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Interspecific Hybridization in Hazelnut (Corylus)
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AssTrAcT. Eight CorylusL. (hazelnut) species were intercrossed in all possible combinations to reveal genetic relation-
ships. Pollinations were made on either individually bagged branches or trees covered entirely with polyethylene using
mixtures of pollen of five genotypes to minimize low cluster set due to single incompatible combinations. Percent cluster
set, seed germination, and hybrid seedling survival were determined. Hybridity of seedlings was verified by inspection
of morphological traits. Based on percent cluster set, seed germination, and hybrid seedling survival along with observed
morphological similarities, Corylusspecies were placed in three groups: 1) the tree haz€lolurnalL. (turkish tree hazel)

and C. chinensisFranchet (chinese tree hazel), 2) the bristle-husked shrub spec@scornutaMarshall (beaked hazel),

C. californica (A.DC.) Rose (california hazel), andC. sieboldianaBlume (manchurian hazel), and 3) the leafy-husked
shrub specie<C. avellanal. (european hazel)C. americanaVarshall (american hazel),C. heterophyllaFischer (siberian
hazel), andC. heterophyllgFischer var.sutchuensig-ranchet (sichuan hazel). The two tree hazel species crossed with each
other readily, as did the three bristle-husked shrub species. The frequency of blanks was low (<20%) for crosses of the
tree hazels, and <50% for interspecific crosses within the group of bristle-husked species. The leafy-husked shrub species
could be crossed with each other in all directions, although cluster set @ heterophyllavas low. For crosses of species
belonging to different groups, setwas generally low and the frequency of blanks high. Nevertheless, a few hybrid seedlings
were obtained from several combinations. When used as the female pare@t,californica set nuts when crossed with all
other species, indicating possible value as a bridge species. Crosses invol@ngvellanawere more successful when it
was the pollen parent. In crosses witl. avellanapollen, cluster set orC. chinensisvas better than onC. colurnaand the
frequency of blanks was much lower, indicating that it might be easier to transfer nonsuckering growth habit fror@.
chinensisthan from C. colurna Reciprocal differences in the success of crosses was observed. The following crosses were
successfulC. californica x C. avellang C. chinensisx C. avellana C americanax C. heterophylla C. cornutax C
heterophyllg C. californicax C. colurna and C. americanax C. sieboldianabut the reciprocals were not.

Hazelnutis the common name for species of the geéoydus  1997). The important commercial cultivars in Europe and Turkey
which are members of the birch family, Betulaceae, of the ordegre selected over many centuries from local wild populations of
Fagales. Taxonomists have described as many &0B88us this species. Nuts @. avellanahave larger size, thinner shells,
species (Bailey, 1914; Everett, 1981; Huxley et al., 199&nd superior quality kernels, and thus this species has been usea;
Kasapligil, 1972; Krussman, 1976; Rehder, 1940). Of these, faxgensively in breeding programs. However, some highly desir- =
shrub and four tree species are most commonly recogniabte and economically important traits such as nonsuckering?,
(Thompson et al., 1996). The shrub speciesGravellana growth habit, tolerance to alkaline soil, extreme precocity, excep- &
(european hazelC. americana(american hazel)C. cornuta tionally early maturity, cold hardiness, and alternate sources of S
(beaked hazell;. heterophyllgsiberian hazel), ari@l sieboldiana resistance to eastern filbert blight causefifigogrammaanomala
(manchurian hazel); the tree species@reolurna(turkish tree (Peck) E. Miller do not exist withi@. avellanabut do exist in
hazel),C. jacquemontiDecne. (indian tree haze{}, chinensis wild species (Thompson et al., 1996). Interspecific hybridization =
(chinese tree hazel), afd feroxWallich. (tibetan tree hazel). then becomes necessary to transfer those characters from wildé

Corylusspecies are widely distributed throughout temperatpecies. Interspecific hybridization has been reported by Farris ¢
regions of the Northern Hemisphere from Japan, China, fr¢h®89), Gellatly (1950, 1956, 1964, 1966), Liang et al. (1994), @
Manchuria through Tibet, the Caucasus mountains, Turk®eed (1936), Slate (1961), and Weschcke (1970). Most studies=
Europe, and North America (Ayfer et al., 1986; Kasapligil, 197Have concentrated on crosses of wild species with the economi-5
They are deciduous trees and shrubs. All species are monoeaiallg importantC. avellana The crossability of many Asian
and wind-pollinated (Lagerstedt, 1975). The chromosome nuspecies with the cultivated hazelnut has not yet been documented
berofthe genusis 2n=2x=22 (Thompson etal., 1996). Hazelnntsther cases, reports are conflicting and clarification is needed.
are not native to the Southern Hemisphere and native fossil fofPnevious attempts indicate that so@mrylusspecies intercross
have not yet been discovered in this area of the world (Kasaplifygely, some cross with difficulty, some cross in one direction,
1972. and some do not cross in either direction (Erdogan and

The European hazelnut,. avellanais the species of com-Mehlenbacher, 1997; Mehlenbacher, 1991; Thompson et al.,
merce and is genetically diverse (Mehlenbacher, 1991; Rovita96).

An effort to collect representatives of all hazelnut species from
natural, wild populations is in progress at Oregon State Univer-
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Materials and Methods genotypes for each species every year. However, it was not
possible in some cases. Earcolurng only two genotypes were
GeneTic MATERIAL . Controlled pollinations were performedavailable and alternate bearing was pronounced. Many juvenile
in 1995, 1996, and 1997 at the Smith Horticulture Research Fagadlings o€. chinensisvere in the collection, but only one was
of Oregon State University, and the U.S. Department of Agricitrthe adult growth phase as this species has a long juvenile phase.
ture, National Clonal Germplasm Repository. Several female dne. heterophyllafemale flowers were rare on most seedlings as
male parents were used for each species (Tables 1 and 2). Wéll as selections. Also, during the course of this investigation,
species were represented by seedlings grown from seeds witld and heavy rain storms damaged a few pollination cages, and
lected in wild stands as well as grafted trees propagated frijgods lifted a few cages and allowed unwanted open pollination
imported scions. When seedlings were used as female parg@isamericana) This reduced the amount of data collected
two seedlings from the same seed lot were generally used tdNewly elongated catkins were collected from many genotypes
provide a sufficient number of female inflorescences. Cultivarseach wild species because no information was available about
and advanced selections from the Oregon State University braadir pollen quality or quantity. Some species, particul@ly
ing program with known S-alleles were used @ravellana cornutaandC. heterophylla produced only a few very small
Female parents (Table 1) were selected based on their pedatkins that yielded small amounts of pollen. Collected catkins

)
mance in previous years, plant size, time of flowering, and majere brought to the lab in the afternoon, laid on paper, and 2
flower (catkin) number which is an indication of the abundaneffowed to dry overnight at 28C. As they dried, the anthers =
of female flowers. We planned to use at least two different femakhisced and shed pollen on the paper. Pollen was collected anc§
[oX
Table 1.Female parents @orylusspecies and genotypes used in crosses (1995-97). §
Species Year Genotype Origin g
C. avellana 1995 Ennis (SS,)* Washington 2
1995 Casina (§S,) Asturias, Spain =
1996 276.076 (SS) Tombul Ghiaghli, Greece Willamette, Ore. ('3D
1997 Butler ($S) Oregon a
1997 245.098 ($S) (Barcelona, Spaix Tombul Ghiaghli, Greec&)Willamette, Ore. 3
C. americana 1995 COR 059 (2 seedlings) Mississippi 1
1996 88301 (2 seedlings) Pennsylvania g
1996 88309 (2 seedlings) Kentucky =
1997 88312 (2 seedlings) New Jersey E
1997 88317 (2 seedlings) lowa 3
C. heterophylla 1995 Het 001 Korea 3
1995 Het 013 Korea &
1996 86025 (1 seedling) Korea g
1996 Het 013 Korea s
1997 88452 (2 seedlings) China S
1997 COR 067 (1 seedling) China 8
C. cornuta 1995 88403 (3 seedlings) New York 3
1995 84016 (2 seedlings) British Columbia, Canada %
1996 88401 (2 seedlings) Quebec, Canada S
1996 89413 (2 seedlings) Manitoba, Canada g
1997 89404 (2 seedlings) New York &
1997 89401 (2 seedlings) Wisconsin -
C. californica 1995 B0509 Oregon ol
1995 B0849 Oregon 8
1996 SCS 21-5 Oregon 2
1997 SCS 58-5 Oregon §
1997 SCS 59-1 Oregon o
C. sieboldiana 1995 87801 (2 seedlings) Korea
1995 COR 350 Korea
1996 86030 (2 seedlings) Korea
1996 86031 (1 seedling) Korea
1997 86028 (2 seedlings) Korea
1997 86029 (2 seedlings) Korea
C. colurna 1995 X11 Europe
1995 X13 Europe
1996 X11 Europe
1997 X13 Europe
C. chinensis 1996 W5 China
1997 W5 China

Incompatibility alleles are shown f@. avellanagenotypes. Both alleles are expressed in female inflorescences.
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stored in cotton-stoppered glass vials at 2C8until used. ers were pollinated by hand when styles were visible outside the
Genotypes with good pollen quantity and quality (fine powdbud or were exserted beyond the red dot stage (>2 mm). Female
rather than coarse granules) were selected as male parents (Tlalters of some species emerge in January yet pollen of other
2). ForC. avellanathe S-alleles of the genotypes were knowrspecies is not available until April, and set declines as flowers age.
Sporophytic pollen—stigma incompatibility@ avellanehas In 1996 and 1997, stored pollen from the previous year was used
been well-studied (Mehlenbacher, 1997; Thompson, 197%acrosses for late-shedding spedizscornuta C. californica
1979b) but this information is not available for the v@lorylus andC. sieboldianao minimize the effect of flower age, but fresh
species. Thus, mixtures of pollen of five genotypes for eagbllen was used in 1995 crosses. Several of the wild species
species were used to minimize the potential for low cluster set deaotypes had not been used previously as female parents, and
to pollen—stigma incompatibility. their ability to set nut clusters was unknown. Hybrid seeds were
Crosskes Controlled crosses were made on individual branchiearvested when the nuts could be easily turned in the husk in
or entire trees depending on plant size. Female parents wargust, September or October depending onthe year and species.
emasculated before the start of pollen shed and emergence&haf numbers of pollinated flowers and harvested nut clusters
female flowers. Individual branches were bagged in Tyvekere counted and percent cluster set was calculated as the ratio of
(Dupont) housewrap (Smith and Mehlenbacher, 1994). The Tywvek clusters to flowers pollinated. Crosses with percent cluster set o
bag was enclosed in a cotton-polyester bag for protection fred0% were considered compatible, crosses with <5% cluster set2
punctures and abrasion. Entire trees were enclosed in woodere considered incompatible and cluster set between 5% andz

framed structures covered with white polyethylene. Female flob8% was considered intermediate. Data from trees in pollination §
Q.
Table 2. Male genotypes used in pollen mixtureCionyluscrosses. §
Genotype E
Species 1995 1996 1997 %
C. avellana 243.002 ($Sy° Mortarella (S S,,) Casina (§S,,) 3
256.005 (SS)) 264.148 ($S,) 228.084 ($S,) 2
278.113 (SS,) 452.014 (SS,) 313.078 (SS,,) =
381.053 (SS,) 464.029 (SS,) 455.087 (SS,,) H
443.107 (SS,) 513.007 (SS,) 513.007 (SS,) 2
C. americana 403.040 356.063 400.008 g
530.081 366.069 401.023 z
531.034 401.028 530.039 =l
532.014 405.070 532.014 g
532.069 530.063 532.061 g
C. heterophylla 402.009 T26 404.045 o
402.050 402.009 404.061 g
404.010 404.023 530.015 2
404.054 530.025 530.021 >
406.007 559.062 559.059 8
C. heterophyllavar.sutchuensis 566.044 f\)
C. cornuta CC3.002 CC3.006 CC3.088 o
CC3.024 CC3.054 CC3.059 §
CC4.002 CC4.007 CC4.007 S
CC4.039 CC4.025 CC4.024 S
CC4.052 CC4.053 CC4.034 ;
C. californica X37 X37* Y30 2
X39 X39 Y31 &
Y20 Y20 CC2.088 §
Y34 Y34 CC1.100 o
CC2.040 CC2.040 CC1.103 ¢
C. sieboldiana CC1.021 CC1.021 CC1.043
CC1.043 CC1.043 CC1.057
CC1.061 CC1.061 CC2.070
CC4.103 CC4.103 CC2.073
CC4.104 CC4.104 CC4.104
C. colurna X11 X11 X11
X13 X13 X13
Peavy Peavy
C. chinensis W5 W5

Incompatiblity alleles are shown f@. avellanagenotypes. Only the underlined alleles are expressed in the pollen.

YPollen ofC. heterophyllarar.sutchuensisC. cornutaC. californicg andC. sieboldianaised for 1997 pollinations was collected in 1996 and stored
at—18°C.

*Pollen ofC. californicaandC. sieboldianaused for 1996 pollinations was collected in 1995 and stored &G-18
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Table 3. Percent cluster set of intra- and interspecific hazelnut crosses (199B8u¥ed pollen was use for the male parents (Table 2).
The female parents are listed in Table 1. Results are presented for each year, and the average of the 3 years.

Male parent

AVE AME HET HET SUT*
Female parent 95 96 97 Avg 95 96 97 Avg 95 96 97 Avg 97
C. avellana(AVE) 38.1 73.9 64.7 58.9 11.7 46.3 48.1 354 0.1 47.1 35.0 274 4
C. americangd AME) 40.5 20.2 60.3 40.3 45.8 44.1 43.8 44.6 29.2 28.5 63.3 40.3 6
C. heterophyllgHET) 18 0.0 6.0 2.6 0.2 0.0 17 0.6 9.4 35.0 135 19.5 1t
C. cornuta(COR) 0.0 7.2 55 4.2 4.2 0.7 4.6 3.2 19.0 17.4 59.2 31.9 1
C. californica(CAL) 9.1 48.3 51.5 36.3 10.6 13.3 40.9 21.6 5.0 56.0 48.5 36.5 2i
C. sieboldiangSIE) 0.0 0.1 0.0 0.0 0.0 0.6 2.7 11 0.0 8.6 2.2 3.6 1
C. colurna(COL) 6.5 304 24.0 20.3 3.2 11.1 2.0 4.8 2.1 14.3 0.0 55 (
C. chinensigCHI) 35.7 47.6 41.7 0.0 28.6 14.3 0.0 0.0 0.0 0.

“Corylus heterophyllarar. sutchensisAbbreviations for other species are listed in the first column of this table.
YThe one available tree @f. chinensiset no nuts when self-pollinated.
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cages damaged by storms or floods were regarded as unrelilgieal characters such as leaf shape and size, lesions or spots o%
and were deleted. leaves, trunk color, and bark appearance. Seedling survival Wasg
SEED GERMINATION AND SEEDLING GROWTH. In 1995, all avail- noted from just after emergence to the day of field planting. Stem =
able hybrid seeds of most crosses were used. For crosses thadiaateter of seedlings was measured at the soil line in the dormant
high cluster set, a random sample of 200 seeds was used. A sgtason with a digital caliper (Mitutoyo Mfg. Co. Ltd., Tokyo, =
of 3012 kernels were extracted from nuts by hand-cracking thegan) when 1995 and 1996 seedlings were 14 and 9 months old3
shells. Numbers of empty nuts and abnormal embryos wesspectively. Seedling stem diameter in centimeters indicated
recorded. To break dormancy, seeds were treated with gibbereiljor as follows: weak (<0.5 cm), moderate (0.5 to 0.8 cm),
acid (GA) at 50 mg-E* for 48 h in November (Mehlenbacheryigorous (0.8 to 1.0 cm), and very vigorous (>1.0 cm).
1994). After treatment, seeds were placed between two layers of
moist filter paper in plastic boxes, and planted in flats as radicles Results
emerged. Plantings were repeated at intervals of 7 to 20 d. About
50 seedlings per cross were transplanted into 4-L plastic potdnterspecific crosses resulted in a wide range of cluster set
when radicles were 15 to 25 cm long. A mix of 4 peatmoss fr8m 0% to 78% (Table 3), and allowed assignment of the species
volcanic pumice : 3 douglas fiPfeudotsuga menzie§Mirb.) to three groups: the tree haz€lscolurnaandC. chinensisthe
Franco] bark (by volume) was used as the growing mediubmistle-husked shrub speci€s cornuta C. californicg andC.
Seedlings were grown in the greenhouse at@4lays/18°C sieboldianaand the leafy-husked shrub spedesvellanaC.
nights and natural day length. At the time of transplanting, 9 gashericana andC. heterophyllaThe frequency of blank nuts in
Sierra 3- to 4-month release fertilizer (17N-2.6P-10K withese crosses ranged from 4% to 100%.
micronutrients) was added to each pot. Supplemental fertilizerPERCENT CLUSTER SET AND FREQUENCY OF BLANK NUTS IN
(Peters’ 20N-8.7P-16.6K) was applied as needed during MAsPECIFIC AND INTRAGROUP CROSSES Percent cluster set of
growing season. The seedlings were moved outdoors for chillintaspecific crosses ranged from 20%ireterophyllao 59%
in December 1996 and planted in a nursery row in July 1997in C. avellana(Table 3). The tree hazefs. colurnaand C.
Similar procedures were followed for hybrid seeds from 19@&inensisset well and produced few blank nuts when crossed in
crosses. All hybrid seeds for most crosses and 100 random seéHsr direction. The one bearing treefchinensisvas self-
for the few crosses that had high cluster set were used. The semdsenpatible. Intraspecific crosses of the bristle-husked shrub 3
were stratified in moist vermiculite aP& from 11 Dec. 1996 to species averaged 43% cluster set and 23% blanks. Set of interspe=
27 Mar. 1997. Before stratification, nuts were surface sterilizeific crosses within this group was slightly lower, and the fre- &
with 2.6% sodium hypochlorite for 1 min. At the end of stratifiguency of blanks slightly higher. Set of intraspecific crosses was §
cation, 204 germinated nuts were planted. Nongerminated rhitg forC. avellanandC. americanabut low forC. heterophylla 2
were cracked by hand and kernels were extracted and treated Siithilarly, interspecific crosses among these three leafy-husked
GA;at 50 mg-t*for 24 h. Over the following 42 d, 1242 embryoshrub species set well whén avellanaandC. americanavere
germinated. The remaining 74 seeds were retreated with GAe female parents, but set was low on all crosses in which
then planted. A total of 935 seedlings were transplanted. Greleeterophyllawas the female. Blank nuts were present, but the
house-grown seedlings were moved outdoors in December 188d@uency was sufficiently low and interspecific hybrid seedlings
and planted in a nursery row in June 1998. were obtained readily. In 1997, a single tre€oheterophylla
The frequency of blanks (empty nuts) was determined bgr. sutchuensiss a pollen parent yielded good set on all three
visual inspection. Many blanks could be identified by externiaiafy-husked species. The frequency of blanks was quite high,
characteristics such as shell color, presence of large black shotgever (74% orC. avellanaand 89% orC. heterophyllx
on the shell, adherence to the husk, and light weight. OtherwiSerylus avellanaexhibited goodcross compatibility withC.
the nuts were cracked and the absence of an embryo, very samadéiricanain both directionsCorylus avellanayielded good
embryo size, or abnormal embryo development were record€2i7%) cluster set when pollinated with heterophyllabut set
Hybridity of seedlings was verified as they grew outdoorsas very low (3%) for thesciprocal crosses.
under natural conditions by observing species-specific morpho-PERCENT CLUSTER SET AND FREQUENCY OF BLANK NUTS IN
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Male parent
COR CAL SIE COoL CHI

95 96 97 Ay 95 9 97 Ay 95 96 97  Aw 95 96 97  Awg 97
01 00 00 00 00 00 00 00 03 00 00 01 00 213 00 71 00
00 00 81 27 24 128 00 51 224 438 433 365 07 90 00 32 34
00 00 00 00 00 - 00 00 00 - 04 02 00 - 11 05 33

327 285 462 358 322 611 293 409 445 400 638 494 00 00 119 40 00

407 514 450 457 452 354 533 446 444 154 554 384 156 200 457 271 10.0

186 357 211 251 329 141 383 284 326 524 586 479 00 00 1.8 06 00
00 00 00 00 00 22 00 07 00 30 00 10 221 200 47.6 299 400

00 00 00 - 00 231 116 - 00 00 00 - 429 778 604 Y0.0

INTERGROUP CROSSES Very low set was observed in many crossetyledons, seedcoats failing to completely cover the cotyledons
of species in different groups (Table 3, Fig. 1). Reciprocahd reversely oriented root and shoot axes were also observe
differences in the success of crosses were common, anddilmng germinationCorylus californica C. cornuta and C.

frequency of blank nuts was often high (Tablel4e European americanahad an especially high number of abnormal embryos.
speciest. avellanawas not cross-compatible with cornutaor  Interestingly, most of those abnormal embryos resulted from

C. sieboldianan either direction. Crosses@f avellanawith C. intraspecific crosses. The lowest frequency of abnormal embryos

californicaandC. chinensiset clusters (36% and 42%, respewas in crosses in whicl. avellanawas a parent, either as a
tively) only whenC. avellanawas the pollen paren€orylus female or male.

colurnax C. avellanaset clusters (20%) whéh avellanavas the SEED GERMINATION AND SEEDLING GROWTH . Germination of the
pollen parent, but nearly all (92%) of the nuts were blanks. Tingorid seeds from 1995 crosses continued for 100 d.t(@At-
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reciprocal cros<;. avellanax C. colurna set nuts in only one of ment to break seed dormancy caused some seedlings to grows

the three yearLCorylus americanavas not cross-compatibletaller but weaker due to elongated stems. Some seed deca
with C. colurnaor C. cornutain either direction as indicated byoccurred in almost all hybrid seed lots and was most seridlis on
the low cluster seCorylus americanaet nuts witlC. chinensis avellanaseeds. Germination f@r. avellanavas 35% in 1995 due
andC. californica(14% and 22%, respectively) wh@ramericana to decay compared to 68% in 1996 (Table 5). Fungicide treat-
was the pollen parent. In contrd@tamerican@rosses were only ments did not prevent decay but slowed the spread to some exten
successful witle. sieboldiang37%) wherC. americanavas the Most (87%) of the 1996 hybrid seeds failed to germinate after
maternal parenCorylus heterophyllgielded low cluster set as3.5 months of stratification. GAreatment was necessary, and
a female parent in inter- as well as intraspecific cro&&ylus
heterophyllashowed good cross-compatibility wi@ cornuta
(32%) andC. californica(37%) only as the pollen parent, and was
not cross-compatible witlC. colurng C. chinensisor C.
sieboldiandn either directionCorylus cornutandC. sieboldiana
were not compatible witl. colurnaor C. chinensisn either
direction.Corylus californicawvas only cross-compatible with
colurnawhen the latter was the pollen parent (27@9rylus
californicawas unusual in that, particularly as a female parent, it
could be crossed with all other species.

All crosses resulted in some empty nut (blank) formatio
(Table 4). The frequency of blanks ranged from 4% to 100§6.. ..,.ue ¢ coluna
Empty or blank nuts were mostly small in size and tightly adhergd
to the husk. The color of the shell was usually lighter. Some she
had large black spots on them, and in some nuts, part of the shell
had collapsed. Most blank nuts had very smdlt¢ 2 mm in size)
dark brown ovule(s) at the end of the funiculus and some fiber in
the shell. In other blanks, the embryo was of full size and C. californica C. chinensis
shriveled. In many of the incompatible combinations (low cluster
set), most of the nuts were blank. For examplavellanax C.
cornutaproduced few nuts, and 67% of those were blanks, while C. sieboldiana
all of the nuts (100%) of the reciprocal were empty. However,
combinations with higher percent cluster set produced fewer

blanks. For exampl&. avellanax C. americanand its recipro- Fig. 1. Compatibility of interspecific crosse<inrylusbased on percent cluster set.

; ; The width of the lines indicates the amount of set: thin 0% to 5%, medium 5.1%
0 0 )
cal reSUlteq in 16% and 27% blanks, respectively. . t0 10%, and thick 10.1% to 25%. Single lines with two widsths indicate reciprocal
All species prOduced some abnormal embryos, which Wel&fferences in the set of crosses. Eochinensis C. avellana for example, the

usually about half the size of normal embryos. Split cotyledongide line touches the circle f6x chinensisindicating that success is higher when
and shrunken cotyledons were common. Unequally developéids the female parent but the reciprocal cross gives poor or no set.

C. avellana

C. americana C. heterophylla
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Table 4. Frequency (%) of blank nuts in intra- and interspecific hazelnut crosses. Values are based on the total nurob&inéddtem each
combination (1995-97).

Male parent
Female parent AVE AME HET HET SUT COR CAL SIE COL CHI
C. avellana(AVE) 18.3 16.3 39.4 73.8 66.7 0.0 50.0 9.4 Voo
C. heterophyllgHET) 26.8 234 29.5 15.2 80.0 27.8 42.8 56.3 50.0
C. cornuta(COR) 43.2 4.2 42.2 88.9 0.0 0.0 100.0 100.0 100.0
C. californica(CAL) 100.0 54.9 54.6 25.0 28.6 31.7 35.8 28.6
C. sieboldiangSIE) 335 54.2 56.4 27.6 39.1 17.2 38.1 41.3 64.7
C. colurna(COL) 100.0 48.7 82.2 100.0 475 28.4 22.9 50.0
C. chinensigCHI) 25.8 4.6 75.0 19.5

ZCorylus heterophyllarar. sutchuensisAbbreviations for other species are given in the first column.
YHyphens indicate crosses for which no seeds were obtained.

induced 1242 seeds out of 1316 to germinate in 42 d. Germinattoem survived (Table 6), with two notable exceptions. Only 42%
was monitored for the remaining 74 seeds for another 95 d.ddtheC. californicax C. colurnaand none of th€. heterophylla

those, however, 23 never germinated (six f@ntornutax C. x C. avellanaseedllngs survived. These seedlings were very
cornutg five from C. cornutax C. californica, four fromC. weak, stopped growing after reaching a height of 20 to 50 cm, andﬁ
californicax C. californica and two each fror. americana then died. During the early growth of seedlings from 1995 5
C. americanaC americanax C. sieboldiana, C. cornuta C. crosses, chlorosis was noted on 158 seedlings, nearly all of them=

papeojumoq

heterophyllaandC. sieboldiana C. cornutg. (89%) were seedlings of. cornuta C. californica or C. ?

In normal embryos, the embryonic axis is located at the topsieboldiana Powdery mildewRhyllactinia guttata_ev.) symp- =)
tip (pointed side) of the kernels where the two cotyledons @&oens were noted on 115 seedlings, 65% of them@aralifornica ?D
joined together. During germination this embryonic axis pr&C. californicaand 15% of them froi@. californicax C. cornuta g
duces a thick, fleshy root and shoot tip. However, in soromsses. Both chlorosis and powdery mildew symptoms disap- =
abnormal embryos, roots emerged from the side of the kerpeared later in the season. 2
between the cotyledons. In many instances, several fine rootSeedling vigor, recorded as stem diameter, was highly vari- 3
rather than a single root emerged from the embryonic axis. Maje among the interspecific crosses (Table 7). In general, the%;

of the abnormal embryos formed weak roots but no shoot, auttivated hazelnu€. avellana and the tree hazel speciés

they eventually died. colurna and C. chinensisyielded very vigorous interspecific
Hybrid seed germination ranged from 28% to 94% (Table Bybrid seedlings. The weakest were intraspedficcornuta

High germination was between 70% to 90%. Although 10006.37 cm) ancC. heterophylla(o 41 cm) seedlings. The cross of

germination occurred occasionally, these were obtained frtmese two species also resulted in weak seedlmgs (0.42 cm).

very small numbers of incompatible crosses (€gavellanax Corylus avellanaseedlings were the most vigorous of the

C. cornutaor C. colurnax C. americany Cross-compatible intraspecifics (1.06 cm). Hybrid vigor was noted in some combi-

combinations usually resulted in higher seed germination thaations such a€. americanax C. californicg but not in the

incompatible crosses. Germination of intraspedficcornuta reciprocal, as stem diameter was larger in the interspecific hy-

seeds was lowest (36%) among the species, probably duérids than in either parent species.

higher chilling requirements. 18. colurnax C. chinensisand

their reciprocal, seed germination was very high, 74% and 95%, Discussion

respectively. IrC. americana C. heterophyllaand their recip-

rocal, germination was also very hlgh 76% and 75%, respec4nterspecific crosses, hybrid seed germination tests, and seed- 2

tively. Some reciprocal differences in germination were obng growth data confirm the statement of Thompson et al. (1996) 3

served. For example, seed germination was only 28%. inthat someCorylusspecies freely intercross, some can be crossed 3

avellanax C. americanawhile the reciprocal resulted in 82%. with difficulty, some can be crossed in only one direction, and g
Once germinated seeds reached the seedling stage, mosthafrs cannot be crossed in either direction. The assignment of§

[}
(2]
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Table 5. Percent seed germination in intra- and interspecific crosSesytiisspecies (average of 1995 and 1996).

Male parent
Female parent AVE AME HET COR CAL SIE COL CHI
C. avellana(AVE) 59.0 27.7 68.8 100.0 £- 50.0 55.0
C. americanaAME) 82.0 73.9 76.1 90.3 66.5 41.7
C. heterophyllgHET) 47.9 75.0 51.0 --- --- ---
C. cornuta(COR) 87.5 57.2 35.8 72.9 49.6
C. californica(CAL) 49.9 50.0 76.7 44.8 52.4 65.9 76.2
C. sieboldiangSIE) 100.0 62.5 71.0 85.6 83.4
C. colurna(COL) 83.3 100.0 50.0 84.0 73.8
C. chinensigCHI) 94.1 94.4

“Hyphens indicate crosses for which no seeds were obtained.
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Table 6. Percent survival of seedlings from intra- and interspecific crosSesytisspecies (average of 1995-96).

Male parent

Female parent AVE AME HET COR CAL SIE COL CHI
C. avellana(AVE) 89.2 96.9 100.0 10030 - 100.0 100.0

C. americanaAME) 98.5 89.9 98.5 100.0 84.7 91.7
C. heterophyllgHET) 0.0 100.06 86.3 --- --- --- --- ---
C. cornuta(COR) 100.0 79.8 77.8 71.7 711
C. californica(CAL) 87.5 90.0 93.8 89.1 84.8 100.0 91.7
C. sieboldiangSIE) 0.0 100.0 79.7 91.1 87.6
C. colurna(COL) 100.06 100.0 100.0 86.6 87.2
C. chinensigCHI) 86.7 94.1

“Survival based on five or fewer seedlings.
YHyphens indicate crosses for which no seeds were obtained.

Corylus species to three groups facilitates discussion of thsing severalC. californica selections as female parents in
results. The low cluster set of many crosses in 1995 was probabbsses wittC. avellana(Mehlenbacher, unpublished data). In
due to the flowers being quite old at the time of pollination. Userr study, seeds were obtained wikkrtalifornicawas crossed
of stored pollen in 1996 and 1997 resulted in higher set. with all otherCorylusspecies, indicating th&t californicacould

In general, the success of thmsses involving. avellana serve as a bridge species in interspecific hybridization.
was higher when it was used as a pollen parent. Crosggs of Gellatly (1966) described ‘Chinoka’, a presumed hybri@.of
avellanax C. cornutagave essentially no set. We made more thahinensix C. avellanaHybridity was assumed because it did not
1500 pollinations and obtained only one seedling, which did mesult from a controlled cross, and Thompson et al. (1996) placed
appear to be a true hybrid. All nuts from the reciprocal cross wéris cross in “uncertain crossability group”. The identity of
blank. Contrary to our results, Gellatly (1950, 1956, 196@®ellatly’'s C. chinensisparent is also in doubt, because the
reported obtaining interspecific hybrids named filazels, which hesulting hybrid seedlings more closely resembleolurnathan
obtained by removing catkins froth cornutaand assuming that C. chinensisOur results show that pollen®@f avellangprovides
the resulting seeds had resulted from pollinatio@bgvellana good set orC. chinensigistillate flowers and only 26% blank
Because his crosses were not performed under controlled condis. Most of the hybrid seeds germinated and the seedling
tions, true origin of the resulting seedlings is in doubt. Howevsurvived. In fact, the vigor of these seedlings was the highests
a successful backcross of Gellatly’s filazel no. 46 tavellana among allCorylushybrids. The reciprocal cross was unsuccess-
was reported by Mehlenbacher (1991). ful. The success of ouE. chinensisx C. avellanacrosses is

A similar experience was encountereddnavellanax C. encouraging, and indicates that such crosses might be promisin
sieboldiana Over 1500 pollinations resulted in only one viabl&or transferring the nonsuckering trait from a tree hazel species.
seedling, which did not appear to be a true hybrid. No nuts weréNe were able to cros3. avellanawith C. americanan both
obtained from the reciprocal cross. In the Republic of K&€ea, directions, and morphological traits indicated that the resulting
sieboldianaclones have been hybridized with introducgd seedlings were true hybrids. Jones was the first to report that this;,
avellanacultivars (Kim, 1985). A selection named Gaem@2 ( cross was successful only @ americanawas used as the 3
sieboldianaNo. 9x 76-1 where 76-1 €. heterophylla ‘Butler’)  pistillate parent (Reed, 1936). But according to Slate (1961), both
was reported. Results in Korea indicate thasieboldiananust species hybridize with each other. McKay (1966) observed 3
be used as the female parent in crosses @itivellana(Cho, cytogenetic abnormalities and sterility in some second generation
personal communication). hybrids. Seed germination was higher wieramericanavas

Schuster (1924), was the first to report that the cf@ss the female parent.
avellanax C. californicawas not compatible, but Mehlenbacher Set on ouiC. heterophyllax C. avellanacrosses was lower
(1991) was successful in making the reciprocal cross. Our dhtan expected, and may be due partly to the low flower quality at
confirm thatC. avellanais unilaterally compatible witfC. time of pollination and the later than ideal time of pollination.
californica. Several interspecific hybrids have been obtain€brylus heterophylldlowers were pollinated at budbreak in the
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Table 7. Seedling vigor of intra- and inter-specific hybrid€ofylusspecies expressed as stem diameter (in centimeters) (average of 1995-96).

Male parent

Female parent AVE AME HET COR CAL SIE COL CHI
C. avellana(AVE) 1.06 0.98 1.04 1.20 £- 0.67 1.09
C. americanaAME) 0.86 0.60 0.58 0.96 0.63 0.72
C. heterophyllgHET) 0.28 0.41 --- --- --- ---
C. cornuta(COR) 0.51 0.42 0.37 0.61 0.54
C. californica(CAL) 0.82 0.56 0.69 0.67 0.76 0.79 0.42
C. sieboldiangSIE) 0.49 0.39 0.64 0.44
C. colurna(COL) 0.96 0.85 0.54 0.60 1.00
C. chinensigCHI) 1.26 1.03

“Hyphens indicate crosses for which no seedlings were available.
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spring as temperatures were increasing and small leaves vramis (1970) reported a successful cros€.chmericanax C.
emerging. It was only then that styles of the female flowensterophyllavar.sutchuensis

became visible, and the styles of most of those females stayed iRercent cluster set was <5%JInamericanx C. cornutaand

the bud. In summer, many leaves suffered from sunburn. Flowiarthe reciprocal. Only three very weak seedlings were obtained
ing of theC. heterophyllaaccessions that we used appeared to ftrem the reciprocal. According to Drumke (1964), these two
somewhat abnormal. They may have been poorly adapted toNlbeth American species are distinct in morphology. Their ranges
climate of Oregon’s Willamette Valley. Thompson et al. (199@)erlap slightly but few, if any, interspecific hybrids are formed.
reported low to moderate (21%) se€rheterophyllgclone HF- Corylus californicax C. americanaesulted in higher percent set
13)x C. avellanaOSU 55.129 but failure in the reciprocal crosshan the reciprocal but the resulting seedlings may not be true
This sameC. heterophyllaclone has been successfully crossduybrids. The seedlings resulting from the reciprocal cross made
with other C. avellanagenotypes, but othe€. heterophylla in 1995 and 1996, however, appear to be true hybrids.
selections used as females have failed to set. In fact, @any Crosses o€. americanawith C. colurnapollen yielded poor
heterophyllaaccessions have never set nuts in the field in Corvaét. Four of the nine resulting seedlings appear to be true hybrids,
lis. In the Chinese hazelnut breeding progr@mheterophyllax  but the two seedlings from the reciprocal cross do not appear to
C. avellanacrosses yield better set than the reciprocal (Liang apel true hybrids. Reed (1936) reported set f@roolurnapollen
Zhang, 1988; Liang etal., 1994). In Kor€aheterophyllas used on female inflorescences 6f americandLittlepage’ and bark

as a female parent in crosses w@havellana and someC. appearance of the seedlings was typical of the pollen parent. In
heterophyllaselections set well but others do not (Cho, persoralir study, very few nuts were obtained from this cross, and most
communication). In this study, we obtained hybrid seedlingsre blanks.

fromC. avellanax C. heterophylldut not the reciprocal as stated The cross between the two Asian spedesijeboldiana C.
above. Although a few seeds were obtained from Ghe heterophyllawas very difficult. Percent cluster set was very low,
heterophyllax C. avellanacross, most of the seeds were nand the resulting nuts were mostly blank. However, a few true 3
viable and the resulting seedlings did not survive. The relategbrid seedlings were obtained. In the reciprocal, cluster set was=
cros<C. avellana C. heterophyllaar.sutchuensialso provided nearly zero and all of the resulting seeds were blank. Sget of
good seed set but a high frequency of blanks. We were unablgiéboldianax C. heterophyllavar. sutchuensisas also very low
attempt the reciprocal of this cross. In summ@nheterophylla and all of the nuts were blanks. In Korea, a cro€s sieboldiana
andC. avellanacan be hybridized in both directions, but set may(C. heterophyllax C. avellana was reported by Kim (1985).

be moderate, low, or zero depending on the parental clones. Li@ngsses of the Asian specféarylus heterophylla C. chinensis

and Zhang (1988) placed. heterophyllavar. sutchuensisn a andC. chinensix C. sieboldianawere not compatible in either
separate specie§, kweichowensisiu. direction.

Kasapligil (1963, 1964) does not believe that crosses betweerCorylus heterophyllavas cross-compatible as a pollen parent
C. colurnaandC. avellanaare possible in either direction, buwith the three North American speci€scornutaC. californicg
Gellatly (1966) reported some hybrids and named them trazelsdC. americanaand the resulting seedlings appear to be true
Gellatly’s (1966) selections resulted from open-pollinatio@.of hybrids. Pollen ofC. heterophyllavar. sutchuensisvas also
colurna trees, but morphological traits indicate that they aommpatible onC. californica pistillate flowers but not oit.
indeed true hybrids. Two of those hybrids, ‘Morrisoka’ ancornuta
‘Faroka,” were backcrossed @. avellanaandC. colurnaby Corylus heterophylla C. colurnacrosses were not successful
Farris (1982). Our data indicate that crossability between thegdgle the reciprocal resulted in only one seedling, which may not
two species is difficult but possible, and morphological traite a true hybrid. The cro€s colurnax C. heterophyllavar.
indicate that the seedlings we obtained from both directions awchuensidailed similarly. According to Farris (1976), the
true hybridsCorylus colurnac C. avellanaresulted in cluster set reciprocal cross also fails, but we were unable to attempt that
every year, but more than 90% of the nuts were blank. Nonetbimss.
less, five viable seedlings were obtained. In contrast, the reciproThe Asian specie€. sieboldianaand two North American
cal was successful only in 1996 and only one seedling veggecie<. cornutaandC. californicawere crossed easily in all
obtained. Breeders interested in this interspecific cross shadileéctions. These crosses had not been attempted previously. A
make a large number of pollinations and expect only a few hybaidjyroup, their husk and nut morphology are very similar, and
seedlings. distinct from that of othe€orylusspecies.

Many interspecific crosses were attempted for the first time in Corylus californicapresents the most difficult taxonomic
this study For example, the previously unreported cr@s problem of the genus in North America. It has been described as
chinensisx C. americanavas compatible and only a few nuts separate species by some authorities (Bailey, 1914; Krussmann,
(<5%) were empty, while set in the reciprocal was very low ad876; Rehder, 1940) and a botanical varietfCotornutaby
resulted in only two nut€orylus americanx C. sieboldiana others (Drumke, 1964; Everett, 1981; Huxley et al., 1992; Sharp,
produced many true hybrids, but the reciprocal failed. Hundred351; Thompson et al., 1996). Although interpretation of cross-
of pollinations resulted in only one seedling, which did not appeag behavior in a phylogenetic context is usually not straightfor-
to be a true hybrid. ward, it indicates at least some degree of genomic similarity

As a maternal parent,. americanavas hybridized success-(Bohs, 1991). In this context, our crossing results support Drumke
fully with the Asian specie€. heterophyllaandC. heterophylla (1964), who, after a detailed study of herbarium specimens of this
var. sutchuensisThese American and Asian species are gespecies complex, concluded tRatcalifornicais a true botanical
graphically separated yet quite similar in growth habit and huskriety ofC. cornuta Likewise, in addition to observed morpho-
morphology. Set was good wh€namericanaistillate flowers logical similarities, the high reciprocal cross-compatibility be-
were pollinated withC. heterophyllapollen, and many true tweenC. sieboldianand the North American speciéscornuta
hybrid seedlings were obtained. The reciprocal cross faileshdC. californica likely indicate a close relationship.
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Most Corylus species are Asiatic (Drumke, 1964). The twbarris, C.W. 1989. Two new introductions: ‘Grand Traverse’ hazelnut
North American species may have descended from AsiaQj.e., and ‘Spartan’ seedless grape. Annu. Rpt. N. Nut Growers Assn.
americanafrom C. heterophylla and C. cornutafrom C. 80:102-103. o _ o
sieboldiand or have had common ancestors. However, no exté}glaﬂy, J.U. 1950. .Descrlptlon of filazel varieties. Annu. Rpt. N. Nut
Asiatic hazelnuts are identical to those of North America, thoug Irlg\tllver\? Gsigéglﬁﬁgféithnu Rot. N. NUt Growers Assn. 47119
some are very similar. Drumke (1964) hypothesized that Yol Y ' ' - PG B
Corylusmigrated from Asia to North America, a gradual changg,jjaty, 3.u. 1964. Filazels. Annu. Rpt. N. Nut Growers Assn. 55:153—
took place creating a cline between Asian and North Americagss.
materials. When the Pleistocene glaciers covered the northesnatly, J.U. 1966. Tree hazels and their improved hybrids. Annu. Rpt.
part of North America, the intermediate forms between the AsiaN. Nut Growers Assn. 57:98-101.
ancestors and the southernmost plants in America would perhagdley, H.H. and S.J. Openshaw. 1980. Interspecific and intergeneric
have been eliminated. hybridization, p. 133-159. In: W. Fehr and H. Hadley (eds.). Hybrid-

The low vigor of some interspecific hybrid seedlings (hybridi)zo"’“c'ic_’n Ofvf/r_Op plants. Amer. Soc. Agron.—Crop Sci. Soc. Amer.,
weakness or inviability) were attributed by Hadley and OpenshaWad'Son, Wis. - .
(1980) to incompatibility 1) between the genomes of the parerﬁ#f“ey' A., M. Griffiths, and L. Margot. 1992. The new Royal Horticul-

. . ural Society dictionary of gardening 1. Macmillan Press Ltd., London.
species, 2) between the genome of one species and the cyto

ligil, B. 1963Corylus colurnaand its varieties. Calif. Hort. Soc.
of the other, or 3) between the genotype of theygote and the 5 24:35_104_ y

genotypes of the endosperm or the maternal tissue with whichgBgapligil, B. 1964. A contribution to the histotaxonomyGairylus
developing fFembryo is associated. (Betulaceae). Adansonia 4(1):43-90.

Some seedlings, notably those of the bristle-husked speci@sapligil, B. 1972. A bibliography oorylus (Betulaceae) with
were chlorotic until late in the season. The potting soil used wagnotations. Annu. Rpt. N. Nut Growers Assn. 63:107-162.
developed foC. avellanaseedlings. Seedlings of other specig§im, J.H. 1985. Horticultural crops research highlights 1984-85. Hort.
may have different nutritional requirements and thus not perforfaXpt. Sta., Rural Dev. Admin., Suweon, Korea.
as well in the same medium. Experience has indicated tf sg‘a”T'T’ S 1F?76- '\’I'Da”t‘fa' dOf Ocu't"’ated broad-leaved trees and

P . ; sNrupbs. Iimoper Press, Portiana, Ore.
seedlings oC. americanaandC. heterophyllaand hybrids of | Joo <y 11 B 1975 Filberts, p. 456-489. In: J. Janick and J.N. Moore
these two species with avellandrequently stop growing in this
soil mix, and occasional foliar application of GiAay be needed |4
for constant growth. The low vigor of these two species M@¥ng, W., X. Ming, and X. Wanying. 1994. Studies on hazelnut
reflect different nutritional requirements. breeding in northern China. Acta Hort. 351:59-66.

In summary, many interspecific hybrid combinations atgang, W.J. and Y.M. Zhang. 1988. Investigation and study of filbert
possible in the genu@orylus Based on percent cluster set, seedesources in China. Proc. Intl. Symp. Horticultural Germplasm, Culti-
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