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The hop (Humulus lupulus L.) is a dioecious, diploid (2n=2x=20) species. Triploid 

hops (2n=3x=30) are easily obtained from tetraploid by diploid crosses and are preferred 

because of their natural seedlessness and increased vigor. The female inflorescence is used 

for flavoring beer. Because brewers require product consistency, the brewing characteristics 

of a new aroma-type hop must closely match the variety it is intended to replace while 

showing improved adaptation and agronomic traits. Since triploid offspring should more 

closely resemble the tetraploid parent from which they receive two-thirds of their genetic 

material, breeders have traditionally selected known varieties to be the tetraploid parent with 

the expectation this will increase the likelihood of obtaining progeny with similar brewing 

chemistry. Tetraploid female parents are obtained through colchicine treatment of desirable 

diploid varieties. 

Naturally occurring tetraploid seedlings, sometimes found among the offspring of 

tetraploid by diploid crosses, if suitable for breeding, could eliminate the tedious colchicine 

treatment process now used to obtain tetraploids. Two such tetraploid males were obtained 

from an Oregon cross in 1983. Since these two tetraploid males had attractive quality traits 
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similar to other males in the USDA germplasm collection with a proven history of producing 

aroma-type progeny, they were thought to be suitable for use in a polyploid breeding program 

for aroma hops. 

The objective of this study was to determine the feasibility of using males as tetraploid 

parents in diploid by tetraploid crosses to obtain triploid aroma hops. Tettnanger, a prized 

German aroma hop, was used as the diploid female parent for these crosses. 

Meiotic cells of the two tetraploid males showed some abnormalities at anaphase I and 

the quartet stage; however, fertility, as determined from seed production and germination, 

was adequate for breeding. Of 185 seedlings obtained, 57 were triploid females. The diploid 

by tetraploid seedling population had a higher percentage of males than previously reported 

for tetraploid by diploid crosses. One tetraploid male produced no triploid female offspring. 

Seed content of the female triploid seedlings when subjected to a heavy pollen load averaged 

2.4% compared to 20.1% for diploid seedlings from Tettnanger crosses. Triploid progeny 

produced higher average yield than the Tettnanger parent. 

The two tetraploid males and Tettnanger were very similar in chemical quality traits 

comparable in male and female hops. Comparison among triploid and diploid progeny from 

diploid by tetraploid crosses and diploid open-pollinated Tettnanger seedlings demonstrated 

that the male parent influenced the a ratio, cohumulone content, and humulene to 

caryophyllene ratio of the offspring. Many of the female triploid offspring genotypes showed 

chemical quality traits similar to those of Tettnanger. 
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The Feasibility of Using Diploid by Tetraploid Crosses 
to Obtain Triploid Hops (Humulus lupulus L.) 

INTRODUCTION 

The brewing industry uses hops for flavoring malt beverages. The only commercially 

important portion of the hop is the cones of the female plant. Resin glands at the base of the 

bracteoles and on the seed coat contain compounds that contribute the characteristic bitter 

flavor and hoppy aroma to beer. 

Hops were originally added to fermented malt beverages not for flavor, but for 

preservation. Before pasteurization, beers and ales often soured and quickly spoiled, so herbs 

and spices were added to mask the off -flavors. German brewers probably first recognized the 

preservative value of hops. The bitter-flavored drink was not well received by consumers at 

first, but brewers who needed to get their product to market without spoiling persisted. The 

bitter flavor of hopped beverages was gradually accepted, and by the 1500's the practice of 

hopping had spread throughout Europe and England (Burgess, 1964). After the advent of 

pasteurization, hops continued to be used mainly for flavor. Today the hop bitter acids are 

known to retard spoilage by inhibiting the growth of gram-positive bacteria. 

Hops were first brought to North America in 1629 by the Massachusetts Company. 

New York began commercial hop production in the early 1800's, and by 1849 produced more 

than one million pounds per year. In 1879, New York produced more than 21 million 

pounds. Hop production in the Pacific Northwest began around 1850 and by 1909 had 

surpassed that in the eastern United States (Brooks et al., 1961). In the 1920's, when downy 

mildew devastated eastern U.S. hop yards, all commercial production in the United States 

shifted to Washington, Oregon, California, and Idaho. 
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The Hop Plant 

The hop (Humulus lupulus L.) belongs to the family Cannabinaceae and is indigenous 

to Europe, Asia, and North America between the 32nd and 66th parallels (Burgess, 1964). 

The hop is a true short-day plant which, after reaching a critical size, becomes "ripe to 

flower" after days reach a critical length. Critical day length varies with variety and 

temperature. For example, under field conditions the English variety Tuggle' flowers when 

the day length decreases to about 21 hours; in the warmer conditions of a greenhouse, Fuggle 

flowers with 16 hours of daylight (Thomas and Schwabe, 1969). Due to the long hours of 

daylight required for flowering, most cultivated hops are grown between the 40th and 50th 

parallels in the northern hemisphere and the 35th to 45th parallels in the southern hemisphere 

(Burgess, 1964). Climatically, hops require moderately mild winters, abundant water, and 

warm, dry summers, but will often produce a good crop even when these ideal conditions are 

not met. 

Hop yards viewed during their growing season are quite dramatic with vines growing 

25 feet or higher. The plants are set in hills about seven to eight feet apart. Strings from the 

ground to an overhead trellis provide support for the vines, which use strong hooked hairs to 

clasp the string and twine clockwise to the top of the trellis. 

The hop is a dioecious species with male and female flowers borne on separate plants. 

Only the females are used for commercial production. Lateral arms developing at the nodes 

of the main stem produce clusters of female flowers that mature into strobiles, called cones. 

A mature cone is from one-half to four inches long with papery green bracts and bracteoles. 

The bracteoles and seeds are covered with tiny resin glands called lupulin which are filled 

with the sticky yellow resins and aromatic oils important to the brewing industry. The vines 

are cut down for harvest and the cones are stripped off, but the perennial rootstock, called the 
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crown, is left in the ground to provide the bud source for the next year's growth. Plants can 

remain productive for 25 years or more and are generally removed only if the yard is taken 

out or plants are to be replaced by a new variety. 

Hops are propagated from seed only for breeding purposes. All commercial hops are 

propagated vegetatively from rhizomes or softwood cutting, so all plants of a given variety 

are genetically identical. 

Seeded and Seedless Hops 

Unfertilized female flowers develop into seedless cones in the absence of male plants, 

but when pollen is available seeds can comprise to 30% of the cones' weight. Since hop 

yields are measured by weight, the presence of seeds results in a significant increase in yield. 

Pollination also has a stimulating effect on cone size, increasing yield even when fertilization 

does not occur or when the developing embryo aborts (Haunold, 1975). 

Commercial hops may be grown either seeded or seedless. Traditionally, farmers 

have preferred to grow seeded hops because of their higher yield. Brewers, on the other 

hand, prefer seedless hops and sometimes pay premium prices for them. Seeds are 

undesirable because they have no brewing value, are generally believed to produce a poorer 

quality beer, and, if the hops are processed to powders, pellets or extract before they are 

used, are thought to release easily oxidizable seed fats which adversely affect beer flavor. 

Traditionally, seeded hops were defined as having more than 6% seed by weight, 

semi-seeded as having between 3% and 6%, and seedless hops as having less than 3%. Hops 

having less than 6% seed are now sometimes placed in seed percentage categories. Until 

recently Oregon produced mostly seeded hops; however, the 1992 Hop Inspection Report 

showed that 43% of Oregon hops were classified as having 0% seed content and 21% were 
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categorized as having 1% seed. Only 14% of Oregon's hops contained more than 6% seed. 

In 1992, 70% of Washington's and 100% of Idaho's hops were categorized at 0% seed 

content. Most hops in international markets are seedless, although some countries continue to 

grow certain varieties seeded to increase yield. 

Seeded hops are produced commercially by including a male plant for each 350 

females in the hop yard. Seedless hops are grown by removing all sources of hop pollen 

from commercial fields or by using genetically sterile varieties. In countries such as 

Germany, where seedless diploid varieties are grown, all male volunteers are strictly rogued 

from yards and hedgerows, although exclusion of all pollen can be difficult as pollen is often 

carried long distances by the wind (Haunold, 1974). Many hop breeding programs now focus 

on producing high yielding, naturally seedless varieties. 

Hop Breeding Systems 

There are no obvious distinguishing morphological differences between male and 

female plants, so the sex of an individual can only be determined at flowering. Monoecious 

plants are occasionally found, but are rare among diploids and only one sex is fertile; 

however, monoecious plants are common at higher ploidy levels. Tetraploid individuals with 

both sexes functional have been reported (Haunold, 1972). Polyploid monoecious plants 

range from mostly male or mostly female to having large numbers of both male and female 

flowers. 

While male plants are often discouraged in commercial hop production, they are 

important for hop breeding. The male flowers are about 5 mm in diameter at maturity and 

are found in panicles on the lateral arms of male plants. Each flower has five anthers of 

nearly equal size and function. Male flowers have only a few lupulin glands located in the 
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furrow of each anther and at the base of the stamen (Farrar et al., 1955). Since males do not 

produce cones, they can not be selected for yield potential without progeny testing. Recently 

developed techniques for analyzing the chemical content of one or only a few resin glands, 

however, have helped in the selection of male parents, especially for brewing quality (Likens 

et al., 1978; Nickerson et al., 1988). 

Because hops are dioecious they are highly heterozygous. Heterozygosity makes the 

outcome of any cross uncertain and limits the effectiveness of backcrossing. Since self-

pollination is not normally possible, desirable traits obtained in an F1 individual must be 

enhanced by backcrossing or sib matings, but as Neve (1976) noted, no matter how long a 

backcross program is continued under this breeding system "it would be impossible to reduce 

the overall level of heterozygosity by more than half." And, sib-matings, crossing the most 

desirable males and females of each generation, may result in extensive inbreeding, decreased 

vigor, and increased expression of undesirable recessive genes. 

Hybridization breeding in hops rarely requires backcrossing or sib-mating if the male 

and female parents of a cross are carefully chosen. Because seedlings can be asexually 

propagated, desirable genetic traits can be selected and fixed following a single cross. In this 

way progress in breeding, especially for qualitative traits, easily surpasses that which could be 

obtained by backcrossing in self-pollinated species. 

Polyploid breeding provides a means for increasing the genetic contribution of a 

selected parent and producing genetically seedless triploid hops. Humulus lupulus L. is a 

diploid with a chromosome number of 2n=2x=20. Tetraploids (2n=4x=40) can be 

artificially produced by colchicine treatment, doubling the diploid chromosome set. 

Occasionally, naturally occurring tetraploids are also found. Tetraploids can be crossed with 
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diploids to produce triploids (2n=3x=30) which are nearly sterile and produce few seeds 

because of irregularities in chromosome pairing during gamete formation (Haunold, 1974). 
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OBJECTIVE 

The objective of this research was to study the feasibility of deriving a seedless 

triploid aroma-type hop from a diploid by tetraploid cross. This method potentially provides 

a short-cut to triploid production by avoiding the tedious colchicine-doubling of vegetative 

tissue when the desired female parent is unavailable in the tetraploid condition. The work 

was done as part of the USDA-ARS hop research program at Oregon State University. 

In meeting this objective, two naturally occurring tetraploid males, USDA accessions 

8309-26M and 8309-32M, chosen for their quality characteristics and pedigrees, were 

evaluated for normality in meiosis and pollen formation by scoring pollen mother cells (PMC) 

for disjunction at anaphase I and micronuclei at the quartet stage. 

The two tetraploid males were crossed with three clones of the diploid female aroma 

hop Tettnanger, identified as USDA accessions 61021, 21496, and 21497. Each cross was 

evaluated for seed production and seed germination. 

The progeny was examined to determine the chromosome number of each offspring, 

the percentage of triploids, and the sex ratio for each cross. Tettnanger-type diploid and 

triploid seedlings were compared for seed-set. Each triploid female was checked for seed 

content and yield. The a ratio, cohumulone content, and the humulene to caryophyllene ratio 

(H/C) of the diploid by tetraploid cross seedlings and of open-pollinated diploid Tettnanger 

seedlings were compared to that of the parents as an indication of the tetraploid males' 

influence on these traits. The chemical quality of the triploid females was used to select 

offspring with chemical profiles as close to Tettnanger as possible. 
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LITERATURE REVIEW 

Seedless Hops 

Seeded vs. Seedless Hops 

Howard (1905) described the differences between seeded and seedless hops as so great 

"they would never be taken for hops of one variety, much less for hops growing on the same 

bine..." Unfertilized hops, he observed, were small, green, and unripe. Pollinated hops 

began development immediately following fertilization while unpollinated hops remained in 

the receptive "burr" stage up to ten days longer, leaving them susceptible to disease during 

this time. Pollinated hops ripened earlier, were better developed, and had better color. In 

1908, after studies showed seeded hops produced higher yields, Salmon and Amos encouraged 

the practice of growing seeded hops in England by offering free male plants to growers 

(Neve, 1991). 

Williams (1948) compared seeded and seedless cones produced on the same plant of 

the diploid varieties Fuggle, Early Cluster, and Late Cluster and concluded fertilization 

increased yield. While seeds accounted for 6.8% to 18.5% of the weight of heavily 

pollinated cones, compared to only 0.8% to 3.0% of unpollinated cones, yields increased 

more than could be accounted for solely by the weight of the seeds; the length and diameter 

of seeded cones increased compared to the unpollinated controls. 

Davis (1959) reported pollination of hop flowers with the closely related annual 

species Humulus japonicas L., which is not cross-compatible with Humulus lupulus L., 

increased the length of the cone's bracts, bracteoles, and internodes; decreased the number of 

nodes; and reduced the time spent in the receptive burr stage. He concluded pollination, not 
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fertilization, is the stimulus for cone growth, though no supporting data were given for the 

lack of fertilization. Experiments with Humulus japonicus L. pollinations to improve yields in 

seedless hops are currently being conducted in England (Neve, 1991). 

Neve (1963) found yields of varieties grown in England dropped 18% to 40% when 

grown seedless. Hartley (1965) reported seedless Fuggle yielded 30% less than seeded 

Fuggle and was commercially unprofitable. Neve and Thomas (1972) observed Northern 

Brewer yields dropped 20% when grown seedless; pollinated cones contained 13% seed by 

weight, compared to only 1% to 2% in unpollinated cones. 

As market pressure for seedless hops increased, researchers began experimenting with 

seedless production methods that take advantage of the stimulatory effect of pollination on the 

hop cone. Experimentation in seedless hop production has included breeding sterility into 

diploid cultivars, pollinating diploid varieties with nearly sterile triploid males, and developing 

commercial triploid varieties. 

Sterile Diploid Varieties 

Naturally occurring sterile diploid hops are occasionally found, especially among the 

progeny of crosses between wild American and European hops, and may be associated with 

chromosome interchanges (Neve, 1965). Neve (1968) reported two naturally sterile varieties: 

Calimutant, from New Zealand, had a seed content of 0.3% at Wye College in 1967 and 

Record, a diploid hop from Belgium, produced no seeds at all in 1967, although it had 

produced a few open pollinated seeds in previous years. Record had been grown seedless in 

Belgium so its natural seedlessness had not been observed previously. Open-pollinated seeds 

were collected from Record, Calimutant, and 17/61/11, a nearly-sterile diploid from the Wye 

College's hop breeding program. Calimutant and 17/61/11 produced mostly triploid 
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seedlings. Seedlings obtained from Record were all diploid; some inherited Record's sterility 

and two had a seed content of less than 1%. Too few offspring were obtained from Record, 

however, to determine the mode of inheritance of its sterility factor (Neve, 1968). Neve 

(1973) reported very slow progress in breeding sterile diploids since it is difficult to introduce 

desirable traits like disease resistance when seed production from controlled crosses is so low. 

Some improvement had been made by allowing sterile females to be open-pollinated by 

selected male parents. Except for Record, no sterile diploid variety has been released for 

commercial production. 

Polyploid Breeding 

Polyploid hop breeding was begun by Ono in the 1940's when he treated seedlings 

with colchicine (Neve, 1991). Dark (1952), critical of treating seedlings, proposed deriving 

tetraploids from commercial varieties by treating their axillary buds with colchicine. These 

tetraploids could then be crossed with diploid males to obtain triploids. He reasoned this 

method would retain a greater portion of the desirable genotype of the original variety and 

facilitate comparisons between the diploid variety and its triploid offspring. 

Dark (1952) theorized triploids would have three advantages over diploids. First, a 

triploid would receive two sets of chromosomes from the tetraploid parent and should, 

therefore, resemble the parental variety more closely than would a naturally derived diploid 

offspring. Second, based on observations of polyploids of other species, triploids may be 

larger and more vigorous than diploids. And third, due to an imbalance of chromosomes 

during pairing at meiosis, triploids should be sterile and, therefore, produce few seeds. 

Triploids would have the disadvantage, however, of being a dead-end in a breeding program. 
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Dark (1952) succeeded in producing a few chimaeral plants with sectors of diploid 

and tetraploid tissue. These plants were then open-pollinated and sixteen triploid cone-

producing seedlings were obtained. Dark described these seedlings as resembling the variety 

from which they were developed, as being more uniform than diploid families, and as having 

a higher than usual level of male sex expression. 

Diploid by Triploid Crosses: Fertility of Triploid Males 

Haunold (1974) studied meiosis and fertility in a Fuggle-derived triploid male. 

During metaphase I cells showed unequal pairing: No cell had complete trivalent pairing and 

only 3.3% had complete bivalent pairing plus ten univalents. Only 7% of the anaphase I cells 

had 20:10 disjunction with no laggards, while 37% of the cells had at least one laggard. At 

the quartet stage about half had one or more micronuclei. When this triploid male was used 

in crosses with three diploid females, it produced few seeds. Triploid pollinated cones 

averaged about two seeds, compared to 12 in the open-pollinated control. Even when no 

viable seeds developed, triploid pollinated cones were larger than unpollinated cones on the 

same plant. 

Investigating the potential of triploid males to stimulate cone growth, Haunold (1975) 

compared cones pollinated by diploid and triploid males to unpollinated cones on six diploid 

varieties. All varieties produced larger, heavier cones when pollinated, regardless of seed 

development after pollination. Diploid-pollinated cones increased 46% and triploid-pollinated 

cones 17% in weight over the unpollinated controls. The strig (central axis) length of the 

cones increased 51% in diploid-pollinated and 38% in triploid-pollinated over that of the 

unpollinated cones, but pollination had no effect on the number of nodes per strig. Seeds 

accounted for 13.8%, 5.0%, and 0.3% of the weight of diploid-pollinated, triploid-pollinated, 
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and unpollinated cones respectively. Triploid-pollinated cones had only half the number of 

seeds and their seeds weighed 29% less than those pollinated by diploid males. Microscopic 

observation revealed 85% of the seeds from triploid pollinators either contained aborted 

embryos or were only partially filled (Haunold, 1975). 

Triploid males used as pollinators in a commercial seedless hop yard increased cone 

yield 30%. Seed content, as determined by commercial grading standards, increased 2% to 

4% over the unpollinated control yard. Some triploid genotypes were more effective than 

others as pollinators, probably depending on the amount of pollen they produced and how 

closely their period of pollen production matched the female cultivar's flowering time 

(Haunold and Nickerson, 1979). 

Triploid by Diploid Crosses: Fertility of Triploid Females 

Neve and Farrar (1954) reported triploid seedlings derived from an autotetraploid 

`Bullion' hop when compared to diploid seedlings were more vigorous, were more uniform, 

had fewer seeds, and tended to shatter less at picking. Triploids averaged 0.32 seeds per 

cone compared to 5.64 seeds per cone in diploid Bullion. Farrar (1955) observed that seeds 

from triploids appeared normal, but weighed less than seeds from diploids and were often 

hollow. Farrar (1959) concluded that Bullion- and Fuggle-derived triploids, while having a 

lower seed content than diploids, generally contained too many seeds to be classified as 

seedless; however, he observed considerable variation in the seed content among the triploids. 

Haunold (1970) observed seed-set on an open-pollinated triploid female and in crosses 

with ten diploid males. The pollinator did not affect the amount of seed produced. On 

average the triploids had 0.35 seeds per cone or 0.5% seed by weight, compared to 12.3 

seeds per cone or 18% seed by weight in the diploid controls. Seed-set among several 
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hundred open-pollinated triploids under a heavy pollen load ranged from less than 1% to over 

5%, with an average of 2.8% or about 2 seeds per cone. Of seed collected from the 

triploids, 56% from controlled crosses and 83% from open-pollinated crosses germinated, 

producing 60.5% aneuploid, 30.8% tetraploid, and 8.7% diploid seedlings. 

Tetraploid by Diploid Crosses: Producing Triploid Cultivars 

Haunold (1971) crossed a colchicine-derived tetraploid Tuggle' to six Fuggle-related 

diploid males. Cytological examination of 778 seedlings from these crosses revealed 76.3% 

were triploids, 1.2% tetraploids, 0.1% diploids, and 22.4% aneuploids. Most aneuploids had 

either 29 or 31 chromosomes. 

The triploids were more vigorous and higher yielding than either the diploid or 

tetraploid form of the Fuggle parent. In replicated field trials, two year-old triploids grew an 

average of 121 mm/day during a 30 day period at maximum growth, compared to 53 mm/day 

for the tetraploid Fuggle, and 103 nun/day for diploid Fuggle. Only one triploid grew slower 

than diploid Fuggle and all grew faster than tetraploid Fuggle. Some naturally-derived 

tetraploids in the same field, however, were more vigorous than those derived from colchicine 

treatment, possibly due to greater heterozygosity (Haunold, 1971). 

The triploids yielded an average 3836 g of green cones per plant, compared to 2288 g 

for diploid Fuggle and 825 g for tetraploid Fuggle. The highest yielding triploid genotype 

produced 5905 g. Seed content of the triploid population averaged 4.7%, compared to 21.6% 

for diploid Fuggle. Triploids averaged 142 mg per cone, less than either diploid Fuggle (169 

mg) or tetraploid Fuggle (146 mg), but they produced more cones per plant than either 

diploid or tetraploid Fuggle (Haunold, 1971). 
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Triploid cultivars have been released from at least three breeding programs. In 1976 

the USDA breeding program in Corvallis, Oregon released two triploids, Columbia and 

Willamette, as replacements for the diploid aroma-type variety, Fuggle. Both were derived 

from an autotetraploid Fuggle and a Fuggle-related diploid male. In commercial field trials 

Columbia averaged 1934 kg/ha of dried cones and Willamette 1794 kg/ha, compared to 

Fuggle's 1407 kg/ha. Willamette, which now makes up 65% of all Oregon-grown hops and 

15% of Washington hops, averages a seed content of 2.1% and has a quality profile similar to 

that of Fuggle (Haunold et al., 1977b). 

Two additional triploid varieties, Mt. Hood and Liberty, have also been released from 

the Oregon project. Bred for their aroma characteristics, both are from crosses between an 

autotetraploid Hallertauer mittelfriih and diploid males. Mt. Hood, released in 1989, yields 

between 1400 to 2200 kg/ha dried cones (Haunold and Nickerson, 1990a,b). By 1993, 

commercial production of Mt. Hood had reached 2.53 million pounds. Liberty, released in 

1992, is in expanded brewing trials. It averaged 1980 kg/ha of dried cones in Oregon and 

1132 kg/ha in Washington during commercial yield trials (Haunold et al., 1992). 

New Zealand, which began its triploid breeding program in 1962, released the high-

alpha triploid varieties Green Bullet, Super Alpha, Harley's Fulbright, and Sticklebract in the 

1970's and Alpha Aroma and Pacific Gem in the 1980's. In addition, the NZ Hallertauer, a 

newly released triploid aroma-type hop, is now grown on 20% of the hop acreage in New 

Zealand (Beatson, 1993). 

Slovenia, formerly part of Yugoslavia, released the triploid variety Blisk, in the late 

1970's. Despite good yields and a pleasant aroma, Blisk has not yet been accepted by the hop 

trade. Four newer triploid aroma varieties, Celeia, Cerera, Cekin, and Cicero have been 

released, but are not yet in commercial production (Haunold, 1993). 
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Fertility of Tetraploid Males 

Haunold (1972) concluded that pollen fertility of a monoecious tetraploid, found 

among the progeny of a triploid female, was essentially normal. The tetraploid likely resulted 

from non-disjunction at anaphase I producing a 30-chromosome egg which was fertilized by 

pollen from a diploid male. Pollen from the tetraploid used in crosses to five diploid females 

produced from 3.4 to 9.8 seeds per cone, with germination rates ranging from 52% to 83%. 

In addition, self-fertility was tested over two years by pollinating the female flowers with 

pollen from a vegetatively propagated clone. In 1969, self-pollinated cones averaged 7.96 

seeds per cone of which 38% germinated. In 1970, self-pollinated cones averaged 4.41 seeds 

of which 46% germinated. Of the 266 seedlings produced during the two seasons from self-

pollination, 43.6% were tetraploids, 19.2% were triploids, and 37.2% aneuploids. Of the 99 

aneuploids, 60 had either 39 or 41 chromosomes; the remaining, in order of frequency, had 

31, 42, 38, 29, 32, and 37 chromosomes. 

Meiotic studies of the monoecious tetraploid also confirmed normal pollen fertility, 

and demonstrated pairing and segregation were normal. At diakinesis, 25% of the cells had 

complete bivalent pairing and 28% had 19 bivalents and 2 univalents; both ring and chain 

quadrivalents were observed. At anaphase I, 55.4% of the cells showed 20:20 chromosome 

segregation; at the end of meiosis I, 92% of the cells had no micronuclei. Ninety-one percent 

of the cells scored at the quartet stage had no micronuclei, 8% had only one, while the most 

observed in one cell was three (Haunold, 1972). 
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Sex Ratios in Hop 

The Sex Chromosomes 

Winge (1929) and Sinot6 (1929) identified a heteromorphic pair of chromosomes in 

the karyotype of European diploid male hops. Jacobsen (1957) observed end-to-end 

conjugation in a heteromorphic chromosome pair in diplotene PMCs. By pretreating mitotic 

chromosomes with 8-hydroxyquinoline, structural differences in prophase and prometaphase 

chromosomes became apparent. Males had one medium-sized chromosome whose midsection 

on the short-arm was less stainable, while the female had two such chromosomes, identifying 

this as the X chromosome. The Y chromosome, identified by its absence in the female, was 

very small with a short arm which ended diffusely. 

Sex Expression 

A dioecious species with an X/Y chromosome system for sex determination will 

theoretically produce a 1:1 ratio of male to female offspring. However in hops, as in some 

other dioecious species, there is a preponderance of females in seedling populations. A 

survey by Smithson (1963) showed that among families reported, males constituted from 1% 

to 45% of the offspring. Haunold (1991) reported that over 20 years in the USDA hop 

breeding program, the number of females exceeded that of males by four-to-one in most 

families, though occasionally males predominated, possibly due to inadvertent seedling 

selection. 

Monoecious diploid individuals have been reported, but only one sex is functional. 

Under certain conditions, some diploid varieties produce male flowers on a few lateral arms 
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near the top of the plant, but their pollen does not mature. Among European hops there are 

no authenticated cases of diploids in which both sexes are fertile (Haunold, 1991); however, 

some populations of wild native American hops may be the exception to this rule. Haunold et 

al. (1993) report finding diploid individuals with both viable pollen and open-pollinated seed 

among a collection of wild American hops from North Dakota and Southern Canada. All 

native American hops Neve (1961) examined lacked heteromorphic sex chromosomes, 

although their X chromosomes appeared similar to European types. Neve (1961) attributed 

this to isolated races with independently evolving sex determination mechanisms. 

Monoecious polyploids are common. Among 84 Bullion-derived triploids, Dark 

(1952) found 42 females, 19 male intersexes, 7 males, and 16 nonflowering dwarfs. Neve 

and Farrar (1954) reported 39.5% females, 34.9% intersexes, and 25.6% males in a Bullion-

derived triploid population and 46.1% females, 46.1% intersexes, and 7.7% males in a family 

of Brewer's Gold-derived triploids. Neve (1961) reported as many as 50% of the seedlings in 

some families were intersexes, and Haunold (1972) reported a fully self-fertile monoecious 

tetraploid. 

Intersex plants tend to fall into distinct categories. Neve (1961) identified six 

categories: females, females with a few male flowers, individuals with equal numbers of male 

and female flowers, males with a few female flowers, functional males with some 

hermaphroditic flowers in which the ovary was nonfunctional, and males. He observed that 

while there was no obvious distinction between categories, it was seldom difficult to 

determine to which category an individual belonged. Haunold (1971) classified triploids as 

having 100%, 95%, 50%, 5%, or 0% female flowers. Of 575 triploids obtained from a 

colchicine-derived tetraploid Fuggle, 70.6% were females, 1.9% were true males, and 26.5% 

were monoecious. Monoecious plants were primarily males with a few female flowers. 
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Weston (1960) produced male flowers on diploid Fuggle, a variety that does not show 

monoeciousness in the field, by spraying plants with 500 ppm of the weak growth compound 

(2-chlorophenylthio)propionic acid. Neve (1961) observed some variation in the sex 

expression of individuals from year to year; for example, a plant with mostly female flowers 

one year may have mostly male flowers the following year. However, in no case did he 

record a complete sex reversal. 

Genetics of Sex Determination 

Using the technique developed by Jacobsen (1957) to identify the X and Y 

chromosomes, Neve (1961) investigated the relationship between the sex chromosome 

complement and sex expression in hops. In euploids he found a correlation between a plant's 

sex and the number of X chromosomes, Y chromosomes, and autosomal sets (A) it possessed. 

From these data, sex expression could be interpreted as being determined by the ratio X:Y, 

X:A, or Y:A. Evidence from 21 aneuploids seemed to support a sex-determination system 

controlled by the ratio of X chromosomes to autosomes, with male-determining genes located 

on the autosomes. 

Variation in the sex expression among plants with the same sex chromosome 

complement suggested some male-determining genes were segregating with the autosomal 

chromosomes. Further evidence for segregation came from diploid intersexes. The most 

extreme intersexes had equal numbers of male and female flowers, but were genetically 

female with two X chromosomes. Crosses made with these females produced some female 

plants with only nonfunctional male flowers (Neve, 1961). Neve (1961) proposed that at least 

some genes for pollen maturation are located on the Y chromosome as there are no known 

cases where an individual lacking the Y chromosome has produced functional pollen. 
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Factors Affecting Sex Ratios 

Any mechanism selectively acting on one sex or the other prior to flowering will 

affect the sex ratio of a family. Reasons proposed for deviations from the expected 1:1 sex 

ratio in hops have included: parthenogenesis, pollen competition, a sex-determining 

incompatibility system, differential germination rates, hereditary factors, selective mortality, 

failure to flower, and selection bias. 

Smithson (1963) observed no abnormalities during meiosis which would affect the sex 

ratio. The sex chromosomes were seen to separate and move to the poles in a normal 

fashion, suggesting an equal number of X and Y-carrying gametes are formed. There was no 

evidence of selective pollen germination or differential pollen tube growth rates affecting sex 

ratios. Pollen germination rates of 84% were too high to account for a loss of 50% of the Y-

carrying gametes. Morphological studies of the developing embryo and endosperm showed 

no evidence of early selective mortality. Smithson (1963) also concluded there was no 

cytological or morphological evidence for apomixis. Lack of apomixis is supported by 

isolation experiments that show no seeds form when plants are fully protected from stray 

pollen (Haunold, 1991; Neve, 1991). 

Neve (1961) concluded poor seed germination accounted for some families with a 

high number of female offspring since early-germinating seed had a higher percentage of 

females, but when germination rates were above 75% there was no correlation between 

germination and sex ratio. Neve (1961) also found evidence that pollen competition was a 

factor in some families; however, when pollen competition was decreased by diluting pollen 

up to 10,000 times with Lycopodium spores the sex ratios still did not approach 1:1, but 

seemed to stabilize at 2:1. Neve (1961) proposed that a genetic system similar to the S1 /S2 



20 

self-incompatibility system could account for the elimination of one-half of all male-carrying 

gametes. 

Smithson (1963) also found evidence for stabilization of the sex ratio at two males to 

one female. Pollinations with a single pollen grain placed either on the stigma or at the base 

of the style showed no significant deviation from a 2:1 female to male sex ratio. Smithson 

(1963), after finding no evidence for any of the other proposed mechanisms, concurred with 

Neve (1961) that a genetic system might be responsible for the 2:1 ratio. 



21 

MATERIALS AND METHODS 

Meiosis in Tetraploid Male Hops 

Two tetraploid males, USDA accession numbers 8309-26M and 8309-32M, used as 

the male parents in the diploid by tetraploid crosses, were analyzed for chromosome behavior 

during meiosis. The males were among the offspring of a colchicine-derived tetraploid 

Hallertauer Mittelfriih, obtained from England's Wye College, Department of Hop Research, 

and USDA accession 21381M, a diploid male selected for its aroma characteristics. The 

tetraploid males' pedigree is: Tetraploid Hallertauer m.f. X [Cascade X [(Brewers Gold X 

Early Green - unknown) X German Seedling]]. 

Panicles were collected during midmorning and fixed in Carnoy's solution of a 6:3:1 

ratio of 95% ethanol, chloroform, and glacial acetic acid by volume. Flowers were stored in 

a freezer until observed. 

Pollen mother cells (PMC) squeezed from immature anthers were stained with 

propiono-carmine. Light pressure was applied to the slide's coverslip to spread the 

chromosomes without rupturing the cells. Semi-permanent slides were prepared with 

Venetian turpentine mounting medium, as described by Haunold (1968). 

Anaphase I chromosomes were observed for irregular disjunction and laggards, 

indicated as univalents (I) in the tables. Only cells in which all the chromosomes could be 

counted were considered. At the quartet stage, cells were examined for micronuclei. 

Chromosome counts during pairing at diakinesis and metaphase I could not be obtained due to 

the tetraploid's large number of chromosomes and the tendency of the chromosomes to clump 

together when stained. 
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Parental Selection and Crossing Procedures 

Parental Selection 

The diploid female parent in all crosses was the German aroma variety Tettnanger. 

The three accessions, USDA 61021, 21496, and 21497, are clones of the original Tettnanger, 

but were received into the USDA hop breeding program from different sources and at 

different times, hence are designated by individual accession numbers. Swiss Tettnanger, 

USDA accession 61021, was brought into the U.S. in 1961 from a commercial plot in 

Switzerland. Tettnanger A, USDA accession 21496, and Tettnanger B, USDA accession 

21497, were obtained in 1987 as superior clonal selections from the University of Hohenheim 

in Germany. 

All three female plants are virtually identical in appearance. Several year's analysis 

of chemical traits used for variety identification also revealed no significant difference. Based 

on this, each is considered to be a Tettnanger clone by the USDA breeding program and in 

most cases references to specific accession numbers will be omitted throughout this paper. 

The male parents, USDA accessions 8309-26M and 8309-32M, were selected for their 

aroma-type pedigree, chemical quality profile, vigor, and prolific pollen production. Male 

8309-26M was especially noted for the amount of pollen it produced. 

The Crosses 

Field crosses were made following the procedure described by Haunold and 

Zimmermann (1974), but bags were left on the sidearms for 4 weeks to prevent open-

pollination. We observed from previous crosses that pollen from tetraploid males may grow 
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more slowly than that from diploids. If the bags are removed before pollen tube growth is 

complete, open-pollination will result due to abundant pollen from nearby diploid males. 

Bags must not be left on too long, however, since temperatures and air circulation inside the 

bags are less favorable than the open air for cone development. 

Greenhouse crosses were made using mother plants propagated from rhizomes 

collected from plants growing in the field. Mother plants were placed into a prepared soil 

bed in the greenhouse and trained to strings tied to the rafters. Pollen was collected 

according to the procedures described by Haunold and Zimmermann (1974) and applied with 

a cotton-tipped swab to individual flowers as they became receptive. Cross 8806 was made 

using a mixture of pollen from the two tetraploid males because of an inadequate amount of 

pollen available from any one male at that time. 

Crosses were made in 1986 and 1988 (Table 1). The 1986 cross, 8603, was used for 

the analysis of seed content in Tettnanger-type triploid seedlings. All other analyses used the 

progeny of the 1988 crosses. 

Seed Collection. Seed Treatment, and Germination 

Cones were handpicked at maturity and dried at 36°C. Seeds were rubbed out by 

hand and carefully cleaned by sifting and blowing away debris. Seeds were surface sterilized 

for vernalization by agitating them for five minutes in a solution of 2:4:10 parts by volume of 

95% ethanol, 5.25% sodium hypochlorite (bleach), and tap water, followed by a 15 minute 

rinse in cold running tap water. Sterile 9 cm Petri dishes were prepared with a 5 mm foam 

pad on the bottom of the dish covered by blotter paper and filter paper. The paper and 

sponge were moistened with a 20 ppm Captan-75W fungicide solution (20 mg Captan per 

liter). Up to 300 surface-sterilized seeds were placed in each Petri dish. The seeds were 
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Table 1. The pedigree of each cross, year each cross was made, and location of the 
mother plant. 

Cross Year Female Male Location' 

8603 1986 61021 8309-32M field (19:4) 

8801 1988 61021 8309-26M greenhouse 

8802 1988 61021 8309-32M greenhouse 

8803 1988 21496 8309-32M field (195:45) 

8804 1988 21497 8309-26M field (195:46) 

8805 1988 21497 8309-32M greenhouse 

8806 1988 21497 8309-26M/32M greenhouse 

'field locations designated by row number first, followed by hill number within the row. 

refrigerated at 3°C for eight weeks. During refrigeration the lid was raised periodically to 

allow air exchange and occasional moistening with additional Captan solution. 

When the seeds began to break they were transferred to a germinator on a regime of 

16 hour days at 25°C and eight hour nights at 15°C. Seedlings were transferred to non-sterile 

greenhouse soil when the radicle reached about one centimeter, and were grown under 16 

hour days. Seeds which did not germinate were examined under a dissecting microscope to 

evaluate embryo development and were scored as full, partially full, or empty. 

Nursery Establishment and Evaluation 

Nursery Establishment 

Seedlings from cross 8603 were planted in four-inch pots and the seedlings were 

moved to the field in May of 1987. Seedlings from the crosses made in 1988 were first 



25 

planted into metal flats in the greenhouse. When the seedlings were well established, they 

were moved to one-gallon pots and provided with a three-foot climbing stake. The shoots 

were allowed to grow to the top of the stake and then the apical buds were pinched off to 

encourage new shoots from the axillary buds. Once the plant had six to seven nodes and the 

lateral buds had begun to emerge, softwood cuttings were rooted in a mist-bed to obtain root-

tips for cytology. Four cuttings from each triploid genotype were placed into four-inch pots 

for transplanting into a four-hill test plot. 

Cross 8603 was strung, trained, and harvested for the first time in 1988. Seedlings 

from the 1988 crosses were placed in two nurseries in the spring of 1989, a single-hill 

nursery for all genotypes and a separate four-hill nursery for all seedlings identified as 

triploids. These latter two nurseries were first strung and trained in May 1990. 

Ploidy Levels 

The chromosome number of all offspring was determined from root-tip squashes. 

Stem cuttings were dipped in an aqueous rooting solution of 1000 ppm of indole-3-butyric 

acid and 1000 ppm boric acid and placed in moist sand in a mist-bed. When the roots were 

about two centimeters long, the root tips were cut; placed in a cold, saturated solution of 

monobromonaphthalene; and refrigerated for 12 hours. The root tips were then drained, fixed 

in Carnoy's solution, and refrigerated for 24 hours before being stored in a freezer until used. 

Chromosome counts were done according to the procedure reported by Haunold (1968). Five 

to seven metaphase cells of each genotype were scored. 
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Sex Ratios 

Each genotype from the 1988 crosses was evaluated during flowering in 1990 and 

1991 for sex expression. Plants were rated either male or female if no monoeciousness was 

shown in either year. Monoecious plants were rated predominately male (MMF), 

predominately female (MFF) or having about equal numbers of male and female flowers 

(MF). The sex of plants which did not flower was recorded as not known (NK). 

Trip loid Seed-set 

Seed-set is defined as the percentage of cone weight accounted for by seeds. The seed 

content of triploid females from the cross 8603 was compared to that of open-pollinated 

diploid seedlings from the same mother plant. For genotypes evaluated both years, the 

average of the two year's values was used. Seed content was also evaluated for the 16 

genotypes selected in 1992 for further testing. A random sample of 50 to 200 cones collected 

at harvest was dried, weighed, and counted. The seeds were carefully rubbed out and cleaned 

by hand, counted, and weighed. 

Yield Evaluation 

Seedlings from the 1988 crosses in the single-hill nursery were first harvested in the 

fall of 1990 and again in the fall of 1991. Only those individuals showing acceptable yield, 

agronomic qualities, and sex characteristics were selected for harvest. All female genotypes 

in the four-hill triploid nursery were harvested in the fall of 1991. Selected triploids were 

harvested in 1992. 
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Genotypes selected for harvest were machine picked at maturity and green weight 

yield was measured to the nearest 50 g. Moisture content of the cones was calculated from a 

100 g sample oven dried at 85°C. Yields from experimental plots are expressed as kg/ha of 

dried cones for a commercial yard with 1,912 plants per hectare. 
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RESULTS AND DISCUSSION 

Meiosis in Tetraploid Males 

Cytological analysis of PMCs from the two tetraploid male parents, 8309-26M and 

8309-32M, showed normal 20:20 segregation occurred in 48.7% of the anaphase I cells, 

while 34.5% had unequal division with no laggards and 16.8% had from one to three 

laggards. At the quartet stage 32.9% had from one to five micronuclei. 

Meiosis in 8309-26M clearly showed more irregularities than did 8309-32M. Male 

8309-26M had more unequally segregating cells and a wider range of abnormalities than did 

8309-32M (Table 2). Male 8309-26M also had more quartets with micronuclei than did male 

8309-32M (Table 3). 

Anaphase I data from 8309-32M are similar to those of the monoecious tetraploid 

described by Haunold (1972) in which he reported 55% of the anaphase I cells segregated 

normally, 22% had laggards, and 22% had unequal disjunction. However, 8309-26M had 

fewer normally segregating cells. Neither 8309-26M nor 8309-32M approached the 91% 

normal quartets Haunold observed in his material (1972). 

Meiosis in 8309-26M 

Of the 66 cells from 8309-26M observed at anaphase I, 37.9% showed normal 20:20 

division, 45.4% had unequal segregation without laggards, and 16.7% had one or more 

laggards; up to three laggards were observed. The most commonly seen irregularity was 

21:19 division which occurred in 22.7% of the cells, followed by 22:18 division observed in 

12.1% of the cells. Only one cell was observed with 30:10 segregation (Table 2). 
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Table 2. Chromosome segregation at anaphase I in two tetraploid males. 

8603-26M 8603-32M 

Chromosome segregation: count % count % 

20:20 25 37.9% 30 63.8% 

20:19 + 1I 3 4.5% 4 8.5% 

20:18 + 21 3 4.5% 2 4.2% 

21:19 15 22.7% 5 10.6% 

21:18 + II 2 3.0% 1 2.1% 

21:17 + 21 0 0.0% 1 2.1% 

21:16 + 31 1 1.5% 0 0.0% 

22:18 8 12.1% 2 4.2% 

22:17 + 1I 1 1.5% 0 0.0% 

23:17 3 4.5% 1 2.1% 

23:16 + 1I 1 1.5% 0 0.0% 

24:16 2 3.0% 1 2.1% 

27:13 1 1.5% 0 0.0% 

30:10 1 1.5% 0 0.0% 

Total no. of cells: 66 47 

Table 3. The number of micronuclei observed in the quartets of two tetraploid males. 

No. of 0 0 1 2 3 4 5 No. of 
micronuclei: uneven Cells 

8603-26M 176 2 55 28 9 6 2 278 

63.3% 0.7% 19.8% 10.1% 3.2% 2.2% 0.7% 

8603-32M 140 0 50 5 1 0 0 196 

71.4% 0.0% 25.5% 2.5% 0.5% 0.0% 0.0% 
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Of quartets observed, 63.3% appeared normal. Two quartets contained unevenly 

sized nuclei, indicating an uneven distribution of the chromatin. One hundred (36%) of the 

278 quartets examined contained from one to five micronuclei (Table 3). 

Meiosis in 8309-32M 

Forty-seven anaphase I cells from 8309-32M were observed, of which 63.8% had 

normal 20:20 division, 19.1% had unequal segregation, and 17.0% had either one or two 

laggards. As with 8603-26M, the most commonly seen irregularity was 21:19 segregation, 

which occurred in 10.6% of the observed cells. The second most commonly seen irregularity 

was 20:19 disjunction with one laggard. No cells with 30:10 disjunction were observed 

(Table 2). 

Quartets appeared to be of equal size with no micronuclei in 71.4% of the cases 

observed. Quartets with one micronucleus, the second most common category, were seen in 

25.5% of the cases. The largest number of micronuclei observed in a quartet was three 

(Table 3). 

Fertility of Tetraploid Males 

A total of 257 germinating seeds was obtained and 185 seedlings survived from the 

six crosses made in 1988. Greenhouse crosses clearly produced more viable seeds than 

crosses made in the field, probably because of the detrimental effect bagging has on 

pollination and cone development. Greenhouse crosses accounted for 86% of the germinating 

seed and produced an average of 55.5 seedlings per cross, compared to 17.5 seedlings per 

cross from pollinations made in the field. 
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Despite surface sterilization, seeds from crosses 8802 and 8804 developed heavy mold 

from various seed-born microorganisms during germination; crosses 8805 and 8806 had 

moderate amounts of mold. Mold generally did not severely affect vigorous seedlings since 

the radicle and cotyledons usually pushed through the mycelial mass, but weaker seedlings 

may have been affected. 

Crosses ranged from 20.7% to 33.3% germination (Table 4). Percent germination 

given in Table 4 was adjusted to discount empty and partially filled seeds which likely could 

not germinate. Cross 8803 produced only a few seeds, none of which germinated. Seed 

from pollinations by 8603-32M had a slightly higher germination rate (32.2%) than seed 

pollinated by 8309-26M (23.1%) (Table 5). 

Haunold (1972) obtained germination rates between 52% to 83% from diploid by 

tetraploid crosses using pollen from a monoecious tetraploid. In other crosses, however, he 

has obtained germination rates within a similar low range (Haunold, 1993), as have other 

researchers (Smith, 1939; Williams and Weston, 1947), even in diploid crosses. 

A total of 185 vigorous seedlings, or 72% of the germinating seed, were moved to the 

field. Seventy-two weakly growing seedlings were discarded in the greenhouse; many of 

these were probably aneuploids. Of the germinating seeds from each male parent, 64.1 % 

from 8609-26M and 74.3% from 8603-32M survived to be moved to the field. In the single-

hill nursery, 41 of the seedlings were from pollinations by 8603-26M, while 113 seedlings 

were from pollinations by 8603-32M. The remaining 31 seedlings in the single-hill nursery, 

were derived from cross 8806, which used a mixture of pollen from the two male parent 

plants. 



Table 4. Seed germination by cross. 

Total no. No. of % germin- No. of No. of Quality of seeds not germinating
of seeds seeds ation seedlings seeds not 

germin- surviving germin-
ating ating 

Cross full partial empty 

8801-26M 1058 29 20.7% 14 1029 111 78 840 
8802-32M 1141 94 32.2% 68 1047 198 129 720 
8803-32M 34 0 0.0% 0 34 6 7 21 

8804-26M 1135 35 25.5% 27 1100 102 68 930 
8805-32M 570 58 33.3% 45 512 116 68 328 
8806-26M/32M 381 41 30.7% 31 340 93 48 199 

Table 5. Seed germination by male parent. 

Total No. of % germin- No. of No. of Quality of seeds not germinating
no. of seeds ation seedlings seeds not 
seeds germin- surviving germin-

ating ating 
Father full partial empty 

8309-26M 2193 64 23.1% 41 2129 213 146 1770 

8309-32M 1745 152 32.2% 113 1539 320 204 1069 
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Seedling Evaluation 

Ploidy Levels 

The six diploid by tetraploid crosses made in 1988 produced 67.0% triploids, 17.3% 

diploids, 2.2% tetraploids, and 11.8% aneuploids (Table 6). Three seedlings produced such 

poor quality root tips that their ploidy level could not be determined. The 1988 diploid by 

tetraploid crosses produced a slightly lower percentage of triploids than the 76.3% triploids 

Haunold (1971) obtained from seven tetraploid by diploid crosses. 

Nearly half of the 124 triploids obtained came from the cross 8802, although cross 

8806 produced the highest percentage (93.5%) of triploids (Table 6). Crosses involving the 

tetraploid male 8309-32M produced 73.5% triploids, while 8309-26M produced only 29.3% 

triploids. Of all the triploids obtained, only 9.7% were from crosses using 8309-26M as the 

pollinator, while 66.9% were from 8309-32M; the remaining 23.4% triploids were from cross 

Table 6. Ploidy levels of seedlings from each cross. 

Euploids Aneuploids 

Chrom No. 20 30 40 21 29 31 NK Total 

8801 0 6 0 0 1 6 1 14 

8802 0 60 2 0 1 4 1 68 

8804 17 6 0 1 2 1 0 27 

8805 15 23 1 0 1 4 1 45 

8806 0 29 1 0 0 1 0 31 

Total: 32 124 4 1 5 16 3 185 

17.3% 67.0% 2.2% 0.5% 2.7% 8.6% 1.6% 
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8806 which involved a mixture of pollen from both males, making it impossible to identify 

the specific parent involved. Of the 95 triploids for which the father is known, 87.4% came 

from crosses using 8309-32M (Table 7). 

The high percentage of diploid plants from crosses 8804 and 8805 was unexpected. 

Cross 8804, made in the field by pollination with 8309-26M, produced 63.0% diploids and 

cross 8805, made in the greenhouse by pollination with 8309-32M, produced 33.3% diploids. 

If lx pollen from diploid males is more competitive than 2x pollen from tetraploid males, as 

seemed the case from preliminary crosses made in 1986, then lx pollen from any source 

would likely result in diploid offspring. The high percentage of diploid offspring obtained 

from crosses made in the field may be the result of poor pollen tube growth of 2x pollen from 

the tetraploid parent, leaving a few flowers still receptive after the bags were removed and 

permitting pollination by stray lx pollen. To prevent this from occurring, however, 

pollination bags had been left on until mid-August and no styles were observed on any 

Tettnanger flowers at the time the bags were removed. 

Accounting for diploids obtained from crosses in the greenhouse is likewise difficult. 

A physiologically younger female may have continued flower production after our crossings 

were completed. Unpollinated flowers may remain receptive up to two weeks, increasing the 

likelihood of exposure from airborne lx pollen; however, in a closed greenhouse far from a 

stray pollen source, it would be difficult for such pollen to reach the female plant. Meiosis 

with 30:10 segregation would produce 3x and lx pollen, and the lx would be expected to be 

more competitive than either 2x or 3x pollen. Such divisions were observed in only one 

meiotic cell, so it did not appear to occur in a sufficient number of cells to seem to account 

for the number of diploids obtained. 



35 

Table 7. Ploidy levels of the offspring from the two tetraploid males. 

Euploids Aneuploids 

Chrom No: 20 30 40 21 29 31 NK Total 

8309-26M 17 12 0 1 3 7 1 41 

8309-32M 15 83 3 0 2 8 2 113 

Haunold (1971), obtained a single diploid offspring from a tetraploid by diploid cross 

and suggested it may have arisen from parthenogenesis or accidental seed mixing. 

Parthenogenesis can be ruled out as a significant factor in these crosses, as 31% of the diploid 

offspring were males. 

The four tetraploid offspring, all from greenhouse crosses, may have originated from 

unreduced 2x gametes produced by the diploid female parent. While theoretically a 30:10 

meiotic segregation in the tetraploid male could produce 3x gametes, it seems unlikely such 

gametes would be competitive with lx or 2x pollen from this male or result in fertilization; 

however, this possibility cannot be ruled out entirely. 

A higher percentage of aneuploids was found among the offspring of 8309-26M 

(26.8%) than those of 8309-32M (8.8%). Of the twenty-two aneuploids identified, 11 were 

from crosses using 8309-26M and ten from 8309-32M (Table 7). Most aneuploids had 31 

chromosomes; five had 29 chromosomes. Both 2x+1 and 2x-1 gametes could arise from 

21:19 meiotic segregations, the most commonly observed irregularity in anaphase I of both 

tetraploid males. Only one plant had 21 chromosomes, this was among the offspring of cross 

8805, a cross which also produced 33% diploids. Many of the less vigorous plants discarded 

in the greenhouse were probably aneuploids and would not have survived in the field. Many 

were too weak to produce suitable root-tips for cytology. 
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Sex Expression 

Among the total population from the diploid by tetraploid crosses, 45.9% of the 

offspring were females, 15.7% showed some degree of monoeciousness, 24.9% were males, 

and the remainder did not flower (Table 8). Sex expression among the triploid seedlings 

closely matched that of the total population with 45.9% females, 20.2% monoecious, and 

23.4% males (Table 9). This is a higher percentage of male expression than has been 

reported among the triploid offspring of tetraploid by diploid crosses. Haunold (1971) found 

70.6% of the triploid offspring of a tetraploid by diploid cross to be female, 26.5% 

monoecious, and 1.9% male, while Neve (1961) obtained 73.1% females, 22.6% 

monoecious, and 4.3% males. The higher percentage of males in the 1988 crosses is 

probably the result of the male parent donating two-thirds of the offsprings' genetic material. 

Differences in the sex expression between the progeny of the two tetraploid males 

were apparent. Among the 41 seedlings from crosses 8801 and 8804 where 8309-26M was 

the pollinator, only 29.3% were fully female while 43.9% were male; of the remainder, 

12.2% were monoecious and 14.6% did not flower. On the other hand, in crosses 8802 and 

8805 from pollinations by 8309-32M, 46.9% of the seedlings were females, 15.9% 

monoecious, and 22.1% males; 15.0% never flowered (Table 8). 

Of most interest is sex expression in the triploid population, since only fully female 

triploid plants have the yield potential and low seed-set necessary for commercial production. 

The difference in sex expression between the triploid populations from the two males was 

even more pronounced than in the total population. There were no triploid females among the 

progeny of 8309-26M (Table 9). Of the 57 female triploid seedlings, 38 were from crosses 

using 8309-32M as the pollinator and 19 were from cross 8806 in which the pollen was a 

mixture from the two males, making it impossible to identify the tetraploid pollinator. 
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Table 8. Sex expression among the offspring from each cross. 

Sex: F MFF MF MMF M NK Total 

Cross: 

8801 2 1 1 3 5 2 14 

8802 31 3 1 8 15 10 68 

8804 10 0 0 0 13 4 27 

8805 22 1 2 3 10 7 45 

8806 20 2 1 3 3 2 31 

Total 85 7 5 17 46 25 185 
45.9% 3.8% 2.7% 9.2% 24.9% 13.5% 

The offspring of 8309-26M included seven seedlings with 31 chromosomes, among 

which were three females; and three with 29 chromosomes, of which all were male. 

Assuming the extra chromosome in each of the 3x+1 females was not a factor in the 

expression of femaleness, these female aneuploids indicate 8309-26M would be expected to 

produce at least some female triploid offspring. In this case, the absence of females may be 

the result of an inadequate sample size since such a small number of triploids was obtained. 

Under Neve's (1961) theory of the genetics of sex expression in hops, the absence of 

triploid females and the presence of three 3x+1 polyaneuploid females, can also be explained 

by sex chromosome complement or gene segregation. Neve (1961) studied the sex 

chromosome complement of selected euploid and aneuploid hops showing different sex 

expression. All triploids with a Y chromosome which he examined were either monoecious 

or male, while one 3x+1 polyaneuploid with three X and one Y chromosome had primarily 

female flowers. Neve (1961) concluded the variation in sex expression among individuals 

with the same sex chromosome complement indicated genes for sex expression were 
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Table 9. Sex expression in the triploid seedling populations of the two tetraploid males. 

Sex: F MFF MF MMF M NK Total 

d Parent: 

8309-26M 0 0 1 2 7 2 12 

8909-32M 38 3 2 11 19 10 83 

8309-26M/32M 19 2 1 3 3 1 29 

Total 57 5 4 16 29 13 124 

45.9% 4.0% 3.2% 12.9% 23.4% 10.5% 

segregating on the autosomal chromosomes. If Neve's observations are correct, the aneuploid 

females among the progeny of 8309-26M could be due to the lack of a Y chromosome, in 

which case triploid females would also be expected. Or, the aneuploids' genetic balance was 

tipped toward femaleness by either an extra X chromosome or autosomal genes affecting sex 

expression located on the extra chromosome, in which case it remains uncertain whether 

8309-26M could produce triploid female progeny. 

The frequency with which female offspring are obtained should be influenced by the 

number of X chromosomes carried by the tetraploid male parent, but the sex chromosome 

complements of 8309-26M and 8309-32M are unknown. Both tetraploid males were obtained 

from the same tetraploid by diploid cross. They may have arisen as the result of either of a 

2x gamete from the tetraploid female fertilized by an unreduced gamete from the diploid male 

parent, or from a 3x gamete from the tetraploid female parent fertilized by a lx gamete from 

the diploid male parent. Neve (1961) observed meiosis and pollen formation in diploid males 

known to produce unreduced gametes and found evidence for homogametic and heterogametic 

sex chromosomes in their pollen. This suggests that both XXXY and XXYY individuals 
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would be expected from fertilizations by unreduced gametes in tetraploid by diploid crosses, 

where the XX gametes of the tetraploid female may be fertilized by either XY or YY 

unreduced gametes from a diploid male. 

In addition, Neve (1961) observed that XXXY tetraploids were generally monoecious, 

although he found one which was fully male. He examined only one XXYY individual and it 

was fully male. In the field 8309-26M was fully male and the more prolific pollen producer 

of the two. If the four sex chromosomes assort randomly, an XXYY male would be expected 

to produce one quarter XX gametes and, therefore, female offspring, although less frequently 

than an XXXY individual. An XXYY sex chromosome complement in 8309-26M could 

account for the high number of males among the offspring, but would not alone account for 

the absence of triploid females. If, however, assortment was not independent and only XY 

gametes were produced, no triploid female offspring would be produced. 

Different sex chromosome complements are not necessary to account for differences 

in the sex ratio between the offspring of 8309-26M and 8309-32M. Since two tetraploids 

with an XXXY sex chromosome complement may show different sex expression, a 

monoecious XXXY tetraploid male may carry fewer genes for maleness on the autosomes 

than an XXXY tetraploid which is fully male. In this case, more female expression would be 

expected among the progeny of the monoecious tetraploid. 

Triploid Seed-set 

Preliminary crosses made with diploid Tettnanger indicated the seed content of 

Tettnanger-type triploids is low, even when grown under a heavy pollen load (Table 10). The 

average seed-set over two years for the triploid population from cross 8603 was 2.4%, 

compared to 20.1% on open-pollinated diploid seedlings from the same mother plant and 



40 

Table 10.	 Comparison of seed content between female diploid and triploid Tettnanger 
offspring for the years 1988 and 1989. 

No. of Plants	 Wt/Cone (mg) Seeds/Cone 1000 Seed Wt (g) % Seed-set 

1988: 

Diploids 27 165 11.1 2.87 20.1 

Triploids 6 196 2.9 2.07 3.5 

1989: 

Diploids 6 156 12.0 2.15 17.4 

Triploids 16 156 2.1 1.83 2.5 

grown in close proximity both seasons. Seed-set among the triploid genotypes ranged from 

0.03% to 6.1%, while among the diploid genotypes it ranged from 4.3% to 28.0% (Figure 

1). Some yearly variations in a genotype's seed content occur due to weather conditions and 

pollen availability during the time of maximum flowering. Seed content was evaluated both 

years for six triploid and five diploid genotypes; individuals with the highest seed content one 

year remained among the highest the second year. 

While the seeds from triploid plants weighted slightly less than those from diploid 

plants, the reduction in seed-set was primarily due to the decrease in the number of seeds per 

cone on the triploid plants (Table 10). 

Yield and Seed Content of Advanced Selections 

Of the 185 seedlings from the 1988 diploid by tetraploid crosses, 58 were evaluated 

for yield either in 1990 or 1991. In 1990, yields in the single-hill nursery ranged from 80 to 

3784 kg/ha, with an average of 1574 kg/ha. Triploid genotypes from single-hill plots 

averaged 1800 kg/h, while diploids averaged 1002 kg/ha. In 1991, the first year the four-hill 
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triploid nursery was harvested, yields ranged from 830 to 2323 kg/ha. The average yield in 

1991 for the four-hill triploid plots was 1566 kg/ha, considerably higher than the 1160 kg/ha 

for the Tettnanger four-hill control plot. 

Commercially produced Tettnanger in Oregon and Washington averaged 1275 kg/ha 

in 1990 and 1390 kg/ha in 1991. In 1990 Tettnanger B (USDA 21697) yielded 814 kg/ha in 

a three acre, off -station commercial trial near Silverton, Oregon. In 1991 the four-hill 
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Figure 1. Frequency distribution of the percent seed-set on 16 unselected triploid and 28 
unselected diploid Tettnanger offspring obtained from the 1986 cross. 
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Tettnanger (USDA 61021) control plot adjacent to the triploid nursery yielded 1160 kg/ha 

with 19% of that accounted for by seed weight. In the experimental yard a seedling should 

yield at least 1011 kg/ha (900 lb/a) to be considered acceptable for commercial production. 

In 1991, after the progeny from the 1988 diploid by tetraploid crosses had been 

evaluated for all commercially important traits, including yield and chemical quality, 16 

genotypes were selected for further testing. All advanced selections except two were from 

crosses in which the tetraploid pollinator was known to be 8309-32M. The two exceptions 

were from cross 8806, so the male parent could not be identified. Fourteen of the 16 

advanced selections were triploids. The remaining two genotypes were polyaneuploids: 8802-

42 had 29 chromosomes and 8802-64 had 31 chromosomes. Both polyaneuploids, as 

evaluated from single-hill plots, were among the highest yielding genotypes in 1990, but in 

1991 dropped to the two lowest yielding among the 16 advanced selections. Seed content was 

not used as a selection criterion, but is an indication of each genotype's seed producing 

potential under heavy pollen loads as are present in the experimental yard. The average yield 

among the 16 advanced selections was nearly twice that of their diploid Tettnanger parent 

while averaging 2.7% seed by weight (Table 11). 

Three of the original 16 selections have now been advanced to three-acre commercial 

trials in Oregon and Washington. These three selection are 8802-68 and 8805-40, who had as 

their male parent 8309-32M, and 8806-17, which came from the previously mentioned pollen 

mixture. All three genotypes are triploids with the chromosome complement of 2n=3x=30. 
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Table 11. Seed-set and yield of the 16 advanced selections from diploid by tetraploid 
crosses. 

Selection % Seed-set 1990 Yield' 1991 Yield 
(Kg/ha) (Kg/ha) 

8802-18 2.2 2731 15872 

8802-19 2.3 1964 21722 

8802-24 2.1 1916 16452 

8802-27 2.5 1053 24922 

8802-37 1.8 1964 14552 

8802-425 2.5 2278 1102' 

8802-45 1.8 1725 15152 

8802-48 2.1 3019 20542 

8802-59 2.9 1150 11442 

8802-644 2491 1245' 

8802-68 2.8 1869 20002 

8805-06 4.4 2419 21692 

8805-13 2.2 3066 16172 

8805-40 4.0 2347 19762 

8806-12 4.4 2012 24622 

8806-17 2.6 2060 20282 

Tettnanger 61021 19.0 11623 

Tettnanger B 21497 8144 

'Yield from single-hill plot 
2Yield an average of single-hill plot and four-hill plot 
3Yield from four-hill plot 
'Yield from off -station three-acre commercial plot 
'Chromosome number = 29 
6Chromosome number = 31 
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INTRODUCTION TO HOP CHEMICAL QUALITY 

The process of making beer begins with the malting of barley. During germination 

the kernel produces the enzymes necessary to break down starch into simple sugars and 

initiate the growth process. Once rootlets appear the grain is kiln-dried to stop the enzymatic 

reaction. Various temperature regimes during kilning produce various types of malt which 

partially determines the darkness and type of the beer. The malt is crushed, mixed with 

water, heated to allow the enzymes to convert starches to sugars (a process called mashing), 

and boiled. The resulting liquid, now called sweet wort, is flavored by the addition of hops 

during boiling to produce hopped wort. During wort boiling, unwanted proteins precipitate 

out, some volatile compounds from hops and malt are lost, and hop a-acids are isomerized to 

water-soluble iso-a-alpha acids, the beer's bittering agents. After boiling the wort is cooled, 

filtered or centrifuged to remove the hops and spent grains, the yeast is added, and 

fermentation begins. Different yeasts, as with different hop varieties, produce subtle 

differences in the flavor of the beer. Following fermentation, the beer is aged and bottled 

(Dalgliesh, 1979). 

According to Verzele (1986) unhopped beer ..."reminds one of lemonade (but is 

sweeter and more acidic). The malt taste is not really pleasant and the alcohol flavor is 

decidedly there. The hop bitter compounds change all that." 

Brewers are primarily interested in the hop compounds of the lupulin (resin glands) 

which contribute flavor and aroma to their beers. Up to one-fifth of the weight of dried hop 

cones is lupulin, the remainder consists of about 40% cellulose, 10% moisture, 15% protein, 

8% ash, and 10% various tannins, waxes, monosaccharides, and pectins (Howard, 1964). 
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The lupulin glands contain two groups of compounds important to brewers: the resins 

and the essential oils. The hop resins give beer its characteristically bitter taste, while the 

essential oils are highly volatile and aromatic, and impart a hoppy flavor and aroma. Both the 

resins and essential oils are themselves complex mixtures of compounds which will be 

discussed further. 

Based on their chemical characteristics and use in brewing, two classes of hop 

varieties are generally recognized. Kettle hops, also referred to as bitter, extract, or high-

alpha hops, are those varieties used primarily for bittering. These are added to the boiling 

wort or used by hop processors to extract pure forms of the bittering agents which can then 

be added at boiling time. Aroma hops, noble aroma hops, or European aroma varieties are 

valued more for their aromatic qualities than their bittering potential. While aroma varieties 

may be added throughout the boiling period, they are often added near the end of the boiling 

process to minimize the evaporation of their aromatic compounds or are used in "dry 

hopping," the addition of hops without boiling during beer conditioning and storage prior to 

bottling. 

Hops were traditionally evaluated simply by appearance, smell, and stickiness, a 

simple check for lupulin content. Ultimately a hops' quality depends upon the flavor and 

quality it imparts to the beer, but obviously not every genotype, especially early in the 

selection process, can be tested in brewing trials. An understanding of lupulin composition 

and brewing characteristics has helped hop breeders develop measurements of chemical traits 

which may be used to select promising genotypes for brewing trials. 
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The Alpha-acids 

The a- and B-acids account for about 73% of the resin gland weight (Likens et al., 

1978). In 1888 Hayduck (according to Verzele, 1986) separated the hop bitter compounds 

into two fractions which he called the a- and 8-acid fractions. Between 1915 and 1925 the 

general structures of these two compounds were worked out (Verzele, 1986) (Figure 2). The 

a- and 8-acids differ only by the side group at the fourth carbon on the benzene ring, the «-

acids having one isoprenoid side chain and one hydroxyl group and the B-acids having two 

isoprenoid side chains. Of the two, the a-acids are less readily oxidized and more important 

in brewing (Stevens, 1967). 

In the 1950's the a-acids were recognized as a mixture of at least three similar 

compounds, each differing only by a single acyl side chain (Figure 2). Later, three minor 

analogues were also identified. The major compounds, humulone, cohumulone, and 

adhumulone, make up 95% of the a-acid fraction. Likewise, the B-acids, initially thought to 

consist only of lupulone, were found to be a mixture of lupulone, colupulone, adlupulone, and 

three minor analogues (Stevens, 1967). 

The a-acids are insoluble in water; however, during wort boiling they are isomerized 

into water soluble iso-a-acids, which are responsible for the bitter flavor in beer. Each a-

acid analogue converts to two iso-a-acid isomers (Figure 2) with different isomerization, 

solubility, and bittering properties; therefore, each makes a different contribution to the 

bittering value of the hop. The B-acids are not isomerized during boiling and remain mostly 

insoluble to be discarded with the spent hops. The oxidation products of a- and 8-acids are 

more water-soluble than either the a- or 8-acids themselves and may contribute to beer flavor. 

One measure of hop quality is the percent by weight of the a-acids in the dried cones. 

Alpha-acid content and the proportion of each a-acid analogue are varietal characteristics 
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(Meilgaard, 1960; Nickerson et al., 1986). The USDA germplasm collection in Corvallis, 

Oregon has genotypes with a-acid contents ranging from 0% to 18% (Haunold et al., 1977a, 

1983). The a-acid content of commercial high-alpha varieties ranges between 11% and 15%, 

while aroma varieties are substantially lower, around 3% to 7%. 

Hop Essential Oils 

While there is general agreement on the bittering compounds, the source of hop aroma 

in beer is still debated. Over 250 compounds have been identified in hop essential oil, but 

only a few have been found in beer. Oil composition varies with variety and the brewing 

chemistry of hop oil is extremely complex. Hop oil components may evaporate, oxidize, or 

undergo chemical transformation during storage, boiling, or fermentation; and the many 

aromatic compounds found in hop oil may work in a synergistic manner to produce the flavor 

and aroma characteristic of a particular variety (Neve, 1991). 

Hop oil is separated from the resins by steam distillation. Hop chemists distinguish 

two classes of compounds within the hop oil, the hydrocarbons and the oxygenated 

compounds (Table 12). The hydrocarbon fraction constitutes 70% to 80% of the oil 

(Howard, 1964). The major hydrocarbons include the monoterpene, myrcene (M), and the 

sesquiterpenes, humulene (H), 8-caryophyllene (C) and, in some genotypes, farnesene (F). 

The hydrocarbons are very volatile and most evaporate during wort boiling; they are also less 

water soluble, so only trace amounts dissolve during dry hopping. The oxygenated 

compounds, such as alcohols, ketones, esters, and epoxides are more soluble; some have 

been identified as having a hoppy aroma and a few have been found in finished beer, but most 

are volatile and evaporate or undergo transformations during boiling. 
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Product consistency is of major importance to brewers and their acceptance of a new 

hop variety depends upon its maintenance of the flavor and quality of their beer. Thus the 

breeder's goal is not to "improve" hop flavor, but to obtain genotypes with improved yield 

and agronomic traits while maintaining as closely as possible the flavor and aroma 

characteristics brewers want for their products. 

a-acids B-acids 

H 0 
CO R 

HO 
, OH 
CO CO 

)I 
trans cis 

Iso-a-acids 

R Group a-acid 8-acid 
CH2. CH (CH3)2 Humulone Lupulone 
CH(CH3)2 Cohumulone Colupulone 
CH(C113) CH2. CH3 Adhumulone Adlupulone 

Figure 2. Chemical structures of the a- and B-acids, iso-a-acids, and their side chains as 
determined by Verzele (1986). 
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While the demand for European aroma varieties is high, the European aroma hop 

acreage has declined in recent years because many of the older varieties produce low yields 

and suffer from disease problems, most notably Verticillium wilt. One goal of the breeding 

program in Corvallis has been to find replacements for imported varieties with aroma 

characteristics comparable to European noble aroma hops, but with higher yield potential. 

Table 12. A summary of hop compounds used in brewing and their components. 

LUPULIN 

RESINS ESSENTIAL OILS 
(bittering compounds) (aroma characteristics) 

SOFT RESINS HARD RESINS HYDROCARBONS OXYGENATED 
COMPOUNDS 

Alpha-acids: (No Brewing myrcene (more than 250) 

humulone Value) 11-caryophyllene alcohols 

cohumulone humulene ketones 

adhumulone farnesene esters 

minor analogues epoxides 

Beta-acids: 

lupulone 

colupulone 

adlupulone 

minor analogues 

Uncharacterized 
Soft Resins 
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LITERATURE REVIEW 

Inheritance of Chemical Quality Factors 

The Alpha-acids 

Alpha-acid research pertinent to aroma variety breeding has included heritability 

studies and the relationship of a-acid content and a-acid analogue composition to aromatic 

quality. In addition, an understanding of the male's genetic contribution to predominately 

female-limited traits, such as a-acid content, is important for providing selection criteria for 

male parents. 

Farrar et al. (1955), comparing the a- and B-acid content of two families to their 

female parent, concluded these traits were transmitted to their offspring. In six crosses of 

tetraploid Fuggle to different diploid males Neve (1957) found significant differences in the «-

acid content among the six families which he attributed to the genetic influence of the male 

parent. Comparing siblings within families, Neve (1957) concluded that a- and B-acid 

content is inherited independently, since only one family of the four he studied showed a 

positive correlation between the two traits. 

Any correlations between male phenotypic traits and the cone quality of their female 

offspring would facilitate the selection of male parents without the time and expense of 

progeny testing. The presence of a small number of resin glands in male flowers allows 

assessment of the male's quality potential. Unpublished investigations by Dark and Farrar 

indicated the number of resin glands in male flowers is a varietal characteristic (Farrar et al., 

1955). These authors, however, found no relationship between the number of resin glands in 

male flowers and the a-acid content of their female offspring. And, among the 25 
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monoecious plants examined, they found no correlation between the number of glands in male 

flowers and the a-acid content of cones produced on the same plant. 

Brooks (1962) found the number of glands on male flowers to be correlated with the 

male's alpha and beta content. Brooks and Likens (1962), assessing the genotypic, 

phenotypic, and environmental variability of quality factors in the male, estimated that 

selection could double the total soft resin, a-acid, and 13-acid content of male flowers. They 

did not, however, investigate whether a higher resin content in the male parent would result in 

a higher resin content in its female progeny. 

Hartley and Neve (1965) analyzed the male and female flowers of 16 monoecious 

tetraploid hop genotypes and found a significant correlation (P <0.01) between the a-acid 

content of the cones and male flowers of the same plant. However, in a later study of 34 

monoecious genotypes from two families they found no correlation and concluded their earlier 

correlation was fortuitous (Hartley and Neve, 1968). 

In crosses of the hop variety 'Early Bird' to six diploid males, Hartley and Neve 

(1968) found no correlation between the a-acid content of the male parent and its female 

offspring. The males from high-alpha female parents had offspring with the highest a-acid 

content, leading Hartley and Neve to conclude a male's pedigree is more important than its «-

acid content. 

Direct comparisons between the a-acid percentage of male and female flowers are 

problematic, however, because of differing amounts of diluting floral material in the two 

flower types. Likens et al. (1978) overcame this complication by analyzing a- and II-acid 

content on a lupulin basis. In doing so, the relationship between male and female a-acid 

content became apparent. Observations made using the ratio of a-acids to 8-acids also 

revealed a relationship between these two compounds within an individual plant. And, in six 
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crosses involving all combinations of high and low a/8 ratio females and males, they found 

the offspring to be intermediate to the two parents, indicating a genetic contribution from both 

parents. 

Likens et al. (1978), in agreement with Farrar et al. (1955) and Neve (1957), found 

no correlation between the a- and B-acid content in cone samples of an individual genotype, 

but when alpha and beta quantity was assessed on a lupulin basis they found a strong inverse 

relationship (r=-0.85; p <0.01). In screening the lupulin of 112 females and 74 males, the 

lupulin of females averaged 73.3% a+8 with a standard deviation of 5.8%, while males 

averaged 72.5% a+8 with a standard deviation of 7.1%. This suggests a biochemical 

relationship between the a- and 8-acids, perhaps with both being synthesized from a common 

precursor. This assumption is supported by radioactive labeling studies by Wright and 

Howard (1961) which suggest a common precursor for the a- and 8-acids, humulone and 

lupulone. 

Likens et al. (1978) suggested that a-acid content of hop cones is determined by two 

factors, those influencing lupulin quantity in the cones and those influencing the ratio of the 

a-acids to the 8-acids in the resin glands. They suggested any positive correlation between a-

and 8-acid content within a hop genotype is due only to factors that increase lupulin quantity, 

such as the amount of diluting leafy and floral material and the number of glands on each 

cone. Factors contributing to lupulin quantity can not be directly compared between males 

and females. A male's potential to contribute high resin content to its female offspring, 

therefore, must be determined through progeny testing or pedigree analysis. Lupulin quality, 

as measured by the a/13 ratio, however, can be directly compared in males and females; and 

male parents with desirable ratios can be selected directly. 
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Haunold et al. (1977a) analyzed the lupulin quality of 82 female and 14 male 

offspring from a cross between two low alpha ratio genotypes. The offspring showed 

substantial transgressive segregation for alpha and beta content. One male and eight females 

had no measurable a-acids in their resin; of these nine "zero alpha" selections only three had 

an a+B content below 60%, indicating the low a-acid content did not come at the expense of 

the total soft resin content. 

Alpha-acid Composition 

The a-acid analogues, humulone, cohumulone, and adhumulone, may be separated 

using high-pressure liquid chromatography (HPLC). Cohumulone can be separated from the 

other two analogues in about 20 minutes; to separate all three analogues requires about 60 

minutes. HPLC has the advantage of not requiring the a-acids to be purified before analysis 

(Nickerson et al., 1986), in contrast to the analytical methods available prior to the 

availability of HPLC. 

The cohumulone fraction of the a-acids has been studied for hop variety 

identification, its effect on beer quality, and its genetic correlation with hop oil quality. 

Cohumulone is isomerized more efficiently than the other a-acids during brewing, but a high 

cohumulone content has been associated with a harsh bitterness and poor aromatic qualities 

(Rigby, 1972). A number of researchers have observed that varieties considered to give the 

most pleasant bitterness and those most valued for their aromatic properties are low in 

cohumulone (Rigby and Bethune, 1957; Howard and Slater, 1957; Rigby, 1972; Nickerson et 

al., 1986). 

Howard and Tatchell (1957) concluded that the cohumulone and colupulone 

percentages in the a- and 8-factions are genetically determined, while the environment plays 
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only a minor role. The same a- and 8-acid analogues found in females were also present in 

the glands from male flowers and their cohumulone and colupulone percentages in the a- and 

8-factions were likewise found to be genetically determined. When one colchicine-derived 

tetraploid was compared to the diploid from which it was derived, Howard and Tatchell 

(1957) found no change in the relationship of the co-portion due to chromosome doubling. 

Nickerson et al. (1986), in agreement with Meilgaard (1960), found the cohumulone 

proportion of the a-acids to be a varietal characteristic. The year-to-year variation in the 

cohumulone ratio was small, showing only a 2% standard deviation from the mean for 39 hop 

varieties followed over a six-year period. Humulone and cohumulone, the major components 

of the a-acids, were found to vary inversely to one another. Depending upon genotype, 

cohumulone ranged from 16% to 50% of the a-acid fraction, with aroma varieties generally 

having the lowest percentages in a random sample from the USDA world hop cultivar 

collection near Corvallis, Oregon. 

The Essential Oils 

Chemical studies of hop essential oils have focused on identifying individual 

compounds, determining their proportions, determining each compound's contribution to beer 

quality, characterizing varieties by their oil composition, and correlating hop aroma quality 

with the proportions of major oil components. 

Prior to the 1950's, chemists using traditional methods identified the hydrocarbon and 

oxygenated hop oil fractions and many of the major hop oil components, including myrcene, 

humulene, 8-caryophyllene, and farnesene. Following the development of gas-liquid 

chromatography (GLC) in the mid-1950's, the new method's sensitivity in identifying and 

quantifying compounds led to detailed studies of hop oil not previously possible (Bullis and 
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Likens, 1962). Up to 400 peaks have been seen by using gas chromatography under highly 

sensitive conditions, although many of the compounds indicated by GLC peaks have not yet 

been identified (Verzele, 1986). 

Hop oil accounts for 0.1% to 1.7% of the cone weight (Howard, 1964) or from 4% 

to 15% of the lupulin from hop cones depending on the genotype or variety (Nickerson et al., 

1988). While the total oil content of hop cones is genetically influenced, it is greatly affected 

by growing conditions, cone maturity, drying conditions, and storage deterioration (Howard 

and Slater, 1957, 1958; Bullis and Likens, 1962). For example, the oil content of the variety 

`Golding' obtained from different locations varied from 0.15% to 1.68% of the cone by 

weight (Howard and Slater, 1957). Oil content rises rapidly during ripening, reaching a 

maximum after the a-acids peak (Howard and Slater, 1958; Bullis and Likens, 1962). 

Roberts and Stevens (1962) and Hartley (1965) reported higher oil content in seedless 

cones than in seeded cones of the same variety. Comparing seeded and seedless hops, 

Roberts and Stevens (1962) found the oil content of seedless cones to be significantly higher 

than that of seeded cones in Fuggle (1.25% vs. 0.55%), Northern Brewer (1.75% vs. 

1.00%), and Hallertauer (1.30% vs. 0.42%). This higher oil content was not accompanied by 

an increase in total resin content. They suggested that a sterol precursor common to both 

seed oil and hop essential oil maybe preferentially diverted to seed production, limiting 

essential oil production in the seeded hops. 

Seventy to 90% of the hop essential oil is composed of the hydrocarbons myrcene, 

humulene, and 11-caryophyllene (Howard, 1957). The quantity of each hydrocarbon 

compound varies with total oil content, but the percentage of each compound within the oil 

fraction is genetically determined and is consistent enough to be used for varietal identification 

under proper conditions. Oxygenated compounds also correlate with variety, but not as 
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strongly as the hydrocarbons (Howard and Slater, 1957, 1958; Rigby and Bethune, 1957, 

Bullis and Likens, 1962; Nickerson et al., 1988). 

Hop maturity and oxidation also affect hydrocarbon ratios. During ripening there is 

an increase in all hydrocarbons: Samples of the variety Tuggle' picked throughout the 

ripening period showed a 60-fold increase in their hydrocarbon fraction, while oxygenated 

compounds increased five-fold (Howard and Slater, 1958). Myrcene content was found to 

rise the most rapidly; as a result, the myrcene to humulene ratio rises throughout ripening. 

The humulene to caryophyllene ratio (H/C), however, was found to change little during 

ripening (Howard and Slater, 1958; Rigby and Bethune, 1957). 

During storage and wort boiling myrcene polymerizes and rapidly disappears. Maier 

(1977) reported myrcene content decreased from 40% to 5% of the oil in just 10 days when 

hops were stored at room temperature. 

Composition of the Lupulin from Male Hops 

The lupulin glands of male hops contain between 1.1% to 4.3% essential oils, less oil 

than is present in the lupulin from cones. Male hop oil does not contain either myrcene or 

farnesene; and is around 75% humulene and B-caryophyllene (Hartley and Neve, 1965; 

Nickerson et al., 1988). Hartley and Neve (1965), analyzing the resin and essential oil of 

male and female flowers on 16 tetraploid monoecious plants, found two individuals whose 

cones contained farnesene which, however, was absent from the male flowers of the same 

plant. Genetic ratios from crosses of families with and without farnesene suggested the 

presence of farnesene is dominant, controlled by a single gene, and sex-linked. Cones and 

male flowers from the same plant had the same H/C ratio, but the a/B ratio was higher in the 
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cones than in the male flowers. They also found the a/8 ratio to be higher in the female 

seedlings of two dioecious, diploid families. 

Nickerson et al. (1988), in agreement with Hartley and Neve (1965), found myrcene 

and farnesene was absent in male hop oil. The H/C ratio of six males over a six-year period 

showed little year-to-year variation, remained consistent for each genotype, was unaffected by 

collection date, and could be modified through breeding. 

Characterization of Aroma-type Hops 

Plant breeding requires measurable traits to use as selection criteria for reaching 

specific breeding goals. Hop aroma quality presents a difficult challenge to the breeder since 

knowledge of hop compounds and their contribution to beer quality is incomplete. Except in 

rare instances, all hop varieties contain the same substances and only the proportions of each 

compound differ. Specific information about hop aroma compounds in beer has been 

supplemented with observations on the proportions of major lupulin compounds in the 

European aroma varieties, thus allowing the breeder to make initial selections based on a 

genotype's chemical similarity to these varieties and final selections based on performance in 

brewing trials. 

Alpha-acid Content and Composition 

The a- and 8-acid content of cones is a varietal characteristic, but shows more yearly 

variation than the a/f3 ratio. Haunold et al. (1977a) suggested that the a/13 ratio may be the 

most reliable predictor of quality potential because it eliminates the variability due to ripening 

or storage loss. Since the a- and 8-acids together make up about 73% of the lupulin content, 
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one way to raise the a-acid content of cones is to raise their a/B ratio. Recent high-alpha 

varieties have been selected for high a/B ratios. 

High cohumulone content is correlated with unpleasant bittering properties, low 

humulone in the a-acids, and high myrcene and low humulene in the oil. High cohumulone 

has been thought to be correlated with high a-acid content, although an exception to this is a 

newer cultivar, Nugget, which has an a-acid content of over 13 % with only 25% cohumulone 

(Haunold et al., 1984). European noble aroma varieties generally have a-acid contents in the 

range of 5% to 6%, a/B ratios close to one, and very low cohumulone contents, generally 

ranging from 18% to 24% (Haunold et al., 1983). 

Oil Components and Their Relationship to Aroma Ouality 

Rigby and Bethune (1957) found that European aroma-type hops are low in myrcene 

and high in humulene, while high-alpha varieties are high in myrcene. This was substantiated 

by Howard and Slater (1957) who ranked varieties by increasing myrcene content. They 

found this same order corresponding to increasing cohumulone content, and placed the 

European aroma varieties among those varieties having the lowest myrcene and cohumulone 

content. 

Rigby and Bethune (1957), also found a positive correlation between myrcene in the 

oil and cohumulone in the a-acid fraction (r=0.772) and between humulene in the oil and 

humulone in the a-acids (r=0.798). Myrcene and humulene, being the two main oil 

components, vary inversely with one another; as do humulone and cohumulone, the main 

components of the a-acid fraction. 

The H/C ratio of female genotypes in the USDA germplasm collection at Corvallis, 

Oregon ranges from 0.5 - 4.0. European aroma varieties often have H/C ratios greater than 
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three (Haunold et al., 1983). Farnesene is present in measurable quantities in the aroma 

varieties Fuggle, Cascade, Tettnanger, and Saazer, but absent or present in only trace 

quantities in the other European noble aroma cultivars such as Hallertauer mittelfriih 

(Nickerson et al., 1988). 

Aroma Variety Breeding 

Until 1972 Fuggle was the only commercial aroma variety grown in the United States. 

Fuggle, however, is low yielding when grown seedless. Several triploid aroma varieties have 

now been released by the USDA hop breeding program in Corvallis, Oregon. Willamette, the 

most successful, has an a-acid content between 5% and 7%, an a/B ratio around two, a 

cohumulone content of 30 to 34%, and an oil chromatogram similar to Fuggle (Haunold et 

al., 1977b). 

In efforts to develop a replacement variety for the German aroma hop Hallertauer 

mittelfriih, Haunold and Nickerson (1987) crossed a tetraploid Hallertauer m.f. to nine males 

selected for their chemical quality. The selection criteria used included: yields greater than 

1011 kg/ha (900 lb/acre), an a-acid content less than 7%, a cohumulone content less than 

25%, an a/B ratio between 0.8 to 1.2, an H/C ratio greater than three, and the absence of 

farnesene. Three varieties, Mt. Hood, Liberty, and Crystal, have now been released from 

these crosses and a fourth, Ultra, is being considered for release. 

In New Zealand the Department of Scientific and Industrial Research (DSIR) is 

currently breeding triploid aroma hops using tetraploids derived from three European 

varieties: Hallertauer, Tettnanger, and Saazer. Their selection criteria include: an a-acid 

content of less than 6%, an a/B ratio near one, a cohumulone content less than 30%, oil 

profiles high in humulene and low in myrcene, and a seed content below 2%. As of 1993, 
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one variety, NZ Hallertauer, has been released and another Hallertauer-type selection is being 

tested in brewing trials (Beatson, 1993). 

Traditionally, triploid hop breeding programs have used tetraploid females derived 

from colchicine treatment of diploid varieties. These females have the advantage of supplying 

two-thirds of their triploid offspring's genetic material and therefore increasing the likelihood 

of finding an offspring whose chemical qualities are similar to the original variety. As 

triploid aroma breeding programs have progressed, tetraploid male germplasm has become 

available as a result of occasional fertilizations of the 2x egg from the tetraploid female by an 

unreduced gamete from a diploid male, or a 3x egg from the tetraploid female fertilized by lx 

pollen from the diploid male, as discussed on page 38. Such tetraploid males were originally 

bred for vigor and aroma characteristics, so they have a high percentage of aroma germplasm. 

Male genotypes can now be tested for their a/13 ratio, cohumulone content, and H/C ratio. 

This criteria can be used to identify tetraploid males suitable for aroma breeding. Such 

males are an attractive alternative to the tedious process of producing tetraploid females 

through colchicine treatment. 
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MATERIALS AND METHODS 

Chemical quality was analyzed on all genotypes from crosses 8603, 8801, 8802, 

8804, 8805, and 8806 which were harvested. Offspring from cross 8603 were harvested in 

1988 and 1989 from single-hill plots. Offspring from the 1988 crosses were harvested in 

1990 and 1991 from single-hill plots, and in 1991 and 1992 from the four-hill triploid 

nursery. A genotype may have been harvested either one or both years. Genotypes were 

selected for harvest based on visual evaluation of characteristics such as sex expression, vigor 

and cone set, which are unrelated to their chemical characteristics; therefore, quality analysis 

is considered to have been obtained from a random sample of each cross. 

In 1990 five-cone samples from the four-hill triploid nursery were analyzed. Five-

cone analysis is a sampling technique developed to rapidly screen many genotypes for a- and 

13-acid content and a-acid composition. Genotypes tested using a five-cone sample the 

previous year were machine harvested and analyzed using a miniature bale sample the 

following year. Since analysis was not done for all hop chemical compounds every year; the 

best estimate for each quality factor was taken to be the mean of all measurements of that 

factor obtained from each genotype. 

Cones from harvested genotypes were kiln dried overnight at 55°C then rehumidified 

to 9% moisture and pressed into 600 g miniature bales at 12 to 16 PSI. Bales were placed in 

plastic bags and stored at -20°C until analyzed. Five-cone samples were collected by 

handpicking a random sample of mature cones, dried for 12 to 14 hours at 50°C, and stored 

at -20°C until analyzed. Five-cone samples were analyzed by the method described by Likens 

et al. (1978). 
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Alpha-acid, beta-acid, and cohumulone content were evaluated for each harvested plot 

and five-cone sample. Oil content and composition were determined for most miniature bale 

samples. The a- and B-acid content, given as a percent of cone weight, were determined 

using UV-absorbance spectrophotometry according to the official American Society of 

Brewing Chemists (ASBC) methods (1992). Alpha ratio was calculated as: 

Alpha ratio = a/(a+B). 

Cohumulone content, the percentage of cohumulone in the a-acids, was determined using 

HPLC according to official ASBC methods (1992). Oil content, calculated as ml /100 g 

(volume/weight) of cone, was determined by steam distillation as described in the official 

ASBC methods (1992) handbook. Oil composition was determined using gas-liquid 

chromatography as described by Nickerson et al. (1988). Oil components are given as 

percent composition of the oil, uncorrected for relative response. 

Lupulin glands from the flowers of the two tetraploid male parents were collected and 

isolated as described by Nickerson et al. (1988). Isolated glands were analyzed for 

appropriate quality factors using standard ASBC methods (1992). Their a- and B-acid content 

is given as a percent of the lupulin. Oil composition was determined using methods described 

by Nickerson et al. (1988). 

Triploid, diploid, and open-pollinated diploid offspring of Tettnanger were compared 

to determine the effect of the male parent on a ratio, cohumulone content, and humulene to 

caryophyllene (H/C) ratio. These three traits can be directly compared between offspring and 

male parents. Triploids included all harvested females obtained from the 1986 and 1988 

crosses. Diploid seedlings came from the 1988 crosses 8804, made in the field, and 8805, 

made in the greenhouse. The open-pollinated seedlings were from seeds collected in the field 

from the Tettnanger mother plant, USDA 61021, in 1986. 
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The selection criteria for chemical quality included: a-acid content greater than 5%, a 

ratio between 40 to 60, cohumulone content 25% or lower, and humulene to caryophyllene 

ratio greater than 3.00. Selections were based on the above selection criteria after eliminating 

genotypes with unacceptable yield and agronomic characteristics. The chemical quality of the 

16 genotypes selected for further testing is discussed in relationship to the selection criteria 

and similarity to the parental types. Table 13 gives the chemical characteristics of the 

Tettnanger female and the two tetraploid male parents, 8309-26M and 8309-32M. 



Table 13. Chemical characteristics of Tettnanger and the two tetraploid male parents, 8309-26M and 8309-32M. 

Y Parent:  

Tettnanger  

No. samples analyzed:  

d Parents:  

8309-26M  

No. samples analyzed:  

8309-32M  

No. samples analyzed:  

a% B% a ratio Cohum Oil M%1 CV F%1 H%1 H/C1 

% (m1/100g) 
5.12 4.82 51 22 0.77 49.1 5.1 12.8 17.1 3.39 
(24) (24) (24) (20) (22) (13) (13) (13) (13) (15) 

22.43 35.93 38 24 3.25 
(6) (6) (6) (6) (1) 

29.1' 41.83 41 24 3.23 
(4) (4) (4) (4) (1) 

1 M = myrcene, C = caryophyllene, F = farnesene, H = humulene; given as a percent of oil. 
2 a and 8 -acids of females determined as a percent of cone weight.  
3 a and 11-acids of males determined as a percent of lupulin weight.  
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RESULTS AND DISCUSSION 

Influence of the Male Parent 

Most Tettnanger offspring had an a ratio greater than Tettnanger. This was the case 

even when the a ratio of the male parent was known to be less than Tettnanger (Figure 3). 

This supports observations of the USDA hop breeding program that to obtain an a ratio less 

than or equal to that of the female parent requires selecting male parents with an a-acid 

content lower than their 8-acid content. Hartley and Neve (1965) reported male lupulin had a 

lower a/B ratio than did cones from the same monoecious plant; and male seedlings had a 

lower average a/B ratio than did female seedlings from the same family. Nickerson 

(unpublished), observed that in a collection of wild native American hops the average a ratio 

of 318 males was lower than that of 256 females. 

The 57 triploid female seedlings analyzed had an average a ratio of 57. Values 

ranged between 38 and 70. Only nine of the 57 genotypes had a ratios equal to or less than 

that of their Tettnanger parent. Thirty-seven triploid genotypes were within our selection 

criteria. The 17 diploid females had an average a ratio of 61, with two diploids having an a-

ratio as low or lower than Tettnanger. Diploid a ratios ranged from 50 to 72. Among the 

177 open-pollinated diploids, the a ratio averaged 63; values ranged from 34 to 76, with the 

largest number of plants clustered around an a ratio of 70, substantially above that of the 

Tettnanger mother. 

Tettnanger and the two tetraploid males have a similar cohumulone content and the 

majority of the progeny clustered around these parental values (Figure 4). The cohumulone 

content of the 57 triploids analyzed ranged from 20% to 31%, with a mean of 24%. Of 

these, 75.4% had a cohumulone content below our selection threshold of 25%. The 17 
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Figure 3.	 Frequency distribution of a ratio levels in a) triploid (n=57), b) diploid 
(n=17), and c) open-pollinated diploid (n=177) Tettnanger seedling 
populations. 
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Figure 4.	 Frequency distribution of cohumulone content in a) triploid (n=57), b) diploid 
(n=17), and c) open-pollinated diploid (n=177) Tettnanger seedling 
populations. 
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diploids ranged from 19% to 44%, with a mean of 26%; 52.9% of the diploid seedlings had 

a cohumulone content below 25%. Two individuals obtained from cross 8805 made in the 

greenhouse had a cohumulone content of 38% and 44%, respectively, much higher than either 

parental value, suggesting they may have arisen from open-pollination. The 177 open-

pollinated diploids had cohumulone percentages ranging from 19% to 52% with a mean of 

30%. Only 28.8% of the open-pollinated seedlings were at or below the 25% cohumulone 

level. Careful selection of the male parent clearly was a factor in obtaining progeny with 

cohumulone contents below the 25% level. 

Thirty-eight triploid, seven diploid, and 54 open-pollinated diploid seedlings were 

analyzed for H/C ratio. Of the crosses in which the male parent was selected, only one 

seedling had an H/C ratio below 3.00, while among the open-pollinated seedlings 63 % had 

H/C ratios below 3.00 (Figure 5). Among triploids, H/C ratios ranged from 2.75 to 3.59 

with a mean value of 3.32. Diploids ranged from 3.34 to 3.64 with an average of 3.51. 

Open-pollinated diploids ranged from 1.89 to 3.57 with an average of 2.73. Only five open-

pollinated seedlings had H/C values greater than or equal to their Tettnanger parent. 

Advanced Selections 

The 16 advanced selections identified in Table 11 were also selected on the basis of 

their chemical quality (Table 14). Mean values for each component are based on all chemical 

data available for each genotypes from 1990, 1991 and 1992. Among the 16 advanced 

selections, a-acid content ranged from 5.3% to 9.5% with cohumulone content from 21% to 

25% of the a-acid; alpha ratios ranged from 47 to 63. Farnesene, as expected, was present in 

the hop oil of all 16 selections. The humulene to caryophyllene ratio ranged from 3.12 to 

3.50. 
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Figure 5. Frequency distribution of H/C ratio in a) triploid (n=38), b) diploid (n=7), 
and c) open-pollinated diploid (n=54) Tettnanger seedling populations. 



Table 14. Mean values for chemical quality data from 1990, 1991 and 1992 of the 16 genotypes selected in 1992 for further testing. 

Selection a% B% a ratio Cohum Oil M%1 C %' F%1 I-1%1 H /C' 

(ni/100g) 

8802-18 7.8 6.6 54 23 1.37 55.5 3.9 8.8 12.7 3.50 

8802-19 6.3 4.8 57 23 1.08 46.3 7.0 9.0 21.7 3.22 

8802-24 8.5 7.2 54 21 1.45 42.3 7.3 9.7 21.4 3.17 

8802-27 8.1 5.0 62 24 1.52 41.1 6.8 11.7 22.2 3.25 

8802-37 9.0 5.9 60 25 1.74 57.2 5.2 7.4 15.9 3.28 

8802-42 9.3 5.5 63 23 1.44 46.1 6.3 7.9 21.6 3.14 

8802-45 8.5 5.9 59 23 1.15 42.7 6.3 10.0 20.2 3.40 

8802-48 9.6 5.6 63 25 1.15 45.8 6.6 9.0 18.8 3.16 

8802-59 9.5 5.8 63 23 1.47 40.9 8.5 9.7 24.1 3.14 

8802-64 6.1 4.5 58 25 1.33 53.6 5.5 10.6 17.2 3.22 

8802-682 7.5 6.2 55 23 1.41 32.5 7.5 12.1 23.6 3.12 

8805-06 6.5 5.1 56 23 0.84 42.1 7.3 10.3 23.4 3.23 

8805-13 8.6 5.6 60 23 1.22 44.2 5.9 9.2 18.4 3.21 

8805402 8.0 4.8 62 21 0.96 42.2 8.0 12.0 21.7 3.22 

8806-12 7.0 7.0 50 23 0.84 52.4 3.7 10.0 13.5 3.51 

8806-172 5.3 5.9 47 21 0.94 46.3 6.5 12.4 18.6 3.30 

1 M = myrcene, C = caryophyllene, F = farnesene, H = humulene; measured as a percent of oil. 
2 Three genotypes selected for off -station commercial trials. 
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From these 16 advanced selections, three genotypes have now been identified for off 

station trials. Genotype 8802-68, now designated as USDA accession 21664; genotype 8805-

40, now designated as USDA accession 21665; and genotype 8806-17, now designated as 

USDA accession 21666, were established in three-acre commercial test plots in both Oregon 

and Washington in 1993. Anheuser-Busch plans commercial brewing trials for all three 

selections in early 1995. 
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CONCLUSIONS 

Tetraploid males can be used successfully in diploid by tetraploid crosses of hops 

(Humulus lupulus L.) to obtain triploids. Where naturally arising tetraploid males with 

acceptable pedigree and quality traits are available, their use allows the hop breeder to avoid 

the tedious process of colchicine treatment to obtain a tetraploid female parent. The desirable 

genome complement of the female diploid parent, however, may be overshadowed by the 2x 

contribution from the tetraploid male. 

Diploid by tetraploid crosses may have other disadvantages associated with the use of 

2x pollen. These disadvantages may include: reduced pollen competitiveness, reduced seed 

production, low germination, a lower percentage of triploids, more aneuploids, and a lower 

frequency of females. The significance of these problems varied between the two tetraploid 

males studied. 

Using tetraploid males in field crosses presented special difficulties, probably because 

2x pollen is less competitive than lx pollen. Bags covering the flowers needed to remain on 

the sidearms longer than is required when pollen from diploid males is used, while conditions 

inside the bags were less favorable for fertilization and cone development. Problems 

associated with bagging were alleviated by growing diploid mother plants in the greenhouse 

and staggering pollination dates for the two tetraploid males. 

Irregularities were seen during meiosis and quartet formation in both tetraploid males 

used in this study. A higher frequency of abnormalities was seen at all stages in male 8603 -

26M than was seen in male 8309-32M. Germination rates for all crosses were low. Hop 

seeds generally have high germination rates, although low rates have also been reported for 

some tetraploid by diploid crosses (Haunold, 1972) and researchers have occasionally reported 
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difficulty in obtaining high germination rates even with diploid by diploid crosses (Smith, 

1939; Williams and Weston, 1957; Haunold, 1993). Many non-germinating seeds were 

empty or only partially filled, but again this has also been reported for diploid crosses and is 

not necessarily associated with the use of tetraploid males (Haunold, 1972; Haunold and 

Nickerson, 1987). 

Selecting vigorous seedlings in the greenhouse was adequate to eliminate an excessive 

number of aneuploids among the plants in the nursery. While irregularities during meiosis 

and pollen formation may have reduced fertility, clearly both tetraploid males exhibited 

adequate fertility for polyploid breeding. Diploid by tetraploid crosses produced 185 vigorous 

seedlings, of which 57 were triploid females. Both tetraploid males used in this study 

produced triploid offspring, but only 8309-32M produced triploid females. Male 8309-26M, 

while being the more prolific pollen producer of the two, produced 41 offspring of which 

only 12 were triploids. None of these 12 seedlings, however, were female and seven were 

fully male. This raises the question of whether the absence of females was due to the small 

number of triploids obtained or was a result of a balance of genetic factors which make it 

unlikely that this male would produce triploid females. The male 8309-32M, which showed 

some monoeciousness in the field, had 38 females and 19 males among its 83 triploid 

offspring. This was a higher percentage of males than has been reported among seedlings 

from tetraploid by diploid crosses. The use of tetraploid males will probably require the 

breeder to produce a larger number of seedlings to have adequate numbers of triploid females 

in the progeny from which to make selections. 

The advantages triploid varieties offer in terms of seedlessness and increased vigor 

have been well documented. The seed content of the Tettnanger-type triploids from the 

crosses in this study averaged 2.4%, compared to 20.1% in open-pollinated diploid 
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Tettnanger seedlings, and 19% in Tettnanger mother plants. Yields in 1991 from four-hill 

plots of triploid seedlings ranged from 830 to 2323 kg/ha, with an average yield of 1566 

kg/ha. Tettnanger, by comparison, yielded 1160 kg/ha in a nearby four-hill control plot. 

Because brewers require consistency in their beers, a new hop variety must match the 

chemical quality of the variety it is intended to replace. One advantage of polyploid breeding 

as first described by Dark (1952), is that two-thirds of the seedlings' genetic material would 

be derived from a desirable female parent already tested and accepted by the brewing 

industry. Since triploid offspring should more closely resemble their tetraploid parent, 

tetraploid by diploid crosses should increase the chance of obtaining a genotype similar to the 

variety currently in use by the brewing industry. Using tetraploid males, which are untested 

for their brewing potential, makes the outcome of a cross more uncertain. Because the 

parents used in this study were chosen with the hope of developing a Tettnanger-like aroma 

hop, the male parents were selected for their close similarity to Tettnanger in chemical 

quality. Comparing the triploid and diploid offspring from diploid by tetraploid crosses with 

open-pollinated diploid Tettnanger seedlings demonstrated that careful selection of the male 

parent on the basis of chemical quality traits greatly enhances the likelihood of obtaining 

seedlings with acceptable chemical quality. 

The mean a ratio for the triploid seedlings was higher than the a ratio of either the 

male or female parent. In aroma-type hops, where an a ratio near 50 is desirable, male 

parents with a ratios below 50 should be used to keep the a ratio of the seedling population 

within the desirable range. Cohumulone content and H/C ratio are directly comparable in 

male and female hops. When male parents were selected for these two traits, the seedling 

population clustered around the parental values. Among the triploid seedling population were 

many high yielding offspring with chemical quality traits within our selection criteria. 
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Table Al. Sex and chromosome number of seedlings from cross 8801. 

Selection Sex Chromosome Number 

8801-01 F 31 

8801-02 MFF 31 

8801-03 MMF 31 

8801-04 M 30 
8801-05 MF 30 

8801-06 F 31 

8801-07 NK 30 
8801-08 NK NK 
8801-09 M 31 

8801-10 M 30 
8801-11 M 29 
8801-12 MMF 30 

8801-13 MMF 30 

8801-14 M 31 
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Table A2. Sex and chromosome number of seedlings from cross 8802. Numbers in 
parentheses refer to permanent USDA accession numbers assigned to 
selections saved for future work. 

Selection Sex Chromosome Number 

8802-01 F 31  

8802-02 F 30  

8802-03 MF 30  

8802-04 M 30  

8802-05 M 30  

8802-06 F 30  

8802-07 M 30  

8802-08 MFF 30  

8802-09 MMF 30  

8802-10 MMF 30  

8802-11 F 30  

8802-12 F 30  

8802-13 M 30  

8802-14 MMF 30  

8802-15 F 30  

8802-16 MMF 30  

8802-17 NK 30  

8802-18 F 30  

8802-19 (21660) F 30  

8802-20 NK 30  

8802-21 F 30  

8802-22 F 30  

8802-23 F 31  

8802-24 (21661) F 30  

8802-25 (21651M) M 30  

8802-26 F 30  

8802-27 F 30  

8802-28 MMF 30  

8802-29 F 30  
8802-30 MFF 30  

8802-31 M 30  

8802-32 M 30  

8802-33 M 30  

8802-34 MMF 30  
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Table A2, Continued 

Selection Sex Chromosome Number 
8802-35 MFF 40 
8802-36 M 30 
8802-37 F 30 

8802-38 NK 30 

8802-39 NK 40 
8802-40 M 30 

8802-41 F 30 

8802-42 F 29 

8802-43 (21652M) MMF 30 

8802-44 F 30 
8802-45 (21662) F 30 
8802-46 F 30 

8802-47 M 30 

8802-48 (21663) F 30 
8802-49 F 30 
8802-50 M 30 

8802-51 F 30 
8802-52 MMF 30 
8802-53 (21653M) M 30 
8802-54 F 30 

8802-55 NK 30 

8802-56 NK NK 
8802-57 F 30 
8802-58 NK 30 
8802-59 F 30 
8802-60 NK 30 
8802-61 F 30 
8802-62 F 30 
8802-63 NK 30 
8802-64 F 31 

8802-65 M 31 

8802-66 NK 30 

8802-67 M 30 

8802-68 (21664) F 30 
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Table A3. Sex and chromosome numbers of seedlings from cross 8804. Numbers in 
parentheses refer to permanent USDA accession numbers assigned to 
selections saved for future work. 

Selection Sex Chromosome Number 
8804-01 (21654M) M 30  

8804-02 F 20  

8804-03 F 21  

8804-04 F 20  

8804-05 F 20  

8804-06 NK 20  
8804-07 M 20  
8804-08 M 20  

8804-09 (21655M) M 30  
8804-10 M 30  
8804-11 M 30  
8804-12 F 20  

8804-13 NK 20  
8804-14 F 20  
8804-15 F 31  

8804-16 M 20  
8804-17 M 20  

8804-18 NK 30 
8804-19 M 20 
8804-20 M 20 

8804-21 M 29 
8804-22 F 20 
8804-23 M 30 
8804-24 M 29 
8804-25 F 20 
8804-26 F 20 
8804-27 NK 20 
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Table A4. Sex and chromosome number of seedlings from cross 8805. Numbers in 
parentheses refer to permanent USDA accession numbers assigned to 
selections saved for future work. 

Selection Sex Chromosome Number  

8805-01 M 20  
8805-02 M 20  
8805-03 M 30  
8805-04 NK 20  
8805-05 NK 20  

8805-06 F 30  
8805-07 F 20  
8805-08 NK 40  
8805-09 MF 31  

8805-10 M 31  

8805-11 F 30  
8805-12 F NK  
8805-13 F 30  
8805-14 NK 20  

8805-15 MFF 30  
8805-16 F 20  
8805-17 M 30  
8805-18 F 30  
8805-19 M 30  
8805-20 M 30  
8805-21 NK 30  
8805-22 F 20  
8805-23 F 20  
8805-24 M 20  
8805-25 F 20  
8805-26 F 31  

8805-27 F 20  
8805-28 NK 30  
8805-29 M 20  
8805-30 M 30  
8805-31 F 30  
8805-32 F 20  

8805-33 F 20  
8805-34 MMF 30  
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Table A4, Continued 

Selection Sex Chromosome Number 
8805-35 F 30 
8805-36 NK 31 

8805-37 F 30 
8805-38 (21656M) MMF 30 

8805-39 F 30 

8805-40 (21665) F 30 
8805-41 NK 29 

8805-42 MF 30 
8805-43 F 30 

8805-44 MMF 30 
8805-45 F 30 
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Table A5. Sex and chromosome numbers of seedlings from cross 8806. Numbers in 
parentheses refer to permanent USDA accession numbers assigned to 
selections saved for future work. 

Selection Sex Chromosome Number  

8806-01 F 30  
8806-02 F 30  

8806-03 MF 30  
8806-04 NK 40  

8806-05 M 30  
8806-06 MMF 30  
8806-07 (21657M) M 30  
8806-08 (21658M) M 30  
8806-09 F 30  
8806-10 F 30  
8806-11 F 30  
8806-12 F 30  

8806-13 F 30  
8806-14 F 30  
8806-15 MMF 30  
8806-16 F 30  
8806-17 (21666) MFF 30  
8806-18 F 30  

8806-19 MFF 30  
8806-20 F 30  
8806-21 F 30  
8806-22 F 30  
8806-23 F 30 
8806-24 F 31 

8806-25 F 30 
8806-26 F 30  
8806-27 F 30  
8806-28 F 30  
8806-29 NK 30  

8806-30 (21659M) MMF 30  
8806-31 F 30  



Table A6. Seed-set on open-pollinated diploid Tettnanger seedlings in 1988 and 1989. 

Selection Sample Wt/Cone Seeds/Cone 1000 Seed Wt. Seed-set 
Year (mg) (g) (%) 

8603-023 1988 254 17.1 2.91 19.6 

8603-024 1988 144 11.8 3.08 25.3 

8603-031 1988 185 14.7 2.63 20.8 

1989 177 11.7 2.57 17.1 

8603-033 1988 197 8.3 2.34 9.8 
1989 153 10.1 162 10.7 

8603-056 1988 195 13.7 2.98 20.9 
8603-087 1988 201 11.4 3.37 19.0 

8603-090 1988 105 5.0 2.56 12.2 

8603-097 1989 153 13.7 2.00 18.0 

8603-104 1988 264 19.3 3.42 25.0 
8603-247 1988 103 11.8 2.09 24.0 
8603-251 1988 249 5.2 2.65 9.4 

1989 224 11.4 2.60 13.2 

8603-257 1988 199 14.8 2.74 20.5 

8603-263 1988 149 7.7 2.55 13.2 



Table A6, Continued  

Selection Sample Wt/Cone Seeds/Cone 1000 Seed Wt. Seed-set  

Year (mg)  (g) (%)  

8603-301 1988 112 10.1 2.08 18.8 

1989 111 12.5 1.72 19.5 

8603-312 1988 148 13.1 2.77 24.5 

8603-350 1988 117 9.6 2.69 22.2 

8603-358 1988 242 9.9 3.54 14.4 

8603-367 1988 122 11.0 3.11 28.0 

8603-384 1988 182 13.4 3.13 23.0 

8603-389 1988 133 13.1 2.58 25.4 

8603-397 1988 111 9.6 2.65 22.9 

8603-440 1988 143 13.2 2.89 26.7 

8603-447 1988 136 9.7 3.04 21.7 

8603-471 1988 129 7.4 3.35 19.2 

8603-489 1988 187 2.8 2.91 4.3 

8603-498 1988 109 12.2 2.56 22.1 

1989 117 12.7 2.40 26.0 

8603-512 1988 207 13.9 3.55 23.9 

8603-562 1988 141 10.3 3.39 24.7 



Table A7. Seed-set on triploid Tettnanger seedlings from cross 8603 in 1988 and 1989. 

Selection Sample
Year 

Wt/Cone
(mg) 

Seeds/Cone 1000 Seed Wt. 
(g) 

Seed-set 
(%) 

8603-005 1989 120 1.2 2.29 2.4 
8603-063 1989 134 2.4 1.30 2.3 
8603-073 1988 135 2.9 1.90 4.1 

1989 169 4.0 2.37 5.7 
8603-105 1988 167 2.9 2.41 4.2 

1989 173 2.7 2.08 3.2 
8603-185 1989 178 0.7 2.41 1.0 
8603-221 1989 139 1.4 1.71 1.7 
8603-232 1988 268 2.2 2.12 1.6 

1989 209 3.2 2.51 3.9 
8603-234 1989 214 2.3 2.06 2.2 
8603-314 1988 161 4.9 2.20 6.7 

1989 109 3.3 1.84 5.5 
8603-427 1989 159 1.3 1.58 1.3 
8603-432 1989 119 1.8 0.45 0.7 
8603-444 1988 253 1.4 1.96 1.1 

1989 172 2.4 1.92 2.7 
8603-457 1989 138 0.9 1.54 1.0 
8603-466 1989 127 0.4 1.17 0.3 
8603-481 1988 192 3.4 1.84 3.2 

1989 149 3.8 1.79 4.6 
8603-485 1989 190 1.2 2.28 1.5 



Table A8. Yield and chemical quality data for Tettnanger seedlings from 1988 crosses. 

Selection Year Location' Yield % a % B a/B Oil 
(Kg/ha) (m1/100g) 

8801-06 1990 a 1389 5.7 3.9 59 1.18 

8802-02 1990 a 3784 6.7 4.9 58 1.32 

1990 b 9.4 5.9 62 

1991 a 2778 9.2 5.9 61 1.29 

1991 b 1808 8.9 5.9 60 1.00 

8802-06 1990 b 5.0 3.1 62 

8802-11 1990 a 1916 5.6 4.9 53 1.67 

1990 b 7.3 4.9 60 

1991 a 862 7.2 5.3 58 0.67 
1991 b 1664 7.9 6.4 55 1.50 

8802-12 1990 a 2395 6.0 4.1 60 1.67 

1990 b 8.0 4.3 65 

1991 a 623 7.2 4.6 61 1.41 

1991 b 1797 8.3 5.0 63 0.70 
8802-15 1990 a 1102 7.8 4.7 63 1.72 

1990 b 8.2 4.5 65 

1991 a 1437 9.3 4.4 68 1.02 



Table A8, Continued 

Selection Year Location' Yield % a % B a/B Oil 
(Kg/ha) (m1/100g) 

8802-18 1990 a 2731 8.2 5.4 60 1.50 

1990 b 6.7 5.9 53 

1991 a 1772 7.3 7.8 48 1.48 

1991 b 1402 8.8 7.3 55 1.20 

8802-19 1990 a 1964 5.6 4.2 57 1.22 

1990 b 4.9 4.0 55 

1991 a 2300 8.1 5.4 60 1.24 

1991 b 830 6.7 5.7 54 0.77 
8802-21 1990 a 1294 4.9 6.4 43 1.11 

1990 b 6.4 4.8 57 

8802-22 1990 b 8.7 5.4 61 

8802-24 1990 a 1916 7.9 6.6 55 1.75 

1990 b 6.9 7.5 48 

1991 a 1725 9.0 6.7 58 0.98 

1991 b 1565 10.1 7.9 56 1.63 

8802-26 1990 a 1053 8.4 4.6 65 1.34 

1990 b 11.6 5.9 66 



Table A8, Continued 

Selection Year Location' Yield % a % B a/B Oil 
(Kg/ha) (m1/100g) 

8802-27 1990 a 2922 6.6 3.9 63 1.45 

1990 b 7.7 4.9 61 

1991 a 2683 9.3 5.0 65 1.48 

1991 b 2300 8.9 6.2 59 1.64 

8802-29 1990 a 2156 7.3 4.4 63 1.51 

1991 a 1150 7.3 4.3 63 0.56 
1991 b 1348 7.3 4.6 61 

8802-30 1990 a 814 9.3 5.5 63 1.26 

1991 a 1245 7.9 4.7 63 0.88 
8802-35 1990 a 337 4.4 3.5 56 

8802-37 1990 a 1964 8.3 4.9 63 1.99 

1991 a 1725 7.8 7.0 53 1.66 

1991 b 1186 11.0 5.9 65 1.57 

8802-41 1990 a 958 5.4 4.5 55 

1991 a 2395 5.9 4.5 57 0.83 
8802-42 1990 a 2778 8.7 4.8 64 1.68 

1991 a 1120 9.8 6.2 61 1.19 



Table A8, Continued 

Selection 

880244 

8802-45 

880246 

8802-48 

8802-54 

8802-57 

Year 

1990 

1991 

1990 

1991 

1991 

1990 

1990 

1991 

1990 

1991 

1991 

1990 

1990 

1990 

1991 

1991 

Location' 

b 

a 

a 

a 

b 

a 

b 

b 

a 

a 

b 

b 

a 

b 

a 

b 

Yield 
(Kg/ha) 

719 

1725 

1820 

1209 

1485 

1042 

3019 

2395 

1712 

1533 

958 

1980 

% a 

6.1 

5.8 

8.3 

8.4 

8.9 

6.0 

7.4 

6.8 

9.5 

10.8 

9.1 

9.8 

6.9 

5.7 

7.6 

9.0 

% 13 

6.0 

5.5 

5.2 

5.5 

7.0 

4.4 

4.3 

5.9 

5.4 

6.2 

4.9 

4.5 

6.3 

6.8 

6.3 

5.5 

a/13 Oil 
(m1/100g) 

51 

51 1.16 

61 1.35 

60 1.14 

56 0.96 

58 1.71 

63 

53 0.79 

64 1.48 

63 1.26 

65 0.70 

69 

52 1.81 

46 

55 1.23 

62 1.42 



Table A8, Continued 

Selection Year Location' Yield % a % 13 a/B Oil 
(Kg/ha) (m1/100g) 

8802-59 1990 a 1150 9.0 5.9 61 1.70 

1990 b 7.3 4.6 62 

1991 a 1197 10.8 6.2 64 0.94 

1991 b 1090 11.0 6.5 63 1.77 

8802-61 1990 a 1102 9.3 3.1 75 1.36 

1990 b 3.4 7.9 30 

1991 a 1772 10.7 3.9 73 0.83 

1991 b 1664 9.3 4.0 70 0.98 

8802-62 1990 b 7.4 3.3 69 

8802-64 1990 a 2491 5.6 3.8 59 1.37 

1991 a 1245 6.5 5.1 56 1.29 

8802-68 1990 a 1869 8.1 5.3 60 1.56 

1990 b 5.7 6.0 49 

1991 a 2347 8.7 6.5 57 1.43 

1991 b 1653 7.5 7.0 52 1.24 

8804-02 1990 a 814 4.4 4.3 50 



Table A8, Continued 

Selection Year Location' Yield % a % B a/B Oil 
(Kg/ha) (m1/100g) 

8804-03 1990 a 1485 6.0 2.9 67 0.65 

1991 a 1533 6.9 2.9 70 0.34 

8804-04 1990 a 527 3.7 2.9 56 

8804-05 1990 a 1294 5.0 3.0 62 0.48 

1991 a 264 5.1 3.2 62 0.48 

8804-12 1990 a 2059 3.4 2.5 58 0.81 

8804-14 1990 a 383 6.0 2.3 72 

1991 a 623 5.3 1.9 73 0.64 

8804-22 1990 a 1485 3.6 3.0 54 0.55 

8804-25 1990 a 767 4.6 2.2 68 

1991 a 1120 5.9 2.7 69 0.72 

8804-26 1990 a 862 6.1 2.8 68 1.04 

1991 a 336 6.3 4.0 61 1.26 

8805-06 1990 a 2491 6.0 5.1 54 1.35 

1990 b 5.8 4.2 58 

1991 a 2012 6.1 6.0 50 0.62 

1991 b 2323 7.9 5.1 61 0.56 



Table A8, Continued 

Selection Year Location' Yield % a % B a/B Oil 
(Kg/ha) (m1/100g) 

8805-07 1990 a 2108 6.2 2.6 71 1.11 

1991 a 1197 5.8 2.6 69 0.52 

8805-11 1990 a 3161 8.0 4.8 63 1.54 

1990 b 9.1 5.5 62 

1991 a 1820 8.9 6.9 56 1.43 

1991 b 1869 9.3 5.7 62 1.31 

8805-13 1990 a 3068 9.8 5.6 64 1.41 

1990 b 7.6 4.9 61 

1991 a 2156 9.4 6.3 60 1.01 

1991 b 1078 9.8 5.7 63 1.23 

8805-15 1990 a 2731 6.7 5.3 56 1.35 

1990 b 5.0 5.2 49 

1991 a 2587 7.5 6.1 55 1.02 

1991 b 1209 7.4 7.0 52 0.98 

8805-16 1990 a 1389 4.7 3.0 61 0.80 



Table A8, Continued 

Selection Year Location' Yield % a % B a/13 Oil 
(Kg/ha) (m1/100g) 

8805-18 1990 a 2731 5.5 9.4 37 1.49 

1990 b 7.7 4.3 64 

1991 a 2731 11.8 6.4 65 1.85 

1991 b 1305 11.2 7.9 59 1.47 

8805-22 1990 a 431 3.6 2.6 58 

1991 a 1198 3.4 4.0 46 0.96 

8805-23 1990 a 1341 3.0 2.6 54 0.43 

8805-25 1990 a 287 5.6 2.2 72 

8805-26 1990 a 383 6.5 6.6 49 

1991 a 1772 7.6 10.0 43 2.03 

8805-27 1990 a 287 3.8 3.7 51 

8805-31 1990 b 3.9 6.3 38 

8805-32 1991 a 623 4.2 2.6 62 0.45 

8805-33 1991 a 575 4.8 3.6 57 0.82 

8805-39 1990 a 719 7.2 3.7 66 

1990 b 7.1 4.0 64 



Table A8, Continued 

Selection Year Location' Yield % a % B a/B Oil 
(Kg/ha) (rn1/100g) 

8805-40 1990 a 2347 9.4 4.8 66 0.83 

1991 a 2347 8.0 5.0 62 0.98 

1991 b 1748 7.5 4.7 61 1.07 

8805-45 1990 b 5.2 3.7 59 

8806-01 1990 b 7.4 5.0 60 

1991 a 1916 7.6 3.7 67 0.93 

8806-02 1990 a 1245 7.1 4.3 62 1.05 

1990 b 5.1 5.5 48 

1991 a 2444 8.3 5.3 61 0.64 
1991 b 1330 7.0 5.3 57 0.54 

8806-10 1990 a 814 5.6 6.4 47 

1991 a 2108 6.2 6.2 50 1.23 

8806-11 1990 a 1389 5.3 4.9 52 1.65 

1990 b 5.4 3.8 58 

1991 a 911 7.4 5.3 58 1.13 

1991 b 850 7.0 5.7 55 1.06 



Table A8, Continued 

Selection Year Location' Yield % a % B a/13 Oil 
(Kg/ha) (m1/100g) 

8806-12 1990 a 2012 7.0 5.9 54 0.89 

1990 b 6.7 6.3 52 

1991 a 2826 7.0 8.2 46 0.67 

1991 b 2096 7.3 7.4 49 0.95 

8806-13 1990 a 1772 7.6 4.8 61 0.49 

1990 b 6.5 4.6 59 

1991 a 8.2 5.2 61 0.82 

1991 b 8.1 5.3 60 1.33 

8806-17 1990 a 2060 4.8 5.6 46 1.11 

1990 b 5.2 5.0 51 

1991 a 2251 6.6 6.2 51 0.80 

1991 b 1805 4.9 6.8 42 0.91 

8806-18 1990 a 480 7.1 7.6 48 2.10 

1991 a 1294 6.5 6.9 48 2.00 



Table A8, Continued 

Selection 

8806-21 

8806-22 

8806-25 

8806-31 

Year 

1990 

1990 

1991 

1991 

1990 

1990 

1990 

1990 

Location' 

a 

b 

a 

b 

b 

a 

b 

a 

Yield 
(Kg/ha) 

814 

2300 

1522 

814 

898 

% a 

7.4 

7.2 

4.1 

8.0 

7.2 

6.8 

7.9 

9.4 

% B 

5.9 

6.0 

3.2 

7.1 

6.0 

7.3 

5.5 

3.9 

a/11 

56 

54 

56 

53 

55 

48 

59 

70 

Oil 
(m1/100g) 

0.95 

1.07 

1 Location a is single-hill nursery; location b is four-hill triploid nursery. 



102 

Table A9. Alpha ratio, cohumulone content and H/C ratio for triploid Tettnanger 
offspring. 

Selection a/13 ratio Cohumulone (%) H/C ratio 
8603-073 58 27 3.39 
8603-105 64 25 3.20 
8603-232 56 22 3.11 
8603-314 53 23 3.26 
8603-444 47 23 2.75 
8603-481 62 21 3.54 
8603-485 60 27 
8801-06 59 28 3.59 
8802-02 54 24 3.56 
8802-04 56 30 
8802-06 62 29 
8802-11 57 29 3.58 
8802-12 58 23 3.44 
8802-15 65 22 
8802-18 53 22 3.50 
8802-19 57 23 3.22 
8802-21 51 24 3.47 
8802-22 60 24 
8802-24 54 21 3.17 
8802-26 66 27 3.42 
8802-27 57 22 3.25 
8802-29 62 26 3.36 
8802-30 63 24 3.09 
8802-37 58 24 3.28 
8802-41 61 23 
8802-44 51 25 
8802-45 59 23 3.40 
8802-46 56 22 3.15 
8802-48 63 25 3.16 
8802-54 69 26 
8802-57 54 24 3.26 
8802-59 62 22 3.14 
8802-61 69 23 3.47 
8802-62 63 26 
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Table A9, Continued 

Selection a/13 ratio Cohumulone (%) H/C ratio 
8802-68 55 23 3.12 
8805-06 55 22 3.23 
8805-11 60 26 3.35 
8805-13 58 23 3.21 
8805-15 54 21 3.27 
8805-18 57 24 3.47 
8805-26 46 20 3.15 
8805-31 38 24 
8805-39 65 25 
8805-40 62 21 3.22 
8805-45 59 31 

8806-01 66 23 
8806-02 58 22 3.59 
8806-10 48 23 
8806-11 56 24 3.33 
8806-12 49 22 3.51 
8806-13 60 21 3.53 
8806-17 47 21 3.30 
8806-18 48 24 
8806-21 54 25 
8806-22 53 24 
8806-25 54 26 
8806-31 70 28 

avg: 57 24 3.32 
Number of samples: 57 57 38 
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Table A10. Alpha ratio, cohumulone content and H/C ratio for diploid Tettnanger 
offspring. 

Selection a/13 ratio Cohumulone (%) H/C ratio 
8804-02 50 31 

8804-03 69 23 3.60 
8804-04 56 28 

8805-05 62 32 3.52 
8804-12 58 26 3.64 
8804-14 73 20 
8804-22 54 23 3.56 
8804-25 69 25 

8804-26 65 21 

8805-07 68 24 3.36 
8805-16 61 19 3.57 
8805-22 52 29 

8805-23 54 26 3.34 
8805-25 72 21 

8805-27 51 20 
8805-32 62 38 

8805-33 55 44 

avg: 61 26 3.51 
Number of samples: 17 17 7 
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Table All. Alpha ratio, cohumulone content and H/C ratio for open-pollinated diploid 
Tettnanger offspring. 

Selection a/13 ratio Cohumulone (%) H/C ratio 
8603-002 70 30 3.55 
8603-007 66 32 

8603-009 54 52 
8603-012 72 28 2.74 
8603-020 70 37 

8603-023 73 41 

8603-030 69 23 

8603-031 75 28 3.02 
8603-033 54 21 3.19 
8603-039 68 23 3.01 
8603-046 70 24 

8603-051 67 34 

8603-056 76 31 

8603-058 49 28 

8603-059 70 25 

8603-060 71 21 

8603-061 63 31 

8603-062 58 24 2.68 
8603-064 64 24 

8603-065 55 29 3.23 
8603-069 71 35 

8603-075 73 25 2.08 
8603-077 56 23 2.01 
8603-083 57 24 2.27 
8603-087 60 33 

8603-088 64 28 

8603-090 64 21 2.52 
8603-094 67 29 

8603-095 75 23 2.42 
8603-096 54 42 
8603-097 69 24 3.31 
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Table All, Continued 

Selection a/13 ratio Cohumulone (%) H/C ratio 
8603-098 59 24 2.76 
8603-099 67 24 

8603-104 65 24 2.44 
8603-121 49 29 

8603-128 71 29 

8603-130 69 32 

8603-136 72 25 3.48 
8603-140 66 28 2.85 
8603-152 67 28 3.06 
8603-158 40 30 

8603-159 65 30 

8603-160 67 29 

8603-162 71 42 

8603-163 52 23 

8603-178 66 35 

8603-180 57 28 

8603-181 35 30 
8603-188 53 25 1.90 
8603-189 74 26 2.73 
8603-195 72 23 

8603-196 67 23 3.25 
8603-202 57 34 

8603-204 66 46 
8603-206 68 23 

8603-220 70 33 

8603-226 76 31 

8603-229 67 28 

8603-230 74 28 

8603-231 69 21 2.23 
8603-237 59 58 

8603-238 62 30 

8603-242 56 28 

8603-243 61 24 2.88 
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Table All, Continued 

Selection ce/I3 ratio Cohumulone (%) H/C ratio 
8603-247 42 32 

8603-251 72 27 2.31 

8603-255 65 35 

8603-257 65 31 

8603-258 68 29 

8603-259 57 26 

8603-260 76 25 

8603-262 66 27 2.86 
8603-263 48 38 

8603-265 75 24 2.15 
8603-272 52 23 

8603-273 72 37 

8603-277 71 27 1.97 

8603-280 60 45 

8603-285 51 22 

8603-286 57 32 

8603-288 52 20 2.73 
8603-293 56 30 

8603-294 65 21 

8603-295 54 21 

8603-296 34 32 

8603-298 67 33 

8603-299 72 29 2.82 
8603-300 65 25 

8603-301 66 25 3.00 
8603-304 75 26 
8603-305 69 30 

8603-310 54 22 

8603-312 69 29 

8603-322 52 36 2.17 
8603-326 73 23 2.27 
8603-330 55 44 
8603-332 72 24 3.14 
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Table All, Continued 

Selection a/13 ratio Cohumulone (%) H/C ratio 

8603-333 70 36 

8603-336 75 40 

8603-337 70 28 2.57 
8603-339 51 35 

8603-340 66 28 

8603-346 74 19 2.04 
8603-350 73 27 1.89 

8603-351 72 23 2.23 

8603-352 72 29 

8603-355 60 43 

8603-356 53 26 

8603-358 67 37 

8603-363 69 28 

8603-366 62 43 

8603-367 70 34 3.57 
8603-368 52 32 3.52 
8603-382 68 28 

8603-383 60 32 

8603-384 70 27 

8603-385 67 32 

8603-386 64 37 

8603-387 56 26 
8603-389 66 31 

8603-394 53 28 

8603-397 71 36 

8603-400 70 23 3.21 

8603-403 63 23 2.96 
8603-405 63 28 

8603-407 54 25 

8603-409 67 29 

8603-412 71 28 3.16 
8603-413 72 44 

8603-418 73 28 
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Table All, Continued 

Selection oe/13 ratio Cohumulone (%) H/C ratio 
8603-421 51 23 3.01 
8603-431 65 28 

8603-435 74 26 
8603-437 55 21 

8603-440 40 34 

8603-441 66 52 

8603-442 69 36 
8603-447 75 47 

8603-452 31 28 

8603-455 65 27 
8603-458 67 28 

8603-460 66 37 

8603-461 62 33 

8603-464 71 20 2.79 
8603-469 72 41 

8603-471 67 36 
8603-473 74 29 2.16 
8603-475 61 27 

8603-479 72 38 2.29 
8603-484 65 22 3.12 
8603-489 36 32 

8603-494 69 35 

8603-496 69 26 
8603-498 66 28 2.68 
8603-504 51 21 2.68 
8603-506 56 33 

8603-512 68 30 
8603-521 58 42 
8603-524 60 21 3.54 
8603-528 63 28 

8603-529 43 27 

8603-530 51 23 

8603-539 45 23 3.29 
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Table All, Continued 

Selection a/13 ratio Cohumulone (%) H/C ratio 

8603-543 59 23 

8603-544 65 28 2.37 

8603-545 73 43 

8603-546 62 38 

8603-548 75 28 1.89 

8603-549 67 28 

8603-553 67 40 

8603-555 59 22 

8603-558 61 26 

8603-562 75 45 

8603-564 68 24 3.15 

8603-566 53 24 

8603-571 51 30 

8603-634 76 31 

avg: 63 30 2.73 

Number of samples: 177 177 54 




