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ABSTRACT. We evaluated the genetic diversity of a newly available collection of 94 almond [Prunus dulcis (Mill.) D.A.
Webb] accessions from the former Improving Perennial Plants for Food and Bioenergy (IPPFBE) Foundation. Most
of the collection (87 accessions) were collected as seeds from trees growing in the central Asian nations of Kyrgyzstan,
Tajikistan, and Uzbekistan, and included several examples of Prunus bucharica (Korsh.) Hand.-Mazz, and related
wild species. Of the remaining accessions, six were sourced from a nursery in northern Utah in the United States,
and one was a seedling of ‘Nonpareil’, a major commercial cultivar. DNA fingerprints were generated from 10 simple
sequence repeat markers. To evaluate the comparative diversity of these new accessions, 66 accessions from the US
Department of Agriculture, National Plant Germplasm System (NPGS) almond germplasm collection near Davis,
CA, USA, were also included. These NPGS accessions were chosen to represent those collected in similar regions of
Central Asia and the Caucasus. The fingerprints were analyzed via hierarchical clustering, principal components
analysis (PCA), and discriminant analysis of principal components (DAPC). Hierarchical clustering suggested that
half of the Utah-sourced accessions are closely related to each other and to the ‘Nonpareil’ seedling. Additional close
relationships were detected (including at least one duplication or mislabeling), and two P. bucharica accessions from
the IPPFBE collection were separated from the rest of the collection. A plot of the first two principal components
clearly separated wild almond relatives (P. bucharica and Prunus fenzliana Fritsch) from the remaining accessions.
PCA after removal of the wild species separated the ‘Nonpareil’ seedling, the Utah-sourced accessions, and many of the
IPPFBE accessions (mostly from Uzbekistan) from nearly all other individuals. The third principal component identi-
fied an additional population structure that separated groups of predominantly IPPFBE or NPGS accessions. DAPC
showed a considerable admixture of accessions from Azerbaijan, and a little to no admixture of accessions from Georgia
and Tajikistan. These results suggest that central Asian/Caucasian almond germplasm is generally distinct from ‘Non-
pareil’ and its relatives, and that although there is overlap between the NPGS and IPPFBE collections from this region,
the IPPFBE collection does enhance the diversity of available almond germplasm.

Almonds [Prunus dulcis (Mill.) D.A. Webb] are perhaps the
most economically important member of the genus Prunus L.
The edible kernels of almonds have been consumed by humans
since at least 11,000 BCE (Gradziel 2017). Current world pro-
duction of almonds is estimated at 4.1 million tonnes and is in-
creasing, having grown 60% since 2010 (Food and Agriculture
Organization of the United Nations 2021). The United States
(exclusively California) is the largest producer, and is responsi-
ble for more than half (58%) of world production. Other signifi-
cant almond-growing nations include Spain, Australia, Iran,
Turkey, Morocco, Syria, Italy, Tunisia, and Algeria (Food and
Agriculture Organization of the United Nations 2021; US
Department of Agriculture, National Agricultural Statistics Ser-
vice 2021).

Almonds are consumed alone, raw or roasted; ground in wa-
ter and strained to produce almond milk; or as an ingredient in
confectioneries, desserts, and savory dishes (nonsweet). Al-
though energy dense, almonds are low in saturated fat, and their
consumption has been linked to lower levels of low-density lipo-
protein, or “bad” cholesterol; a reduction in total cholesterol;
and, most importantly, a reduction in cardiovascular disease [re-
viewed in Richardson et al. (2009)]. In addition, almonds are a
source of minerals, including calcium, magnesium, phosphorus,
manganese, and copper; and vitamins, including riboflavin and
vitamin E (Kodad 2017).

As the demand for almonds grows, production is likely to
expand beyond traditional areas where current cultivars are
adapted. Limited water resources and climate instability are ad-
ditional drivers of the need for new almond cultivars, including
rootstocks adapted to saline conditions (Acharya et al. 2022).
Plant genetic resources, in the form of germplasm collections,
are a valuable component of breeding and cultivar development ef-
forts because they can contain novel superior alleles for existing
traits of interest (Bhullar et al. 2010; Sharma et al. 2021), or to ad-
dress changes in abiotic stressors and pathogens (Batlle et al. 2017).
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Almond germplasm collections are held in several countries, such
as Italy (Rigoldi et al. 2015), Morocco (Hamzaoui et al. 2014),
Portugal (Cabrita et al. 2014), Spain (Espiau et al. 2002), and
Uzbekistan (Zaurov et al. 2015). In the United States, a pub-
lic almond germplasm collection is maintained near Davis,
CA, by the US Department of Agriculture, Agricultural Re-
search Service, National Plant Germplasm System (NPGS).
It currently contains 178 accessions of P. dulcis, including
some that exist as small populations (with subaccession numbers)
collected or donated originally as seed.

Almonds are believed to have originated in Central Asia
(Gradziel 2017), and indeed the majority (n 5 131) of the
NPGS almond accessions are listed as coming from this part of
the world. A number of wild almond species also exist, several
of which are hypothesized to be progenitors of P. dulcis (Kester
et al. 1990; Ladizinsky 1999; Zeinalabedini et al. 2010). Several
of these species have been used in modern breeding programs to
introgress desirable traits [reviewed in Socias i Company et al.
(2017)]. The NPGS collection contains accessions (including
seed-derived subaccessions) of Prunus arabica (Olivier) Meikle
(n 5 1 accession), Prunus argentea (Lam.) Reider (n 5 1),
Prunus bucharica (Korsh.) Hand.-Mazz (n5 19), Prunus fenzliana
Fritsch (n5 38), Prunus kuramica (Korsh.) Kitam. (n5 4), Prunus
tangutica (Baalin) Koehne (n 5 2), Prunus tenella Batsch (n 5 1),
Prunus triloba Lindl. (n 5 2), and Prunus webbii (Spach) Verh.
(n5 6), as well as a small number of hybrids between P. dulcis and
other species, including some of the wild ones just mentioned. The
germplasm collections in Spain, Portugal, Italy, and Morocco have
been evaluated for their genetic diversity (Cabrita et al. 2014;
Kodad et al. 2008; Mart�ı et al. 2009; Rigoldi et al. 2015), as have
collections in a number of countries, such as Iran (Fathi et al.
2008) and Tunisia (Gouta et al. 2010). The majority of the acces-
sions present in these collections represent cultivated (nonferal)
P. dulcis, although a small number of wild accessions have been
included, as well as wild almond species as outgroups. The genetic
diversity of the NPGS collection was analyzed by Preece and
Aradhya (2013), but their study included all Prunus species in the
Davis collection, and did not focus specifically on almond (i.e.,
evaluate its intraspecific diversity).

Recently, a private collection of almond germplasm was
made available for public research and development. This col-
lection is also focused on germplasm of central Asian origin. To
determine whether this private collection would enhance the di-
versity of available germplasm, we explored its genetic diversity
and compared it to the diversity of the NPGS collection.

Materials and Methods

PRIVATE COLLECTION. The private collection consisted of 94
accessions (Supplemental Table 1) maintained as a research or-
chard in Thatcher, UT, USA. The majority of these accessions
(n 5 87) were collected in 2010 and 2011 as true seed (not bud-
wood) from Central Asia, including Kyrgyzstan (n 5 9 acces-
sions), Tajikistan (n5 15), and Uzbekistan (n 5 63). One of the
accessions from Uzbekistan and three from Tajikistan were iden-
tified as P. bucharica; the rest were considered P. dulcis. Of the
remaining seven accessions in the collection, one was a seedling
of ‘Nonpareil’, a major commercial almond cultivar in the
United States. The others were almond seedlings from unknown
mother trees from a now-defunct nursery in Weber County, UT,
USA. All accessions were grown as own-rooted seedlings. This

germplasm collection was originally assembled by the Improv-
ing Perennial Plants for Food and Bioenergy (IPPFBE) Founda-
tion, an organization founded to promote the development of
perennial crops on the grazing lands of southern Idaho, USA,
and northern Utah, USA. When the IPPFBE Foundation ceased
operations in 2015, the germplasm collection (which included
other tree fruit and nut species as well) was donated to Utah
State University (Logan, UT, USA), which has maintained and
evaluated the germplasm since then.

THE NPGS COLLECTION. Sixty-six accessions from the NPGS
almond germplasm collection (part of the National Clonal Germ-
plasm Repository) near Davis, CA, USA, were also sampled by
requesting leaf tissue through the Germplasm Resources Infor-
mation Network (GRIN) (US Department of Agriculture, Agri-
cultural Research Service 2022). These accessions represent
57 unique inventory numbers in the federal collection; six of the
accessions sampled were represented by multiple (originally) seed-
propagated individuals, and two to three subsamples were taken
from each. They were chosen to represent germplasm from a simi-
lar geographic region as the foreign portion of the IPPFBE
collection (Supplemental Table 1). In addition to the central
Asian nations of Kazakhstan (n 5 1 accession), Kyrgyzstan
(n 5 10), Turkmenistan (n 5 3), and Uzbekistan (n 5 15),
accessions from Iran (n5 1), Pakistan (n5 3), and the Caucasus
[Armenia (n 5 2), Azerbaijan (n 5 14), and Georgia (n 5 17)]
were also included. Although most of the NPGS accessions were
identified as P. dulcis, two were identified as P. fenzliana, and
five simply as Prunus sp.

DNA EXTRACTION AND SIMPLE SEQUENCE REPEAT FINGERPRINT-

ING. DNA was extracted from leaf tissue via cetyltrimethylam-
monium bromide–based extraction (Murray and Thompson
1980) followed by phenol–chloroform purification. Fingerprints
were generated using 10 simple sequence repeat (SSR) markers,
a subset of 15 markers used by Preece and Aradhya (2013) in
their overall analysis of Prunus diversity in the NPGS collection.
All 15 markers were assayed, but two failed to amplify, one was
monomorphic, and two produced patterns that could not be
scored reliably. The forward primer of each primer pair was la-
beled at the 50 end with 6-carboxyfluorescein fluorescent dye.
Polymerase chain reaction (PCR) was performed in 10-mL vol-
umes and consisted of 20 ng template DNA, 0.25 mM (com-
bined) forward and reverse primers, and 1× Platinum II Hot-
Start PCR Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA). PCR conditions consisted of 94 �C for 2 min, fol-
lowed by 35 cycles of denaturation at 94 �C for 15 s, primer an-
nealing at 60 �C for 15 s, and product extension at 68 �C for 15 s,
with a final extension at 68 �C for 10 min and an indefinite hold at
4 �C. Two of the markers (BPPCT002 and pchgms1) were ampli-
fied using a two-step amplification protocol as follows: initial
denaturation at 94 �C for 2 min, followed by 35 cycles of denatur-
ation at 98 �C for 5 s, and a combination annealing/extension at
60 �C for 15 to 20 s, with no final extension step. Post-PCR, the
samples were analyzed via capillary electrophoresis using a capil-
lary analyzer (Applied Biosystems 3730, Thermo Fisher Scientific)
and the LIZ500 size standard (Thermo Fisher Scientific). The elec-
tropherograms were scored using the Fragman package (Covarru-
bias-Pazaran et al. 2016) in R software ver. 4.x (R Foundation for
Statistical Computing, Vienna, Austria).

FINGERPRINT ANALYSIS. Missing genotypes (1.6%) were first
imputed as the mean of the population using the tab function in
the R package adegenet (Jombart 2008). The imputed dataset of
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SSR genotypes was converted to a Euclidean distance matrix,
and a dendrogram was generated via hierarchical clustering
(complete linkage method) using hclust in base R. Principal
component analysis (PCA) and discriminant analysis of principal
components (DAPC) were performed via adegenet. DAPC is a
relatively new technique (Jombart et al. 2010) that performs dis-
criminant analysis using principal components (PCs) as input
variables. Traditional PCA seeks to maximize overall variance;
DAPC focuses on maximizing between-group variation, which
is ideal for exploring the structure of populations. Before these
analyses, variables were scaled via the scaleGen function. Be-
cause DAPC is a classification procedure, groups must be speci-
fied before running the analysis. The countries/states of origin
for each accession were chosen as the original groups. The ad-
mixture of individuals was explored using bar plots generated by
the compoplot function, which generates bar plots comparable to
those produced by STRUCTURE software (Pritchard et al.
2000). K-means clustering was also used to choose the optimal
number of groups for DAPC, with the choice of K governed by
examining a scree plot of within-cluster sums of squares. In this
scenario, the loadings of the original input variables (SSR al-
leles) on the discriminant functions were also examined. The Ge-
nome Database for Rosaceae (GDR) (Jung et al. 2019) was used
to search for agronomic traits or candidate genes near SSRs with
high loading.

Results and Discussion

MARKER PERFORMANCE. A total of 182 alleles was generated
by 10 SSR markers. The number of alleles per marker ranged
from 2 to 30 (Table 1). A slightly larger number of alleles was
found in the NPGS germplasm vs. the IPPFBE collection (152
vs. 149), which seems reasonable given the larger geographic
area represented by the NPGS collection. Observed heterozygos-
ity was significantly lower than expected heterozygosity for all
markers as a group (P < 0.001, paired t test). Markers UDP98-
409 and BPPCT040 were particularly less heterozygous than
expected.

HIERARCHICAL CLUSTERING. Hierarchical clustering generated
a dendrogram with seven main branches (Fig. 1). The first
branch contained only two P. bucharica accessions. UT-PD-64
was sourced from the Forestry Institute in the Gissar Valley of
Tajikistan, whereas UT-PD-68 was collected in the wild from
Surkhandarya Province in Uzbekistan. None of the other acces-
sions identified as wild almond species (P. bucharica, P. fenzliana)

was separated from P. dulcis material. The second branch, with
16 accessions, included seven from Uzbekistan (six from the
IPPFBE collection), three each from Kyrgyzstan and Tajikistan,
two from Georgia, and one from Azerbaijan. The third branch of
the dendrogram was the smallest branch, with only P. dulcis acces-
sions (n 5 7) and consisted solely of individuals from the IPPFBE
collection, including the seedling of ‘Nonpareil’ (UT-PD-04) and
four of the Utah, USA–sourced accessions. A closer inspection of
this branch revealed that UT-PD-06 and UT-PD-09 had identical
SSR fingerprints. Given that UT-PD-06 is from Utah and has bitter
kernels and UT-PD-09 is supposedly from Uzbekistan and has
sweet kernels, this is likely the result of a labeling error during sam-
ple collection, with the same sample being collected twice. In addi-
tion, UT-PD-57 and UT-PD-58, both from Surkhandarya Province
in Uzbekistan, differed by only one allele.

The fourth branch, with 15 accessions, contained two NPGS
accessions from Armenia. One (Cal-PD-24/DPRU 2941) is de-
scribed as P. fenzliana, whereas the other (Cal-PD-23/DPRU
2773-002A), although listed in GRIN as P. dulcis, includes the
notation “looks like fenzliana” in its passport documentation.
In addition, the fourth branch included eight accessions from
Uzbekistan (five from IPPFBE), two from Kyrgyzstan, and a sin-
gle accession each from Azerbaijan, Georgia, and Turkmenistan.
The fifth branch of the tree was the third largest, with 31 acces-
sions. Sixteen of these were collected in Uzbekistan (n 5 11 from
the IPPFBE collection). Nearly half (n 5 7) of the IPPFBE acces-
sions from Tajikistan were present, as well as three from Kyrgyzstan
(n 5 2 from IPPFBE), two each from Azerbaijan and Georgia, and
one accession from Pakistan. The sixth and largest branch, with
49 accessions, was the only branch with a majority of individuals
from the NPGS collection (n5 26). A significant number of these
were from Georgia (n 5 11), followed by Azerbaijan (n 5 6),
Kyrgyzstan (n5 5), Pakistan (n5 2), and one each from Iran and
Turkmenistan. The IPPFBE accessions in this branch were mostly
from Uzbekistan (n 5 19), with an additional four from
Kyrgyzstan.

The seventh branch of the tree was the second largest and
contained 40 accessions. Three nursery-sourced accessions from
northern Utah (UT-PD-01, -05, and -07) were in this branch,
although they do not appear to be closely related to each other.
Of the remaining accessions, 25 were from Uzbekistan (n 5 19
from IPPFBE). Four were from Azerbaijan (NPGS), including
one described as P. fenzliana. Three were from Tajikistan (all
IPPFBE), two from Kyrgyzstan (NPGS), and a single accession
each was from Georgia, Kazakhstan, and Turkmenistan (all
NPGS).

PRINCIPAL COMPONENTS ANALYSIS. Plotting the first two PCs
(Fig. 2) separated the wild species P. bucharica and P. fenzliana
from the remaining accessions. Cal-PD-52 (DPRU 3012) is
described as P. dulcis, including in its passport information, but
clustered with the P. fenzliana accessions. In contrast, the
P. fenzliana accession from Azerbaijan (Cal-PD-31/DPRU 3206-
002A) clustered with the P. dulcis accessions. When these wild
species were removed and the PCA was rerun, plotting the first
two PCs separated the ‘Nonpareil’ seedling, all Utah, USA–
sourced accessions, and 13 additional IPPFBE accessions (all but
one from Uzbekistan), from nearly all other accessions with a
first PC > 3 (Fig. 3). In addition, the accession from Iran (Cal-
PD-07/DPRU 2374) and one of the accessions from Turkmenistan
(Cal-PD-06/DPRU 2306-0004A) were separated from all others
by the second PC (> 10), whereas an NPGS accession from

Table 1. Simple sequence repeat markers used to fingerprint the almond
germplasm collections.

Marker
Prunus

chromosome no.
Alleles
(n)

Expected
heterozygosity

Observed
heterozygosity

BPPCT002 2 18 0.85 0.64
BPPCT004 2 22 0.76 0.61
BPPCT014 5 12 0.74 0.5
BPPCT039 3 30 0.93 0.73
BPPCT040 4 14 0.84 0.52
CPSCT026 7 2 0.05 0.03
CPSCT042 7 16 0.86 0.61
pchgms1 2 18 0.86 0.73
UDP96-003 4 27 0.92 0.69
UDP98-409 8 23 0.91 0.45
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Kyrgyzstan (Cal-PD-47/DPRU 3003) and an IPPFBE accession
from Uzbekistan (UT-PD-81) were separated from the main body
in the opposite direction (PC < –5). When plotting the first and
third PCs (Fig. 4), accessions with a third PC < –2 were mostly
(15 of 20) from the NPGS collection from multiple countries,
whereas accessions with a third PC > 2 were primarily from the
IPPFBE collection (16 of 19).

DISCRIMINANT ANALYSIS OF PRINCIPAL COMPONENTS. A biplot
of the first two discriminant functions using all P. dulcis acces-
sions identified the single Iranian accession (Cal-PD-07/DPRU
2374-0012A) as an extreme outlier (data not shown). Reanalysis
without this accession (or the P. bucharica and P. fenzliana ac-
cessions) assigned nearly all accessions (89.6%) to their original
classification (country of origin). The biplot of the first two

Fig. 1. Hierarchical clustering of Improving Perennial Plants for Food and Bioenergy (IPPFBE) Foundation and National Plant Germplasm System (NPGS) al-
mond accessions. IPPFBE accessions have the prefix UT-; NPGS accessions have the prefix Cal-.

Fig. 2. Plot of the first two principal components (PCs) from a principal components analysis, with the first PC on the x-axis. Individuals from the National
Plant Germplasm System collection are denoted by blue squares, and Improving Perennial Plants for Food and Bioenergy accessions, red triangles. UT-PD-
64 and -68 are Prunus bucharica; Cal-PD-23, -24, and -52 are Prunus fenzliana.
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discriminant functions (Fig. 5) suggested that the NPGS acces-
sions from Georgia, Kazakhstan, Pakistan, and Turkmenistan
were the most distinct. The bar plots of group membership prob-
abilities (Figs. 6 and 7) showed that accessions from Kyrgyzstan
and Azerbaijan were the most admixed, frequently with each other,
as well as with populations from Uzbekistan. The connection with

Uzbekistan is not surprising, given that the names of the mother
trees of some of the IPPFBE accessions from Kyrgyzstan (UT-
PD-87 and UT-PD-90, for example) suggest these trees originated
in neighboring Uzbekistan. Given that Azerbaijan and Kyrgyzstan
are separated by a distance of more than 1200 km, including the
Caspian Sea, the admixture is striking and suggests intentional

Fig. 3. Plot of first two principal components, with Prunus bucharica and Prunus fenzliana accessions removed. Individuals from the National Plant Germ-
plasm System collection are denoted by blue squares, and Improving Perennial Plants for Food and Bioenergy accessions, red triangles. Two-letter codes
are used for the country (or state) of origin: AB 5 Azerbaijan; CA 5 California, USA; GO 5 Georgia; IR 5 Iran; KG 5 Kyrgyzstan; KZ 5 Kazakhstan;
PK 5 Pakistan; TJ 5 Tajikistan; TK 5 Turkmenistan; UT 5 Utah, USA; UZ 5 Uzbekistan.

Fig. 4. Plot of first and third principal components of the National Plant Germplasm System (blue squares) and Improving Perennial Plants for Food and Bioenergy (red trian-
gles) accessions, with Prunus bucharica and outliers removed. Two-letter codes are used for the country (or state) of origin: AB 5 Azerbaijan; CA 5 California, USA;
GO5 Georgia; IR5 Iran; KG5 Kyrgyzstan; KZ5 Kazakhstan; PK5 Pakistan; TJ5 Tajikistan; TK5 Turkmenistan; UT5 Utah, USA; UZ5 Uzbekistan.
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germplasm exchange, likely during the Soviet period. Although no
IPPFBE accessions were collected from Azerbaijan, several acces-
sions, such as UT-PD-92 (collected in Kyrgyzstan) and UT-PD-43
(collected in Uzbekistan) appear to be Azerbaijani in origin. Simi-
larly, although Cal-PD-39/DPRU 2992-0007A and Cal-PD-40/
DPRU 2993-0007A were collected in Azerbaijan, both appear to

be largely derived from Uzbekistani populations. The least ad-
mixed of the larger populations (represented by more than three ac-
cessions) were the Georgian accessions from the NPGS collection,
and the Tajikistani accessions from the IPPFBE collection. The
Georgian accessions showed no evidence of admixture. Most of
the accessions from Tajikistan were also pure, with two accessions
(UT-PD-19 and UT-PD-21) showing some admixture with popula-
tions from Kyrgyzstan and Uzbekistan. Similar to the hierarchical
clustering results, which suggested a close relationship, the Utah,
USA–sourced accessions and the ‘Nonpareil’ seedling were ad-
mixed with each other. That the Weber County nursery was a
source of diverse material (Roper T, unpublished) is supported by
the fact that at least one of the Utah accessions, UT-PD-07, shows
significant admixture with the Tajikistani population.

Using K-means clustering to identify groups before DAPC
suggested five optimal clusters (data not shown). A plot of the
loadings of the original SSR alleles on the discriminant functions
suggested that alleles from BPPCT002 and pchgms1 had the
strongest effect on clustering (Supplemental Fig. 1). A marker
search of GDR showed that BPPCT002 lies very close (within
0.1 cM) to the SH shell-hardness locus (Ar�us et al. 1998). Al-
though germplasm in both the IPPFBE and NPGS collections
show considerable diversity for this trait, the data are incomplete
(Supplemental Table 1), and further phenotypic characterization
is needed to confirm trait associations with particular DNA
markers.

Conclusion

Almonds are an economically important and healthful crop
with acreage that is expanding. This expansion encourages the
development of new cultivars adapted to new growing areas,
and novel germplasm may be the source of alleles needed for ad-
aptation in these locations. The NPGS and IPPFBE germplasm
collections both contain numerous accessions from the almond
center of origin. Analysis of the IPPFBE collection indicates that

Fig. 5. Scatterplot of the first two discriminant functions based on discrimi-
nant analysis of principal components. Prunus bucharica, Prunus fenzliana,
and the single Iranian accession were removed. Two-letter codes are used
for the country (or state) of origin: AB 5 Azerbaijan; CA 5 California, USA;
GO 5 Georgia; KG 5 Kyrgyzstan; KZ 5 Kazakhstan; PK 5 Pakistan; TJ 5
Tajikistan; TK 5 Turkmenistan; UT5 Utah, USA; UZ5 Uzbekistan.

Fig. 6. Bar plot of group (country of origin) membership probabilities for each accession from the National Plant Germplasm System collection (not including
Prunus fenzliana or the Iranian accessions). Two-letter codes are used for the country of origin: AB 5 Azerbaijan; CA 5 California, USA; GO 5 Georgia;
KG 5 Kyrgyzstan; KZ 5 Kazakhstan; PK 5 Pakistan; TJ 5 Tajikistan; TK 5 Turkmenistan; UT 5 Utah, USA; UZ 5 Uzbekistan.
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although it and the NPGS collection are broadly similar, the new
material contributes positively to the genetic diversity of almond
germplasm. This is particularly true for material from Tajikistan
and Uzbekistan. Although there are a number of accessions from
Uzbekistan in the NPGS collection, IPPFBE accessions expand
the available diversity from this country. With respect to Tajikistan,
only one Prunus accession (a seedling family with subaccessions)
from this country is currently listed in the NPGS collection, and its
taxonomy is unclear (listed as Prunus sp.). In addition to these two
countries, Iran also appears to contain genetically distinct almond
germplasm, and efforts should be undertaken to acquire additional
Iranian accessions. The ‘Nonpareil’-derived germplasm is distinct
from most accessions collected from Central Asia and the Cauca-
sus. Its survival and fruiting in the high elevation (�1200 m) of
northern Utah, USA, suggests it also contains valuable alleles for
successful almond cultivation in severe climates. Phenotypic and
genotypic analysis of germplasm in both collections should be ex-
panded to identify novel superior alleles for breeding high-quality,
resilient almonds.
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Supplemental Information

Supplemental Fig. 1. Plot displaying the loading of the original simple sequence repeat (SSR) alleles on the discriminant functions of the discriminant analysis
of principal components. Prunus bucharica and Prunus fenzliana accessions were excluded. Alleles are labeled by the name of the SSR marker, a period, and
the size of the allele in bases.
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