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Abstract

Germplasm from a range of Prunus species in the subgenus Amygdalus, sections Euamygdalus, Spar-
toides, and Lyciodes has been evaluated for potential value to almond (P. dulcis) breeding through an
international, U.S.-Spain cooperative project. Species evaluated include Prunus argentia, P. bucharica,
P. fenzliana, P. mira, P. persica, P. scoparia and P. webbii. The absence of severe crossing barriers in
the initial hybridization and in subsequent backcrosses demonstrates a direct accessibility of this rich
germplasm to almond breeding. The performance of interspecific hybrids, as well as their subsequent
backcrosses to cultivated almond, further demonstrate valuable opportunities for transferring useful
traits including self-compatibility, resistance to important pests and diseases, the improvement of seed
oil quality, tree growth architecture and bearing habit, and tolerance to aberrant environments. The in-
ternational collaboration has allowed a more thorough evaluation of related germplasm and avoids quar-
antine restrictions on the U.S. importation of new Prunus accessions.

Introduction

Almond (Prunus dulcis Miller, syn. P,
amygdalus Batsch, syn. Amygdalus com-
munis L.) in the subgenus Amygdalus, sec-
tion Euamygdalus is an important tree crop
of worldwide distribution (38). In 1999,
California production was estimated at
over 800 million pounds from plantings of
approximately 500,000 acres. Spain, with
the second largest commercial production
has plantings of over 1,480,000 acres, but
with the total production of less than 200
million pounds due to the widespread
practice of low-input, dryland agriculture.
The cultivated almond is thought to have
originated in the arid mountainous regions
of Central Asia (Fig. 1) (19, 31). Several
wild species are also found in these moun-
tainous areas, from the Tian Shan moun-
tainous in western China, through Afghan-
istan, Kurdistan, and Turkestan, and into
Iran and Iraq (5, 18, 19, 20, 29). The
Prunus species P. fenzliana, P. bucharica
and P. argentia (of the Section Euamyg-

dalus) from these regions are described as
the wild species most closely related to al-
mond (5, 19, 20), and may be the ancestral
species of the modern cultivated almond
(29). Ladizinsky (31), however, identifies
only P. fenzliana as the wild ancestor of al-
mond. P. webbii, which is thought to have
originated on the Balkan peninsula, and P,
persica and P. mira from China are also de-
scribed as closely related to almond (19,
20, 29). The limited genetic base for culti-
vated almond has been well documented
using molecular markers (3), distribution
of self-incompatibility alleles (27) and re-
lated genetic studies (32). Environmental
limitations, particularly almond’s vulnera-
bility to frosts during its early spring flow-
ering, and its susceptibility to foliar dis-
eases under humid production conditions,
have limited its cultivation to geographi-
careas with the characteristic Mediter-
ranean type climate of moderate winter
temperatures and low summer rainfall.

While inter-specific gene transfer has
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proven a valuable breeding tool for both
the agronomic and vegetable crops (2, 22),
this approach has not been widely utilized
in tree crop improvement (30). In addition,
quarantine restrictions to the international
exchange of Prunus germplasm have been
imposed to limit the spread of destructive
pests and diseases such as the plum pox
potyvirus. The present study is part of a
long-term international cooperation be-
tween breeding programs in Davis, Cali-
fornia and Spain. This program has three
primary objectives: a) the preliminary as-
sessment of the potential value of inter-
specific introgressed germplasm to the im-
provement of cultivated almond, b) the
characterization of available genetic diver-
sity in cultivated almond and related spe-
cies, and c) the identification of specific
germplasm with disease and/or insect re-
sistance, for use in almond breeding. This
study presents a preliminary assessment of
the opportunities for the introgression of
interspecific germplasm to cultivated al-
mond.

Materials and Methods
Barriers to interspecific gene introgres-

sion were assessed by examining the level’

of pollen viability in interspecies hybrids
and subsequent backcrosses to almond.
Traits evaluated for their value to com-
mercial almond improvement included
self-compatibility, seed oil quality, and
tree and kernel characteristics.

Pollen viability in interspecies hybrids
and backcrosses. The level of pollen via-
bility was evaluated in interspecific hy-
brids between almond and P. persica (32
selections) and their F, progeny (83 selec-
tions), and interspecific hybrids between
almond and P. webbii (7 selections) and
progeny resulting from their backcross to
almond (21 selections). Anthers were har-
vested at the popcorn stage of bud devel-
opment. Anther-sacs were collected and
dried using standard methods (23, 25).
Dehisced pollen was germinated on 0.8 %
agar containing 12% sucrose, and the pro-
portion of germinating pollen grains
recorded after 8 hours at 25 degrees C.
Pollen germination was considered to
have occurred when the pollen-tube was
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at least twice the length of the pollen grain
diameter.

Assessment of self-compatibility in
backcross progeny from interspecific hy-
brids. Genotypes tested included back-
cross progeny from interspecific hybrids
between almond and P. argentia (1 selec-
tions), P. fenzliana (2 selections), P. mira
(1 selections), P. persica (4 selections),
and P. webbii (6 selections). Trees were se-
lected at fourth to eighth leaf for desired
tree and nut shape before testing for self-
compatibility. Self-compatibility was test-
ed by bagging individual branches with in-
sect-proof, mesh bags. At anthesis, all
open flowers on bagged branches were
hand pollinated with self-pollen. Viability
of self-pollen was verified through in-vitro
germination as described above. Each self-
pollination was repeated at least twice on
alternate days to allow for a more complete
pollination of late opening flowers. Fruit
set was recorded at least 12 weeks follow-
ing pollination to allow for late drop of
abortive nuts. Self-sets greater than 15%
were considered self-compatible based on
earlier studies of self-compatible almonds
(15, 27, 39). Selfing tests were repeated
over 3 years. Fisher’s least significant dif-
ference (LSD) was calculated using SAS
(36) for comparison of genotype effects.

Evaluation of seed oil quality in back-
crosses from interspecific hybrids. Total
fat content and fatty acid methyl esters
were determined for 5 almond selections
derived from backcrosses of almond x P.
persica and P. mira hybrids, and 7 culti-
vars important to California production
(‘Nonpareil, ‘Mission, ‘Carmel, ‘Ne Plus
Uiltra, ‘Peerless, ‘Sonora, and ‘Butte’),
using a modification of the procedure of
Garces and Mancha (13) as reported pre-
viously (1). Three separate replicates of
each genotype were tested and Fisher’s
least significant difference (LSD) was
used for comparison of genotype eftects.

FEvaluation of tree and kernel charac-
teristics. Selections resulting from the
backcross to almond of interspecific hy-
brids with P. argentia (5 selections), P.
bucharica (2 selections), P. fenzliana (9
selections), P. mira (1 selection), P. persi-
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ca (11 selections), P. scoparia (2 selec-
tions), and P. webbii (14 selections) which
exhibited levels of self-compatibility
and/or promising agronomic characteris-
tics were propagated on ‘Nemaguard’
rootstocks, and planted at test orchards at
Winters, CA. Data was collected from
sixth leaf trees for time of bloom, the per-
cent of total nuts exhibiting a complete
shell seal, the crack-out ratio of kernel
meat weight to whole nut (kernel meat plus
shell) weight, kernel weight, and crop size
relative to “Nonpareil’ trees interplanted as
standards. Genetic differences between
progeny groups were analyzed by ANOVA
(36) using data which was similarly col-
lected from the self-incompatible cultivar
‘Nonpareil” and the partially self-compati-
ble cultivar ‘LeGrand’ for comparison.

Results

Pollen fertility in interspecific hybrids
and backcrosses. All interspecific hybrids
showed moderate to high levels of pollen
viability, demonstrating the absence of any
significant hybrid sterility for these cross-
es. The level of pollen viability ranged 22
to 68 percent for hybrids between almond
and P. persica, and 31 to 62 percent for hy-
brids between almond and P. webbii. For
comparison, germination of pollen from
the adjacent ‘Nonpareil’ trees averaged 48
percent with a range from 29-65% using
this germination test. Similarly, moderate
to high levels of pollen viability were ob-
served in all F, and backcross progeny,
demonstrating the absence of hybrid
breakdown in these crosses. Pollen germi-
nation ranged from 33 to 58 percent in F,
progeny from almond times P, persica par-
ents and from 27 to 72 percent in backcross
from almond x P. webbii.

Assessment of self-compatibility in
backcross progeny from interspecific hy-
bridizations. Seed set following controlled
self pollinations in backcross (BC) and
selfed (F,) progeny ranged from 3.3 to
43.9 percent for the genotypes tested
(Table 1). All selections showed moderate
to heavy (up to 54%) sets following open-
pollinations. Part of the variation in self-
sets observed was due to a generally low
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set in one of the test years due to poor
weather condit’ons at flowering. The rela-
tively low LSD and standard deviations
observed, however, indicate that genetic
differences were important determinants
of final seed set. While all species tested
showed some level of self-compatibility,
only Prunus mira, P. persica, and P. web-
bii had fruit set above 30 percent, (though
the latter two species also had greater rep-
resentation in this evaluation). Breeding
populations developed from these parents
also segregate for self-compatibility in the
expected Mendelian ratios for a single
gene (see also 8, 37). The genotypes show-
ing the highest selfing percentages, selec-
tion 13,25-75 (a BC, progeny from P
mira) and selection 13,28-21 (a BC, prog-
eny from P. persica) also demonstrated a
relatively high capacity for autogamy or
the ability to autonomously self-pollinate.
In one interspecific cross to P. persica,
cleistogamous autogamy was observed as
the dehiscence of the flower anthers prior
to flower bud opening (17).

Evaluation of seed oil quality in back-
crosses from interspecific hybrids. Total
oil content for the genotypes tested ranged
from 41.6 to 50.2 percent (Table 2). Be-

Table 1. Average seed set following
self-pollinations of breeding se-
lections derived from related
Prunus species. (Sample stan-
dard deviations given in paren-
thesis).

Source

Degree Percent
Introgression  Selection

species Seed Set
P argentia  BC; 7920-45 11.5 (1.4)
P. fenzliana BC, 7906-13 9.0 (1.3)
P. fenzliana BC, 7906-22 9.3 (1.6)
P. mira BC, 13,25-75 37.2 (3.5)
P. persica F» 10C,20-51 20.8 (1.8)
P. persica BC, 13,28-21 439 (2.1)
P. persica BC, 3,54-39E  36.1 (3.4)
P persica BC:S; 6,56-89 34.4 (2.4)
P. webbii BC, 7927-54 9.6 (0.9)
P. webbii BC, 8007-15 3.5 (1.0)
P. webbii BC, 8007-24 34.4 (2.6)
P. webbii BC, 8011-11 4.4 (1.6)
P. webbii BC, 8021-95 3.3 (0.9)
P. webbii BC, 8024-12 12.8 (1.1)
LSD 5.3
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Figure 1. Map of Asia showing origins for
Prunus species examined in this study.
(Cultivated almond P. dulcis considered
synonymous with wild P. communis).

cause of such high levels in almond, oil
content and composition are important de-
terminants of almond quality and com-
mercial value. Selections derived from in-
terspecies crosses were intermediate to
this range, with the exception of selection
13,25-75 (a BC, progeny from P. mira)
which had the lowest oil content. Selection
13,25-75 also showed the lowest propor-
tions of oleic acid of the genotypes tested.
In contrast, the remaining interspecies
backcross progeny, which are derived
from crosses of almond to P. persica, show
uniformly high levels of oleic acid, being
up to 16 percent higher than commercial
almond cultivars. High proportions of
oleic acid, a monounsaturated fat, are de-
sirable as it has been associated with re-
duced susceptibility to kernel rancidity
and improved health benefits to the con-
sumer (1). In addition, these higher pro-
portions of oleic acid do not appear asso-
ciated with any sizable reduction in total
oil content.

Evaluation of tree and kernel charac-
teristics in backcrosses from interspecific
hybrids. A wide range of tree and nut char-
acteristics were observed among back-
cross progeny from different interspecies
crosses (Table 3). Considerable variability
was observed within species groups and
significant differences were often ob-
served both within and among species
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groups. Certain characteristics, however,
were retained in many of the progeny from
certain species groups. Genotypes derived
from P. argentia tended to develop into
small to medium-sized trees with an carly
bloom and a hard and well sealed shell.
The good shell seal was found to confer re-
sistance to kernel infestations by navel or-
angeworm (Amyelois transitella) and
peach twig borer (Anarsia lineatella), the
two major insect pests of almond in Cali-
fornia. The well sealed shell was also as-
sociated with the undesirable characteris-
tics of low kernel-to-nut crack-out ratios
and smaller kernel sizes. Several progeny,
however, possessed a thin, yet highly lig-
nified shell composed primarily of well
sealed inner endocarp (Fig. 2) which con-
ferred both insect resistance and high
crack-out ratios (up to 73%). Progeny of P,
bucharica also showed good shell seal
with relatively smooth, thin shells and
moderate to good kernel crack-outs, a low
kernel mass and later blooming but earlier
ripening times. P. bucharica trees were
large to very large. P. fenzliana progeny
produced generally medium to large, vig-
orous and upright trees with good cropping
potential on both spurs and terminal

Table 2. Almond kernel oil content
and proportion of oleic acid for
standard almond cultivars and
backcrosses from almond x P.
persica, and almond x P. mira.
(Sample standard deviations

__given in parenthesis.)

Total oil Oleic acid
Genotype (% DW) (% Oil)
13,36-52 (BCs;) 45.0 (2.0) 74.8 (2.4)
LeGrand (BC3?) 45.2 (6.2) 73.9 (2.6)
6,56-89 (BC;S;) 46.0 (3.3) 73.5 (2.4)
3,54-39E (BCy) 45.3 (2.1) 73.4 (1.3)
Mission 49.6 (2.8) 71.1 (1.8)
Ne Plus Ultra 47.6 (3.4) 68.1 (2.9)
Nonpareil 43.6 (5.3) 67.4 (2.5)
Sonora 42.2 (2.5) 65.4 (4.4)
Peerless 41.6 (4.3) 65.2 (2.2)
Carmel 44.9 (4.8) 64.5 (2.9)
Butte 50.2 (3.5) 64.3 (1.6)
13,25-75 (BCyp) 43.9 (2.7) 62.9 (1.9)
LSD 25 1.9

2?Lineage estimated from molecular marker data.
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shoots, though with a generally poorer
shell seal and moderate kernel crack-out
ratios and kernel size. P. mira, which was
represented by only 1 backcross selection,
showed a medium-size tree with large
crops forming on weepy (peach-like)
branches with a late bloom, poor shell seal,
and moderate nut size. Progeny from P.
persica, a close relative to P. mira, demon-
strated a wide range of variability. As with
P. mira, and P. bucharica, a later blooming
period allowed the avoidance of the dam-
aging Spring frosts. Trees tended to be
larger but a peachy or willowy growth
habit in some genotypes suppressed up-
ward growth and so ultimate cropping po-
tential. Bloom was late and more suscepti-
ble to Monilinia flower blight (Monilinia
laxa). Nuts were typically small and flat,
often with thick well sealed shells. Resis-
tance to aflatoxin production following
Aspergillus flavus infection was also ob-
served in these progeny (16). Backcross
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progeny from P. scoparia develop into
small to medium sized, upright trees with
well sealed though small and thick shelled
nuts. Backcross progeny from P. scoparia
also demonstrated the characteristic P. sco-
paria trait of small linear leaves which
tended to abscise early in the growing sea-
son resulting in mostly green, willowy,
branches where most photosynthesis pre-
sumably takes place. This ephemeral leaf
trait has been reported to confer a high
level of drought resistance (21). Both par-
ent and progeny appear more susceptible
to flower blights. The widest range in tree
and kernel characteristics was observed in
backcross progeny of almond x P. webbii,
in part due to the larger numbers of selec-
tions examined. Considerable variability
was observed in bloom period, crop size,
shell seal, and shell and kernel size. Low
levels of field damage by several impor-
tant diseases including Monilinia flower
blight, anthracnose ‘(Coletotrichum spp.),

Table 3. Range of tree and nut characteristics of backcross selections re-
sulting from interspecific introgressions. (Self-incompatible ‘Nonpareil’
and the self-compatible ‘LeGrand’ provided as references; S-small, M-

medium, L-lalge).

Selections Tree Crop Bloom Percent Kernel-to- Kernel Promising ResistencesY

Source Examined Size Size Time Sealed? NutRatio size (g) and Horticultural Traits

P. argentia 5 S-M  M-L Early 100 35-73 0.55-0.92 Resist. Amy, Ana,
Alt, Mon, Self-com-
pat.

P. bucharica 2 L S-M Late 100 38-61 0.53-0.73 Late flowering, Early
maturity

P. fenzliana 9 M-L L Mid 14-100 28-49 0.67-0.94 Drought resist., Late
flowering, Resist.
Alt, Ana

P. mira 1 M L Late 8 42 0.86 Self-compat., Oil
quality

P. persica 11 S-L S-L Late 11-100 31-48 0.47-0.85 Self-compat., Auto-
gamy, Oil quality,
Resist. Asp

P. scoparia 2 S-M S-M Mid 100 23-35 0.53-0.61 Drought resist., Re-
sist. Amy, Ana, Cap

P. webbii 14 S-L S-L Mid 28100 37-61 0.51-0.87 Resist. Amy, Ana,
Cap; Alt, Cap; Self-
compat.

P. dulcis ‘Nonpareil’ L L Mid 8 63 1.19

‘LeGrand’ L L Mid 4 56 1.03

zPercent of nut sample without shell splits exposing the kernel
Yinsects: Ca -Capngdis tenebrionis, A%y ,m}p/elaisgtransite
ini

Col-Coletotrichum spp. and Mon- Monilinia spp.

lla, Ana-Anarsia lineatella; Fungi: Alt-Alternaria spp., Asp-Aspergillus spp..
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Figure 2. lllustration of endocarp outer sur-
face and cross-section of shells of aimond
cv. Nonpareil and crosses to P. argentia

comparing the structurally weaker 3-part
(inner, vascular channels, and outer) en-
docarp of ‘Nonpareil’ with the more imper-
vious argentia type endocarp where the
vascular bundle lies outside of the endo-
carp. In backcross progeny, the single
layer argentia-type endocarp is retained
but sometimes as a thin but hard shell con-
ferring both insect resistance and high
crack-out ratios.o

and California (navel orangeworm and
peach twig borer) and Spanish insect pests
(capnode, Capnodis tenebrionis) indicate
promising levels of pest resistance in this
germplasm. A high proportion of P. webbii
progeny maintained the characteristic
webbii branching habit of numerous cur-
rent season laterals on new growth (Fig. 3).
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This ability to rapidly develop extensive
fruit bearing wood appears to be a major
contributor to the high relative cropping
potential of several P. webbii selections
compared to other selections and the stan-
dard almond cultivar ‘Nonpareil’ (Fig. 4).
Extensive development of such current
season laterals has also allowed rapid re-
newal (and so resistance to crop loss) of
young bearing wood destroyed by anthrac-
nose (Colletotricum acutatum) and Al-
ternaria Leaf Spot (Alternaria alternata)
in several advanced selections. In some
progeny, however, these current season
laterals produce only short thorn-liked
spurs.

Discussion

A preliminary survey of backcross and
F, progeny of Prunus species closely re-
lated to almond has identified a rich diver-
sity in traits with potential value to com-
mercial almond improvement. Relatively
high levels of pollen fertility in these prog-
eny support the absence of severe crossing
barriers to the interspecific introgression
of controlling genes. While molecular
studies are now underway examining link-
age drag in advanced interspecific breed-
ing lines, a relatively high level of horti-
cultural variability is tolerated in this nut
crop. This is because of the large amount
of phenotypic variation in tree and nut
characteristics present in current varieties,
and from the common horticultural prac-
tices such as pruning and tree hedging rou-
tinely used to modify tree growth and bear-
ing habits in commercial orchards.

Somewhat surprisingly, the most prom-
ising sources of new genes may be the
more distantly related species of P. persi-
ca, P. mira and P. webbii. Both P. persica
and P. mira have been classified by some
taxonomists in a separate genus or sub-
genus. For example Browicz and Zohary
(5) have classified P. persica and P. mira in
the genus Prunus while almond and the
other ‘almond-like’ species discussed here
were placed in the genus ‘Amygdalus. Re-
hder (33) has placed all of the species ex-
amined in this survey in the genus Prunus.
Prunus argentia, P. dulcis, P. bucharica,
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Figure 3. Dormant wood of previous season’s growth from a P. webbii hybrid bac

almond showing the retention of the webbii-type bearing habit where low apical dominance
results in extensive development of highly productive current season lateral branches.

and P. fenzliana, are placed in the sub-
genus Amygdalus, section Euamygdalus,
P. scoparia is placed in the section Spar-
tiodes, and P. webbii placed in the section
Lycioides.

While several earlier reports have dis-
cussed recovery of genes for self-compat-
ibility from related species through either
natural or controlled crosses (7, 8, 12, 15,

P. argentia (7920-45)
P. fenzliana (7906-1)
P. fenzliana (7906-13)
P. fenzliana (7906-26)
P. fenzliana (7906-31)
P. fenzliana (7906-33)
P. webbii (7914-26)
P. webbii (7918-16)
P. webbii (7927-54)
P. webbii (7934-55)
P. webbii (8006-10)
P. webbii (8007-15)
P. webbii (8007-24)
P. webbii (8010-22)
P. webbii (8011-11)
P. webbii (8011-20)
P. webbii (8021-77)
P. webbii (8024-20)

Selections

34, 37, 38), only Richter (35), Grasselly
(18,20), Denisov (7), and Kester et al. (26)
have previously reported on other possible
uses of wild species to almond improve-
ment. The historical use of these species
and their hybrids as almond rootstocks
should facilitate future introgressions. The
use of wild species directly as a rootstock
for dryland almond has been widely re-

0 0.5

1 1.5

2

Crop Relative to cv. Nonpareil

Figure 4. Tree nut production relative to the cv. ‘Nonpareil’ of selected backcrosses to al-
mond of interspecies hybrids (‘Nonpareil’ = 1).
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ported, including P. spartioides in Iran
(14), P. bucharica (10, 24) and P. fenzliana
in Russia (6), P. webbii in Turkey (9), and
P. fenzliana, P. bucharica, P. kuramica, P.
argentea (18) and P. dehiscens and P.
kotschyi (21) at lower incidence in these
and nearby areas. Crosses between almond
and related species have been readily
achieved under controlled conditions (4,
12,15, 18, 21, 28, 29). Interspecific cross-
es between these related species (mainly P.
persica x almond but also P. webbii x al-
mond) have been used for almond root-
stock breeding in France (4), USA (28),
Spain (11) and Yugoslavia (40). In addi-
tion, Browicz and Zohary (5) and Ladizin-
sky (31) have recently reviewed evidence
for a high level of spontaneous interspe-
cific hybridization in the wild between
species with overlapping ranges.

The limited germplasm tested, while
demonstrating exciting opportunities for
almond improvement, probably represent
only a small fraction of its full breeding
potential. The recent and often dramatic
losses of conventional agro-chemical
based management options for pest and
soil water management have led to an ur-

gent need for new genetic solutions. The-

exotic origins of this breeding material
may offer the needed genetic diversity to
solve such problems. This exotic nature,
in turn, will require the development of
very efficient selection strategies for its
timely incorporation into new varieties.
Molecular studies of this material are
presently underway to better characterize
the degree of genetic diversity, as well as
develop markers to accelerate promising
gene introgression.
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