 2012;28:3326–8.

40. Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M.
Robust relationship inference in genome-wide association studies.
Bioinformatics. 2010;26:2867–73.

Rubinstein et al. BMC Genomics          (2019) 20:379 Page 10 of 10


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	SNP discovery by sequencing of DNA pools
	Germplasm collection genetic structure
	Avocado accessions’ kinship

	Discussion
	Conclusions
	Methods
	Avocado accessions
	Genomic DNA extraction and sequencing
	SNP discovery
	Genotype calls
	Filtering and validation
	Genetic structure and relationship
	Kinship analysis and principal component analysis (PCA)

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

