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Twenty-nine female hop genotypes were evaluated to determine

the genetic variability in and association between 14 traits that affect

maturity, yield, and chemical properties of its product. The plant

characters measured were: vigor, flowering date, harvest date,

yield, lateral length, nodes per lateral, cones per lateral, cones

per vine, cone weight. Alpha-acid and beta-acid content of the cone,

alpha:beta-acid ratio, total soft resin, and lupulin content of the

cone were included in the chemical evaluation.

Genetic variance, genetic coefficient of variation, broad sense

heritability and expected gain were calculated for each of the traits.

The degree of association between traits was determined on the basis

of phenotypic, genotypic and environmental correlations. The



phenotypic correlations were further analyzed by path coefficient

analysis to determine the interrelationships of the traits.

Highly significant differences among genotypes were shown for

all characters measured. The genetic coefficients of variation,

broad sense heritability, and expected gains indicated there was a

large genetic potential for improvement of most traits studied. Vigor,

flowering date, and harvest date appear to have the least genetic po-

tential for improvement. Application of a five percent selection

pressure should result in a 90 percent gain in number of cones per

vine and yield, and a 70 percent gain in lateral length and cones per

lateral.

All agronomic characteristics other than cone weight were

positively correlated with yield. Also, all possible combinations of

harvest date, lateral length, nodes per lateral, cones per lateral,

cones per vine, and yield had significant positive phenotypic correla-

tions.

With the exception of vigor, phenotypic correlations between

agronomic characters and the quality traits, alpha-acid and beta-

acid content of the cone, were either significant in a positive direc-

tion or showed no relationship.

Correlations between alpha-acid and beta-acid concentration

tend to support the concept that the two compounds are genetically

independent after their common biosynthetic pathways diverge.



Path coefficient analyses of phenotypic correlation coefficients

showed that lateral length and cones per vine have more of a direct

and indirect effect on yield than does vigor, flowering date, harvest

date, nodes per lateral, or cone weight.

The results reported in this study are important to the hop

breeder whose objective is to improve yield and quality. The results

indicate:

1. There is a large genetic potential for improving most traits

studied.

2. Associations between and among agronomic and quality traits

show that selection can be practiced on either group separately

without having a negative effect on the other.

3. Lateral length and cones per vine have a strong influence on

yield. Improvement of these two traits provides a means for

increasing yeild in early maturing cultivars.
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GENETIC VARIABILITY AND ASSOCIATIONS BETWEEN
AGRONOMIC AND QUALITY CHARACTERISTICS IN

TWENTY-NINE FEMALE GENOTYPES OF
HUMULUS LUPULUS L.

INTRODUCTION

The commercial hop plant (Humulus lupulus L. ) arises from a

perennial underground rootstock called a "crown. " The annual aerial

vines are herbaceous initially and become woody later in the season.

In late fall the vine dies back to the ground level and new shoots

develop the following spring from buds on the perennial crown. Vines

twine clockwise about their support and frequently reach a height of

5. 5 to 7. 6 m. The stem is retrorsely prickly and helps the plant

cling to its support. Lateral branches (sidearms) arising from nodes

of the stem bear the inflorescences.

Hop is a dioecious plant with the female inflorescence having

commercial value. The female inflorescene is a catkin that resembles

a cone-like structure (strobile) at maturity. It is composed of a

central rachis (strig) that bears bracts and bracteoles (petals). In

the presence of male plants fertilization occurs and seeds form at

the base of the bracteole where it attaches to the strig. The brac-

teoles and maternal tissue (perianth) that covers the seed bear

numerous glandular structures called lupulin glands which contain

the bittering and aromatic compounds that are important for flavoring

fermented malt beverages.
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Female hop flowers develop into cones at maturity regardless

of whether fertilization takes place. However, seeded cones are

larger than seedless ones which results in higher cone yields per

hectare. Much of this yield increase is due to seed weight which

contributes nothing to the brewing value of the cone. The only com-

mercial value of the male hop plant is to provide pollen to produce

seeded hops. In most hop growing areas of the world, male plants

are excluded from hopyards to assure a seedless crop. Seedless

cones normally are considered to have a higher commercial value

by brewers. However, in a breeding program, both sexes of the

plant are important because each contribute equally to the genetic

constitution of their progeny. Smith (1937) pointed out that the

problem of breeding improved hops is similar to increasing milk

production in dairy cattle. Just as milk is in dairy cattle, cone

development in hops, is a sex limited character. Genetically, how-

ever, the male also contributes to the quality and quantity of the

female product.

Hop breeding has been practiced in various countries for about

60 years. The female plant has received the most attention in these

breeding programs until recent years. Even with the long history

of breeding research, little is known about the inheritance of many

important traits of the hop plant. This is probably due to the fact

that most characters of hop are quantitatively inherited and
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classification of seedling populations is difficult. Also, hop, as a

minor crop, has not received the same amount of attention for basic

genetic studies as have major food crops such as cereals. The hop

breeder has some advantages in working with a crop which permits

fixation of a genotype by vegetative propagation. If desirable plants

are found in the F1, they may be selected and propagated as a variety.

These investigations were designed to: 1) gain information on

the variability that exists in agronomic and quality traits in the

female germ plasm of the hop breeding program at Oregon State

University and to determine the expected gain, for all traits consid-

ered, by selecting the top five percent of the population; and 2) deter-

mine the nature of associations between and among traits as they

affect yield and quality, and to evaluate the associations between the

traits by determining direct and indirect effects of one on another.

Information such as this would not tell the breeder about the

transmissibility of the traits under study without progeny tests.

However, it would enable the hop breeder to more efficiently use

the variability of available germ plasm by selecting superior individ-

uals from the germ plasm and utilizing the selections to create

superior varieties.
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LITERATURE REVIEW

Hop varieties were introduced into the United States in the early

seventeenth century (Wood, 1938). Commercial production of hops,

however, did not become important until the nineteenth century

(Keller and Likens, 1955). The earliest attempt by the United States

Department of Agriculture to improve varieties of hop was in 1900

when David Fairchild imported hop rhizomes from Europe to evaluate

their adaptability in the United States. After many tests he decided

that the introductions did not yield well under conditions found in the

United States (Smith, 1937). Thus, in 1904, he began crossing

European varieties with American males in hopes of developing more

productive varieties (Smith, 1937). Unfortunately, no data were

reported on his progress.

Stockberger (1908) detailed a breeding program on hops he had

undertaken. He proposed a careful study of domestic varieties, the

selection of promising individuals and, thereafter, the development

of desirable types by hybridization. His chief objectives were related

to productiveness and quality. In 1910 (Stockberger and Thompson,

1910) and 1912 (Stockberger, 1912) progress in these efforts was

reported indicating several promising hybrid seedlings had been

selected. According to Smith (1937) several thousand seedlings were

being evaluated in 1916. Unfortunately, the breeding program was
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dropped about that time for several reasons including lack of funds

and the outbreak of World War I. A few years later, the advent of

prohibition reduced the commercial importance of hops.

All commercial hop varieties grown in the United States prior

to this century, and some that are presently grown, were introduced

from Europe. Keller and Likens (1955) reported that all hops grown

in the United States left much to be desired as far as productiveness,

disease resistance, and quality were concerned. They pointed out

that only limited attention had been directed toward varietal improve-

ment by hybridization and because of the status of hops being grown

at that time a more intensified breeding program was justified.

Brooks (1967) stated that hop variety development in the United

States in the ten year period of 1958 to 1967 followed four methods:

1) introducing varieties from foreign countries, 2) selecting clones

from existing varieties, 3) hybridization, and 4) polyploid develop-

ment. Of these methods, clonal selection has been the most success-

ful. For example, Skotland (1972) had made clonal selections in

'Cluster' hops to get varying maturity classes with increased yield

potential while retaining the quality characteristics of the genotype.

In 1967 over 70 percent of the hop acreage in the United States was

planted with Cluster type hops. There were and still are serious

disease problems in the Cluster variety, notably susceptibility to

downy mildew (Brooks, Horner and Likens, 1961). Brooks (1962a)
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increased yield 15 percent by selecting within the 'Fuggle' variety

(Fuggle has been vegetatively propagated for over 100 years) and

stated that only little, if any, gain could be expected for other char-

acters. He believed somatic changes within plants were the source

of variability allowing for the progress to be made by selecting

within a clone. 'Fuggle H' was released in 1972 as an improved

Fuggle hop as a result of Brooks selection program, and except for

its higher yield it cannot be distinguished from Fuggle in gross

morphology, maturity, disease resistance, or quality character-

istics.

The development of polyploid hops began in the United States

in 1963 (Haunold, 1972). Similar research had been carried out in

Japan by Ono (1959) and in England by Dark (1952) and Neve (1965,

1969). One of Haunold's (1972) objectives was to develop a commerci-

ally acceptable triploid hop variety. Hop is normally diploid with

both sexes having a chromosome number 2n=2x=20 (Fore and Sather,

1947). Haunold's (1972) technique was to chemically induce the for-

mation of a tetraploid plant by doubling the chromosome number

and then crossing it with a diploid. Part of the resulting progeny

are triploids. The advantages of triploid hops includes substantially

higher yields, and seedlessness even in the presence of male hops.

Triploids developed from existing varieties may have the above

improvements yet be similar to the diploid in other traits (Horner
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and Likens, 1971). Haunold (1972) suggests that this may be the case

with a triploid Fuggle type he has developed. At present, several

superior triploid cultivars are in advanced stages of field and brewery

testing.

The first American bred hop variety, ' Talisman,' was devel-

oped from a cross made by Romanko in Idaho (Romanko, Likens, and

Shephard, 1967). It was selected in 1958 from progeny resulting

from open-pollination between 'Late Cluster' and a male of unknown

origin. Twenty-three seedlings were selected from the original

1,190 that wer evaluated in 1959. Talisman was selected from

the remaining 23 selections based on its superior resistance to the

hop downy mildew fungus, Pseudoperonospora humuli (Miy. and Tak. )

G. W. Wils. In field plots Talisman consistently out-yields Clusters

by one to two bales per acre and has a higher alpha-acid concentra-

tion in its cones. However, Talisman is a late maturing variety. It

was never well accepted, with only 305 hectares planted in Idaho in

1967 and even less in other states.

'Cascade,' released in 1972, was the next variety developed by

hybridization in the United States. As with Talisman, Cascade

originated from open-pollinated seed with only the female parents'

pedigree being known. The female parent is a hybrid between

Fuggle, an English variety, and a male that is a hybrid between

'Serebrianka,' a Russian variety, and a male Fuggle seedling
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(Brooks et al. 1972). Cascade was selected from a population of

over 7, 000 seedlings. It has brewing characteristics similar to

those varieties being imported from Europe, outstanding yield poten-

tial, good pickability, and is resistant to several pathogens.

To date there has been no hop variety developed and released

in the United States as a result of hybridization where both parents

were selected based on specific traits they possess. Smith (1937)

proposed a method of hop variety improvement whereby superior

parents are selected for crossing. In such crosses the pedigree of

the parents is known and only vigorous, desirable types are used.

In test crosses, however, improvement in agronomic traits such

as yield and desirable cone type was found to be most difficult to

attain. After evaluating over 2.0, 000 seedlings, fewer than 10

were selected as having commercial potential and most of these

were eliminated after additional tests for disease resistance, or

desirable agronomic and quality characteristics.

Dudly and Moll (1969) suggested that breeding can be divided

into three stages: 1) establishment of a pool of variable germplasm;

2) selection of superior individuals from the germplasm; and 3)

utilization of the selections to create superior varieties. The impor-

tance of these steps was realized by the earliest hop breeders.

Stockberger (1908) felt that hybridization or cross-breeding should

be attempted only after an extensive study of existing germplasm.
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He emphasized the importance of becoming familiar with the best

varieties in order to choose the best existing types for crossing.

Only then should the breeders begin to produce new hop varieties

by hybridization. Stockberger (1912) also realized that plant or

animal breeders should produce diversity or variability in the founda-

tion stock from which new or improved strains could be developed.

He noted that the normal diversity of the hop plant causes no prob-

lems to the breeder in securing a wide range of variability suitable

for this purpose and reported some variation that existed in certain

characters of a population of individual female genotypes. Specific-

ally, he mentioned the number and length of internodes of the main

vine, which ranged from 30 to 50 and varied in length from 3 to 37

cm. Flowering branches arising from laterals were found to branch

from one to six times. A direct relationship between the degree of

branching and yield was also observed. The time of ripening in a

given season among early and late genotypes differed as much as

42 days. The shape of the strobile (cone) varied from spherical to

long cylindrical with all intermediate gradations. Bracteoles

varied from 14 to 53 mm in length. The weight of the vine composed

from 29 to 49 percent of the weight of the entire plant and leaves

from 18 to 43 percent. The weight of the cones varied from 8 to 53

percent of the total plant weight. Yield varied from 91 to 11,552

grams per hill. Stockberger (1912) concluded that the problem of
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selecting superior parental types is complicated by the necessity

of considering, along with the variation in yield, the numerous other

variables such as disease resistance, quality and agronomic traits.

Beard (1943), comparing characteristics of commercial hop

varieties, recognized much variation between varieties and some

among clones within varieties. He observed that yield levels of

various Fuggle clones, over an eight year period, ranged from 12. 23

to 22.30 cwt. per acre in the same clone and from 17. 25 to 20. 01

cwt. per acre between three different clones in a given year. Cone

types varied between varieties but were of similar morphology

within clones of varieties. Flowering date varied from season to

season and between varieties, but not within varieties.

Salmon and Wormald (1921) studied the variability in wild male

and female hops. Characters observed were time of flowering,

vine color, number of lupulin glands on leaves, shape of leaves,

leaf color, length of laterals, various characters associated with

the reproductive organs, and susceptibility to powdery mildew

(Sphaerotheca humuli (DC. ) Burr). They found about a four week

range of flowering time with the greatest variation occurring in

male plants. Vine color ranged from green to red with all inter-

mediate shades. Leaf glands were noted to be more dense in some

genotypes than on others. Leaf shape varied from three to nine lobes

per leaf. Lateral length ranged from 38 cm in some males to over



11

153 cm in some females. Glands per anther in the male generally

ranged from 10 to 15 with some having as many as 30. Great varia-

tion was found in the cone-size and -shape. The authors concluded

that the fluctuation in cone size from year to year, within and between

genotypes, was so great the value of "cone size" as a systematic

character appeared doubtful. Lupulin gland number in the cone

also fluctuated from year to year in most plants but some plants

were consistent from year to year, being either good, fair, or poor.

Susceptibility to powdery mildew varied considerably in the genotypes

observed.

With the increased amount of information collected over the

past years concerning hop research and the application of successful

breeding schemes proven successful in other crops, it should be

possible to make substantial gains in improving the hop plant to meet

the desires of both the grower and the brewer. Indeed, improvement

of the hop plant by breeding is evident with the release of Cascade

in 1972 (Brooks et aL , 1972) and the variety 'Comet' in 1975

(Zimmerman et al. , 1975). Both varieties were developed in the

breeding program at Corvallis. Cascade is classed as an aroma

type hop, similar to those imported from Europe but has substanti-

ally higher yields. Comet equals the varieties 'Bullion' and Cluster

in yield and has a higher alpha-acid content in its cones. Perhaps

the basis for the success of the present breeding program can be



12

traced to strain building and broadening of the hop germplasm base

by the inclusion of wild American hops and additional foreign varieties

that began in the 1940's (Fore and Sather, 1947).

Fore and Sather (1947) outlined the objectives of the hop breed-

ing program at Corvallis, Oregon up to 1947. Major emphasis was

placed on developing varieties resistant to downy mildew (Pseudo-

peronospora humuli) by either mass selection from existing varieties

or by hybridization, using the backpross and multiple cross method.

Parents used for crossing were selected on the basis of vigor, leaf

and stem color, length and arrangement of flower-bearing branches,

type of flower clusters, time of maturity, and additional traits such

as yield, ease of picking, aroma, and resin content of the female.

Keller and Likens (1955) contributed to the breeding program by

determining the progress that might be expected by conducting such

a program on hops in the Willamette Valley. Their experiments

followed a model presented by Burton and DeVane (1953) which

estimated, from single and replicated plot basis, the progress that

might be expected from selecting clonal material in a tall fescue

breeding program. Included in Keller and Likens' experiments were

12 experimental hop lines, divided into early, medium, and late

maturity groups, where selection for such factors as yield, sidearm

length, percentages of alpha acid, beta fraction, total soft resins,

and chemical composition of leaf blades was carried out. They



found that progress may be expected by selection for such traits.

In one group of female plants it was estimated that when selecting

the top five percent, yield may be increased 42 percent over the

mean, sidearm length 24 percent and other characters betwen 14

and 61 percent, depending on the character in question.

Brooks and Likens (1962), using methods outlined by Burton

and De Vane (1953) and Keller and Likens (1955), contributed to our

13

knowledge about variability present in certain floral and chemical

quality characteristics of the male plant. It was found that a 6 to

13-fold difference exist for alpha-, beta-, and total hop-acid content

in the 20 male genotypes studied. The range in gland number was

about 5-fold and the range in gland size was about 80 percent of the

mean. There was a 30 day range in flowering date among the 20

genotypes. Heritability (diversity) ratios ranged from moderate to

high. Expected gain values (selecting the top five percent) indicated

alpha-, beta-, and total hop-acid could essentially be doubled and

significant gains would be expected in the other traits studied.

In many plant breeding programs it is desirable to improve

upon more than one trait at a time. This has been an endeavor from

the beginning in the hop breeding programs. Thus the breeder should

have a knowledge of the association and inter-relationships among

and between the traits being considered. Knowledge of correlations

among traits improves the efficiency of parental selection by
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selecting favorable correlated characters (Scassiroli, Ferrari,

and Haussman, 1963). Stockberger (1908) stated that "the study of

the correlation in the hop, as in biennials and other perennials, is

of very great value to the hop breeder. " He reported correlations

of hop characteristics that were known at that time. For example:

Early ripening is usually associated with low yield, late
ripening with high resin content, strong aroma with
abundance of lupulin, large yield and coarse aroma with
large strobiles, large dark green strobiles with low
tannin content, compact hairy spindle and small narrow
bracts with fine quality, reddish vines with earliness
and susceptibility of diseases, and green vine with pro-
ductiveness.

Keller and Magee (1952) studied the relationship of yield of

strobiles with total soft resins, alpha-acid and beta-acid fraction, in

Fuggle. They found each correlation to be low and nonsignificant,

indicating that different yield levels within the variety do not affect

the chemical quality characteristics.

Brooks (1961, 1962b) studied the association between morpho-

logical and chemical quality characteristics in flowers of male hops.

The caharcteristics studied were the contents of alpha-acid, beta-

acid, total hop-acid, resin gland number and size, weight of flowers,

and date of flowering. His results show that there is a positive,

significant correlation between alpha-, beta-, and total hop-acid

concentration. Beta-acid was positively correlated with flower

weight. Also resin gland number was positively correlated with
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flowering date.

Various researchers have emphasized that a knowledge of the

association of traits within a species is required if selection for

the simultaneous improvement of these traits is to be effective

(Brooks, 1962b, and Dewey and Lu, 1959). The association between

traits may be brought about by the direct influence of one variable

on another or by correlated common causes (Wright, 1921). If this

is the case, selection for a trait in one direction may cause an

undesired effect on another trait by direct or indirect effect through

a third variable. T herefore, it becomes necessary to look closely

at the nature of the associations among traits in which the plant

breeder is trying to make progress.

Wright (1 921) recognized that correlations between two vari-

ables merely give the resultant of several paths of influence and

outlined a method to measure the direct and indirect effects of one

variable on another. The method proposed is a standardized partial -

regression coefficient analysis, called path coefficient analysis.

It measures the direct influence along each separate path and the

degree to which variation of a given effect is determined by each of

the other causes, The theory was detailed later by Li (1955, 1956).

Dewey and Lu (1959) demonstrated the use of path coefficient

analysis in studying components of crested wheatgrass seed produc-

tion. It has since been used by a number of researchers to analyze
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component interrelations. Brooks (1961, 1962b) used the technique to

study the phenotypic, genotypic, and environmental association of

quality characters in flowers of male hops. He found that alpha-

and beta-acid contents were directly associated with total hop-acid

and each component was indirectly associated with total hop-acid

through the other variable. Resin gland number had a high direct

effect on alpha- and beta-acid and in turn total hop-acid. Flower

weight had a positive affect on gland size but little influence on gland

number.
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MATERIALS AND METHODS

Data for this study were collected in 1972 and 1973 from 29

mature female genotypes established at Oregon State University,

Agronomic Crop Science Department's East Farm, located near

Corvallis, Oregon. The genotypes were selected at random among

46 lines grown in the 'Named Variety Block'. Therefore, the 29

genotypes can be considered a random sample of the female popula-

tion used for breeding in the present hop research program but a

fixed population in terms of the genetic analysis. Variety designation

of each genotype and mean values for each plant character studied

are listed in Appendix II and III.

The field trial was established in randomized blocks, with

four hills per plot, replicated twice. To ensure that genetically

identical individuals were replicated, vegetative propagules were

taken from plants in one block to establish plots in the second block.

In a few cases, only two or three plants in the four hill plot were

mature when data were collected. In all cases the mean of the plots

was based on the number of mature plants present. Plant spacing

was 2. 28 x 2. 28 m within and between rows. Two strings were

clipped to each hill and no less than two or more than three vines

were trained on each string. The trellis height was 5. 49 m (Fig. 1).

Male hop plants, growing in adjacent plots, supplied pollen for
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Figure 1. A typical hop garden illustrating
the plant spacing of 2. 28 x 2. 28 m
between and within rows, and the
trellis height of 5. 49 m.
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fertilization resulting in normal seed set in the female plants from

which data were collected.

All cultural practices were similar to those practiced by com-

mercial growers and in accordance with reported research (Keller

and Magee, 1954, and Keller, 1954). Phosphorus (P2O5) and

potassium (K2O) each were applied in the fall of 1971 and 1972 at

the rate of 112. 3 kg/ha. In the spring of each year 112. 3 kg/ha of

N, P, and K were applied, followed by an application of N (NH4NO3)

at the rate of 101 kg/ha in June.

Agronomic characters studied were: 1) vigor; 2) flowering date;

3) harvest date; 4) lateral (sidearm) length; 5) nodes per lateral;

6) cones per lateral; 7) cones per vine; 8) cone weight; and 9) yield.

Chemical characters studied were: 1) alpha-acid concentration

in the cone; 2) beta-acid concentration in the cone; 3) alpha beta-acid

ratio; 4) total soft resin concentration (alpha plus beta-acid concentra-

tion) in the cone, and 5) percent lupulin (resin glands) in the cone.

Agronomic data were obtained as follows:

1. Vigor is a measure of growth rate expressed in days after

January 1 until plants in the plot crossed the trellis wire

which was 5. 49 m above the ground level.

2. Flowering date represents an estimate of 50 percent bloom of

plants in the plot and recorded as the mean number of days

from January 1.
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3. Harvest date was recorded at the time of harvest. This date

may not represent an exact indication of the genotype's physio-

logical maturity because of subjective judgement of full maturity

and maximum brewing value. Some genotypes may be harvested

any time within a two week period without influencing yield or

quality, while others must be picked within a few days to avoid

senescence and a drop in quality. Thus, a genotype that will

'hang' well may be harvested any time over a 2-3 week period

while other cultivars do not possess that characteristic and

must be harvested during a 5-7 day span.

4. Lateral length was measured prior to harvest. One lateral

from a vine on each string arising from every hill in a plot

was measured and the plot mean recorded (Fig. 2). Laterals

measured, ranged from 2. 4 -3. 7 m above the ground. This

height was chosen to obtain data from laterals with normal

growth and productiveness which may vary between genotypes

(Thomas, 1966).

5. Nodes per lateral were counted and recorded at the same time

lateral length measurements were taken prior to harvest. The

point of attachment of the terminal cone was considered the

terminal node. The mean node number of those counted was

recorded for each plot.

6. Cones per lateral were counted on the same lateral from which



21

Figure 2. Laterals from the main vine of cluster (top) and Fuggle (bottom) illustrating variation
in cone numbers, node numbers, and lateral length.
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length and node number were taken. The plot mean was

recorded.

7. Cones per vine were estimated by dividing the total yield

weight by the mean weight of 100 cones and the number of vines

harvested.

8. Cone weight was taken at harvest (Fig. 3). One hundred cones

were randomly picked from the harvested sample and weighed

to the nearest gram. The mean weight of the 100 cones was

recorded on a fresh and dry weight basis (10% moisture).

9. Yield is expressed in grams (fresh weight) per vine. All

plants in each plot were harvested and the cones weighed to the

nearest 50 grams. The total weight was divided by the number

of vines harvested.

Chemical quality data:

Samples of five cones were hand picked at random from each

plot for analyses of alpha- and beta-acid concentration. All quality

analyses were done by S. T. Likens, research chemist for USDA-

A R S, Agricultural Chemistry Department, Oregon State University

(Likens and Nickerson, 1970).

The five cone samples were dried at 37° C, placed in a humidi-

fier at 55-60 percent relative humidity for two days to equilibrate at

8% moisture content and then stored at -4 C until analyzed. For

chemical analysis, cones were placed in a macerator with 50 ml of
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Figure 3. Hop cones collected from various
genotypes showing variability in
morphology and size.
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toluene as a solvent. The extract was allowed to settle, from which

an aliquot of 2 ml was placed in a 50 ml volumetric flask and evapo-

rated to dryness. The dried residue was then made up to 50 ml with

alkaline methanol (0. 002 N NaOH). Absorbance readings of the dilute

extract were taken at 275, 325, and 355 mil and the concentration of

alpha- and beta-acids calculated from standard equations developed

by Alderton et al. (1954):

1.

2.

alpha-acid conc. (mg/ml) = 51. 56 A355+

-19. 07 A27573. 79
A325

beta-acid conc. (mg/ml) = 55. 57 A355

-47. 59A325
-I- 5. 10A275

where A denotes the absorbance wave length in mp.. Using this

method, the final results are expressed in percent of alpha- and beta-

acid on a weight basis (8% moisture).

3. The alpha:beta-acid ratio is a simple ratio of the two compounds

that make up the soft resin fraction present in the hop cone.

Many breweries consider alpha-acid the most important

compound for beer flavoring, whereas others prefer a balance

between the two compounds.

4. The alpha- plus beta-acid statistic is the sum of the two com-

pounds and represents the total soft resin fraction present in
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the cone.

5. The percent lupulin per cone is calculated from the percent

alpha- and beta-acid present in the cone:

0 % alpha + 0/0 beta
percent lupulin 0. 73

where 0. 73 is an average of the percent alpha- plus beta-acid

found by analyzing flowers and cones of nearly 200 different

hop cultivars. It is thought to approximate the theoretical

limit of the soft resin fraction in hop cones (Likens et al. ,

1975).

Measurements were taken on agronomic characteristics from

all plots in 1972 and 1973, and on quality characteristics from all

plots in 1973. This being the case, the analysis of variance for

agronomic traits were based on two replications with two years

data, and for quality data on two replications with one year's data.

This is in keeping with the general practice of the present breeding

program in which initial selections are based on one or two years

of observations.

Genetic variance for agronomic data was derived from the

mean squares for genotypes, experimental error and sampling error

in a regular analysis of variance by separating out the variance

components from the formula (Brooks and Likens, 1962):
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Vs + rV + krV = the expectation of the genotype mean square

Vs + rV = the expectation of the error (genotype X year)

mean square

V = the total genetic variance
g

Vs = the expectation of the sampling error

k = the number of samples per plot

r = the number of replications

Genetic variance for chemical data was derived from the mean

squares for genotypes, and experimental error in a regular analysis

of variance by separating out the variance components from the

formula (Burton and De Vane, 1953):

V
e

+ NV = the expectation of the genotype mean square
g

V
e

= the expectation of the error mean square

V = the total genetic variance
g

N = the number of replications

Genetic constants were computed following the procedure out-

lined by Burton and De Vane (1953) and Keller and Likens (1955) for

characters in which there were significant differences among geno-

types. The genetic coefficient of variation, calculated as the square

root of the genetic variance and expressed in percent of the mean

X loo ), is an index of the potential genetic advance that may

be made in a population which is vegetatively propagated.

Heritability in the broad sense may be expressed as the ratio



between total genetic variance to the phenotypic variance:
V

For agronomic data: h
2 -

For chemical data:

Vg + V
y

+ Vs

h2 -
Vg

Vg + V
e

Broad sense heritability estimated on a replicated (N) basis was

calculated by the following formula (Burton and De Vane, 1953):

h
2 h

2

basis.

h2 2 1. 0 - h2
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where: h 2 = broad sense heritability estimate on a single plot

The expected gain from selection (S), was determined on a

replicated plot basis. The following formulas were used to calculate

the expected gain:

Agronomic data:

Chemical data: S =

1945).

s V
g

V + V
V +

g r Kr
s Vg

V
--9-Vg +
N

and

where: s = 2. 06 for 5 percent of the population saved (Lush,

Correlation expresses the tendency of two variables to be

related in a definite manner and measures the closeness of the

relationship. Therefore the phenotypic, genotypic, and
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environmental correlations were calculated for all variables studied.

Phenotypic correlation coefficients (r) were calculated from

genotype means by the following equation:

Ex lx2
r =

d(Xx
1

2) (/x22)

Genotypic (r ) and environmental correlation coefficients (re)

were calculated from 1 973 data by using the following equations:

Coy
2

r =
g ti(Vg1) (Vg2)

Covel,
2

and r -
e (Ve2)

Covgl,
2

and Covel,
2

were computed from component analysis

of covariance and are the genetic and environmental (genotype x

replication) component, respectively. V and Ve, were computed
g

from component analysis of variance for each of the two variables.

Phenotypic correlations between variables were analyzed by

path coefficient analysis to better understand the nature of the

interrelationship among the variables that influence yield and quality

components of its cone. The path coefficient analysis, outlined by

Wright (1 921) and illustrated by Dewey and Lu (1 959), partitions

correlation coefficients into direct effects (unidirectional pathways,

P) and indirect effects through alternate pathways (P X r).

In the first path coefficient analysis, hop yield, based on grams

of cones per vine, was selected as the resultant (dependent) variable
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and four groups of agronomic characters were taken as the causal

(independent) variables. The causal variables of each group were:

1. harvest date, flowering date, and vigor.

2. lateral length, nodes per lateral, cones per vine, and cone

weight.

3. harvest date, lateral length, nodes per lateral, cones per

vine, and cone weight.

4. harvest date, flowering date, vigor, lateral length, nodes per

lateral, cones per vine, and cone weight.

In the second analysis, alpha-acid concentration was selected as the

resultant variable and harvest date, flowering date, and vigor as the

causal variables. In the third analysis, beta-acid concentration was

selected as the resultant variable and harvest date, flowering date,

and vigor, as the causal variables. Equations for calculating the

path coefficients are listed in Appendix I.

Statistical analyses were performed by using the Statistical

Analysis Program Library and the Statistical Interactive Program

System (SIPS) at the Oregon State University Computer Center.
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RESULTS

Analysis of Variance

Mean squares and sources of variation for all variables studied

are listed in Tables 1 and 2. Significant differences, at the one per-

cent level, among genotypes were shown for all plant characters

studied. Considering the analysis shown in Table 1, only the trait,

nodes per lateral, had a significant mean square value for year.

Significant genotype X year interaction was noted for yield, cones

per lateral, and cones per vine. Replication mean squares of the

quality variables, alpha-acid concentration, beta-acid concentration,

alpha plus beta-acid and lupulin, exhibited significant values at the

one percent level (Table 2). The per plot mean values for agronomic

and quality data, genotype varietal names, and the permanent acces-

sion numbers are presented in Appendix II and III.

Mean, minimum, maximum, range and coefficient of variation

values are shown in Table 3 for all measured plant characters studied.

The ranges of the genotypes for vigor, flowering data and harvest date,

measured in days from January 1, were 23, 28, and 32 days, respec-

tively. Ranges noted for other variables were: yield (grams per

vine) 1729 g, lateral length 122 cm, nodes per lateral 10, cones per

lateral 178, cones per vine 2138, cone weight (10% moisture basis)

350 mg, alpha-acid concentration 11.3, beta-acid concentration 6. 0,



Table 1. Mean squares for the sources of variation for the agronomic variables of female hops grown at Corvallis, Oregon for two years.

Source of
Variation DF

1/
Vigor-

Flowering
Date

Harvest
Date

Yield
Grams/
Vine

Lateral
Length

(cm)

Nodes/
Lateral

Cones/
Lateral

Cones/
Vine

Cone
Weight

(cm)

Genotype 28 59.09** 113.55 ** 341.74 ** 412048** 3106.62 ** 16.8024 ** 4553. 28** 756359** 11067**

Years 1 82.79 86.21 118.01 15180 1.04 6.7586 ** 1.24 109255 3261

Genotype X Years 28 24. 56 27.87 27.08 43880** 106. 56 1.0979 484. 12** 85727** 828

Plots in Genotype
and Years

58 24.03 19. 40 20. 82 10919 101. 73 0. 6379 215. 76 25056 726

* Significant at the five percent level.

** Significant at the one percent level.

1./ Vigor is measured in days from January 1 until the plant crosses the trellis. Flowering date and harvest date are measured in days from January 1.



Table 2. Mean squares for the sources of variation for the quality variables of female hops grown at Corvallis, Oregon over two replications and
one year.

Source of
Variation DF

Alpha-
Acidji

Beta-
Acid

Alpha Beta
Ratio

Alpha. Plus
Beta Lupulinl/

Genotype 28 7. 1895** 2. 8777** 0. 9067** 12. 8357** 23. 8863**

Replication 1 10.6041 ** 3.0500 ** 0.1193 26.3588** 41.9050 **

Genotype X 28 0.6916 0.3791 0.0707 1.5731 2.9971
Replication

* Significant at the five percent level.

** Significant at the one percent level.

J( Alpha-acid and beta-acid represent the percent concentration in the cone on a weight basis.

Expressed in percent weight of the cone.
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Table 3. Data description of 14 plant characteristics including the minimum, maximum, range,
mean, and coeffici ent of variation values of the data collected from 29 female hop

genotypes. 1/

Variables Minimum Maximum Range Mean C. V. (% )

Vigor 168.00 191.00 23.00 182.00 2.69

Flowering date 177. 00 205, 00 28.00 193.00 2. 27

Harvest date 225.00 257. 00 32. 00 240. 00 1.89

Yield (gm/vine) 104.00 1833.00 1729.00 611. 34 17.09

Later al length (cm) 30.00 152.00 122.00 73.34 13.75

Nodes per lateral 6. 00 16. 00 10. 00 10. 00 7. 99

Cones per lateral 12.00 190.00 178.00 73.00 20. 12

Cones per vine 139.00 2277. 00 2138. 00 756. 00 20. 94

Cone weight (mg) 120.00 470. 00 350.00 212. 24 12.70

Alpha-acid (%) 2. 20 13.50 11.30 5.49 15. 99

Beta-acid (%) 1.00 7. 00 6.00 3. 28 18.77

Alpha: Beta ratio 0. 68 3. 16 2.48 1. 84 14. 45

Alpha plus
beta-acid

3. 20 17. 80 14. 60 8. 08 15.52

Lupulin ( %) 4. 40 24.40 20.00 12.01 14.41

Vigor is measured in days from January 1 until the plant crosses the trellis. Flowering date
and harvest date are measured in days from January 1. Alpha-acid and beta-acid concen-
tr ations and lupulin are expressed in percent by weight of the cone.
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alpha beta ratio 2. 48, alpha plus beta-acid concentration 14. 6, and

lupulin 20. 0.

Coefficient of variation are rather high for yield, cones per

lateral, cones per vine, and beta-acid concentration being 17. 09,

20. 12, 20. 94, and 18. 77, respectively.

Estimates of Genetic Constants

Estimates of genetic variance, genetic coefficient of variation,

broad sense heritability values, and expected gain values are given

in Table 4. In general the genetic variances were substantial with

the exception of vigor, flowering date and harvest date. However,

the genetic variance standing alone has little meaning. The genetic

coefficient of variation, unlike the genetic variance, takes into

account the unit of measurement and mean value of the measurement.

It is a statistic that indicates the variability in a population and is

an index of the potential genetic advance that can be expected in the

particular character it represents. An examination of the genetic

coefficient of variation indicates that there is a wide variation between

lines for each character, excluding vigor, flowering date and harvest

date.

It is evident that the higher the genetic coefficient of variation

is, the higher the expected gain from selection will be. Yield, in

grams per vine, had a genetic coefficient of variation of 49. 66



Table 4. Genetic constants for agronomic and quality variables of 29 female hop genotypes grown at Corvallis, Oregon. -1-/

Variable
Mean

X

Genetic
Variance

(V )

Genetic
C. V.

V X 100

Heritability
Expected
Gain./

(S)

S%
of

Mean

Single
Plot
Basis

Repli-
cated
Basis

Vigor 182.00 8. 63 1. 61 0. 26 0.41 3. 10 1. 70

Flowering date 193. 00 21. 42 2. 40 0. 48 0. 65 6. 57 3. 40

Harvest date 240.00 1. 77 0. 55 0.07 0. 13 0. 71 0. 30

Yield (gms/ vine ) 611.34 92166. 82 49.66 0.77 0.87 549, 66 89. 91

Lateral length (cm) 73. 34 750. 02 37. 34 0. 88 0. 94 52. 86 72. 08

Nodes per lateral 10.00 3. 92 19.80 0. 82 0. 90 3. 69 36. 90

Cones per lateral 73.00 1017. 29 43. 69 0. 74 0.85 56. 68 77. 64

Cones per vine 756.00 167657. 67 54. 16 0. 75 0.86 731. 96 96. 82

Cone weight (mg) 212. 24 2559. 58 23.84 0. 77 0.87 91. 28 43.01

Alpha-acid conc. 5.49 3. 25 32.84 0. 82 0. 90 3. 53 64. 31

Beta-acid conc. 3. 28 1. 25 34. 08 0. 77 0.87 2. 15 65. 54

Alpha beta ratio 1. 84 0. 42 35. 22 0. 86 0. 92 1. 29 69. 50

Alpha plus beta 8.08 5. 63 29. 37 0. 78 0. 88 4. 57 56. 66

Lupulin 12. 01 10. 44 26. 90 0. 78 0.88 6. 23 51.79

1/ Vigor is measured in days from January 1 until the plant crosses the trellis. Flowering date and harvest date are measured in days from January 1.
Alpha, beta- acid concentrations and lupulin are expressed in percent by the weight of the cone.

2/ Replicated plot basis.
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percent and an expected gain over the mean value of 89. 91 percent.

In contrast, the lowest genetic coefficient of variation, 0. 55, was

observed for harvest date, and the expected gain was 0. 30 percent.

Other than the three maturity characters already mentioned, the

genetic coefficients of variation ranged from 19. 8 percent for nodes

per lateral to 54. 16 percent for cones per vine. Considering the

same characters, expected gain over the mean ranged from 36. 9

percent for nodes per vine to 96. 82 percent for cones per vine.

Heritability estimates ranged from 0. 07 for harvest date to

0. 88 for lateral length based on a single plot basis. On a replicated

basis the values were 0. 13 to 0. 94 for the same characters. Vigor,

flowering date and harvest date have the lowest heritability values.

Heritability values for all other traits were, in general, relatively

high, ranging from 0. 74 to 0. 88 on a single plot basis and from

0.85 to 0. 94 on a replicated basis.

Association between the Plant Characters

The results of computed simple correlation coefficients between

each variable (plant characters) are given in Table 5. Genetic and

environmental correlations are included with the phenotypic correla-

tions for comparison. There are several instances where significant

positive environmental correlations existed between variables,

namely vigor and flowering date (r=. 404), flowering date and cone



Table 5. Phenotypic, genotypic and environmental correlation coefficients between agronomic and quality characters studied on 29 female hop genotypes.I/

Flower- Yield Lateral Cone Alpha Alpha
ing Harvest gms/ Length Nodes/ Cones/ Cones/ Wt. Alpha Beta Beta plus PercentVariable Date Date Vine (cm) Lateral Lateral Vine (mg) Acid Acid Ratio Beta Lupulin

Vigor rph 2 .093 -.519 -.498 -. 602 -.164 -.402 -. 261 -.614 -.436 -.459 .1 96 -. 545 -.538rg .443 -.522 -. 622 -.790 -.182 -.469 -.395 -. 606 -.512 -.559 . 230 -. 863 -. 655re .404 . 038 . 217 -.199 -. 221 .066 .151 . 000 .028 .106 . 069 . 052 . 065
Flowering rph . 579 .420 .475 .379 . 511 . 565 -.434 . 020 .406 -.310 .196 . 202date rg .443 . 277 . 230 .334 .389 .453 -.699 -.140 .175 -. 204 -.019 -. 028re . 062 .176 . 238 .024 . 058 . 044 . 378 . 021 .1 02 . 009 . 034 . 099
Harvest rph . 780 .898 .612 .808 . 790 .134 . 530 . 666 -. 284 . 705 . 705date rg .862 .873 .643 .749 .756 .064 .471 .669 -.378 .713 .711re .415 -.180 .307 .061 .309 .193 .189 -.185 .603 .041 .023
Yield rph .809 . 512 . 686 .799 . 120 . 543 .517 -.137 . 646 . 645(gms/vine) rg .872 .759 .956 .886 . 206 .482 .424 -.095 . 574 . 572re . 545 .015 .199 .758 .057 .085 .229 -.350 .136 .120
Lateral rph . 646 .799 .752 . 257 . 551 . 598 -. 256 .687 . 688length rg . 661 .875 .781 . 214 . 592 .639 -. 229 .755 .759(cm) re . 200 .071 . 260 .1 27 .012 . 095 -. 322 . 039 . 023
Nodes per rph .792 .786 -.150 .165 .328 -. 285 . 275 . 269lateral rg .865 .852 -.252 .119 .382 -.349 . 270 .268re . 245 .178 .151 . 288 . 022 . 236 . 210 . 219
Cones per rph .870 -.037 .314 .398 -. 224 .414 .409lateral rg .918 -.036 .302 .389 -. 224 . 418 .414re .339 .109 .093 .127 -.053 .116 .121
Cones per rph -. 202 . 284 .380 -.192 .387 .384
vine rg -.175 . 270 .349 -. 207 .377 .372re -. 217 .370 .434 -. 289 .440 .424
Cone weight rph . 656 . 1 23 . 287 . 563 . 561(mg) rg . 6 97 . 0 90 . 358 . 577 . 577re . 207 -.116 .288 . 075 . 075
Alpha-acid rph . 288 .426 . 888 .889conc. rg . 256 .437 . 885 . 893re . 540 .384 . 909 . 807
Beta-acid rph -. 692 . 693 .693conc. rg -.7 29 . 677 . 671

re -.386 .832 .845
Alpha beta rph -.006 -.004ratio rg .020 -.006

re .213 .013

1- /Phenotypic correlations are based on line means. Values exceeding 0.367 and 0.470 are significant at the 0. 05 and 0. 01 levels, respectively, for environmental INand phenotypic correlations.
ZI The symbols rph, rg, and re represent the phenotypic, genotypic and environmental correlation coefficients, respectively.
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weight (r=. 378), harvest date and yield (r=. 415), harvest date and

alpha:beta ratio (r=. 603), yield and lateral length (r=. 545), yield and

cones per vine (r=. 370), cones per vine and beta-acid concentration

(r=. 434), and alpha-acid concentration and beta-acid concentration

(r=. 540). This indicates environmental factors exist that were

common to both variables and that if it enhances one it also enhances

the other variable. In only one case was a significant negative envi-

ronmental correlation observed, that being between beta-acid concen-

tration and alpha-beta ratio (r=. 386). This indicates that one or

more environmental factors existed which had opposing effects on

the two characters.

In most cases when there was a significant phenotypic correla-

tion coefficient value there was a genotypic correlation value of the

same sign and of similar magnitude. A noticeable exception to this

can be observed in Table 5 where the genotypic correlation is smaller

than the phenotypic correlation between flowering date and the follow-

ing characters: harvest date, yield, lateral length, cones per

lateral, cones per vine, and beta-acid concentration. However,

the genotypic and phenotypic correlations were of the same sign.

Negative phenotypic corredlations between vigor and the other

characters were observed for all characters except flowering date

and alpha:beta ratio. The significant negative phenotypic correlations

indicate that the later the plant crosses the trellis wire the more
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likely there will be a negative affect on those characters.

There were significant positive phenotypic correlations between

both flowering date and harvest date and the other agronomic variables

with the exception of cone weight. A significant negative phenotypic

correlation existed between flowering date and cone weight, r=-. 434.

Considering the quality traits, flowering date was significantly corre-

lated (phenotypic) with beta-acid concentration. Vigor had a negative

phenotypic correlation with alpha plus beta, and lupulin.

Yield and yield components (lateral length, nodes per lateral,

cones per lateral, and cones per vine) had significant positive corre-

lations in all combinations. Cone weight also considered to be a

yield component, was not associated with any of the other yield com-

ponents. Both yield and lateral length had a significant positive

correlation with alpha-acid concentration, beta-acid concentration,

alpha plus beta and lupulin. Cones per lateral and cones per vine

were significantly correlated with beta-acid concentration, alpha

plus beta, and lupulin in a positive manner. Although cone weight

was not associated with yield or its components, it had a significant

positive correlation with alpha-acid concentration, alpha plus beta,

and lupulin.

Correlations of a variable with one of its component parts

(part-whole correlations) should be avoided because there is auto-

matically a correlation between any one of the parts and the whole.
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The conclusions reached by such correlations are usually trivial.

Therefore, correlations, although included in Table 5, between

alpha-acid concentration and the variables alpha:beta ratio, alpha

plus beta and lupulin are considered part-whole correlations. Like-

wise, correlations between beta-acid concentration and the variables

alpha:beta ratio, alpha plus beta, and lupulin are part-whole correla-

tions. The alpha:beta ratio is a simple ratio of the two acids, alpha

plus beta is the sum of the concentrations of the two acids, and

lupulin is the sum of the acids divided by a constant (0. 73). Also,

associations between other characters and alpha plus beta or lupulin

will result in essentially the same correlation coefficient value

(Table 5). As mentioned earlier, alpha plus beta and lupulin values

differ only by a constant.

Path Coefficient Analysis

Path coefficient analysis of three plant characters associated

with maturity (vigor, flowering date, and harvest date) upon yield

are presented in Table 6. The amount of variation in yield accounted

for by these three variables was 62. 1 percent. The association of

yield and harvest date (r=0. 780) was mostly accounted for by the

direct effect of harvest date (0. 678). Indirect effects of flowering

date and vigor was 0. 024 and 0. 078, respectively. The phenotypic

correlation coefficient of yield and flowering date was significant



Table 6. Path coefficient analysis of harvest date, flowering date and vigor upon yield in hops.
11
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Path of Association

Direct
Effect Indirect Correlation
Path Effect Coefficient

Coefficient (Pxr) (r)

Yield vs. harvest date

Direct effect 0.678

Indirect effect via flowering date 0.024

Indirect effect via vigor 0.078

Total 0.780

Yield vs. flowering date

Direct effect 0.041

Indirect effect via harvest date 0.393

Indirect effect via vigor -0.014

Total 0.420

Yield vs. vigor

Direct effect -0.150

Indirect effect via harvest date -0.352

Indirect effect via flowering date 0.004

Total -0.499

Coefficient of determination, R2 0.621

1./ Correlation coefficients exceeding 0.367 and 0.470 are signif icant at the 0.05 and 0.01 levels,
respectively.
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(r=0. 420). However, the direct effect was only 0. 041. Indirect

effect of harvest date was 0.393 which contributes more to the corre-

lation coefficient value than does the direct effect of flowering date

or the indirect effect of vigor. The association of yield and vigor

as measured by the phenotypic correlation coefficient was r=-. 498.

Direct effect of vigor and the indirect effect of harvest date more

than total the correlation value. It is evident the indirect effect of

flowering date contributed little to the total correlation.

Path coefficient analysis of phenotypic correlations between

yield and characters that are thought to influence yield (yield compo-

nents) are presented in Table 7. The path analysis of lateral length,

nodes per lateral, cones per vine and cone weight upon yield accounts

for 80. 2 percent of the total variation in yield. The association of

lateral length and yield was highly significant, r=0. 809, but the

direct effect was only 0. 413. However, combining the direct effect

with the indirect effect of cones per vine, which was large, accounted

for more than the total correlation value. The negative indirect

effect of nodes per lateral (-0. 237) canceled out part of the high

positive values. The indirect effect of cone weight was low and did

not appreciably affect the association between yield and lateral

length. A significant correlation between yield and nodes per lateral

was evident, r=0. 512, but the direct effect of the two variables was

a negative -0.367. Accounting for the positive correlation was the
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Table 7. Path coefficient analysis of lateral length, nodes per lateral, cones per vine, and cone

weight upon yield in hops.V

Path of Association

Direct
Effect

Path
Coefficient

Indirect
Effect
(Pxr)

Correlation
Coefficient

Yield vs. lateral length
Direct effect 0.413
Indirect effect via nodes/lateral -0. 237

Indirect effect via cones/vine 0. 603

Indirect effect via cone weight 0.030

Total correlation 0. 809

Yield vs. nodes per lateral
Direct effect -0. 367
Indirect effect via lateral length 0. 266

Indirect effect via cones/vine 0. 630

Indirect effect via cone weight -0.018

Total correlation 0.512

Yield vs. cones per vine
Direct effect 0.802
Indirect effect via lateral length 0.310

Indirect effect via nodes/lateral -0. 288

Indirect effect via cone weight -0.025

Total correlation 0. 799

Yield vs. cone weight
Direct effect O. 121

Indirect effect via later al length 0. 106

Indirect effect via nodes/lateral 0.055
Indirect effect via cones/vine -O. 162

Total correlation 0. 120

2
Coefficient of determination, R 0. 802

1/ Correlation coefficients exceeding 0.367 and 0.470 are significant at the 0. 05 and 0. 01

levels, respectively.



44

indirect effects of lateral length and cones per vine with values of

0. 266 and 0. 630, respectively. The indirect effect of cone weight

had a low negative value and contributed very little to the total corre-

lation. A highly significant correlation between yield and cones per

vine was evident, r=0. 799. A direct effect of 0. 802 accounted for

the high correlation value although the indirect effect of lateral

length was also a positive 0.310. Negative indirect effects of nodes

per lateral and cone weight offset the positive value to some degree.

Yield and cone weight had a low nonsignificant correlation of r=0. 120.

The direct effect alone equaled the correlation value. Positive and

negative indirect effects of the other variables were low and had a

canceling effect.

Harvest date and yield had a high phenotypic correlation,

r=0. 780, and harvest date had a high direct effect on yield when

considering only the maturity measurements (vigor, flowering date,

and harvest date) (Table 6). Results of path coefficient analysis of

harvest date plus the same variables considered in Table 7 upon

yield are presented in Table 8. Even though the correlation between

yield and harvest date was high the direct effect was low and negative

when the indirect effects of the other variables were considered.

Indirect effects of lateral length and cones per vine made up most

of the correlation coefficient value, being affected only slightly by

positive and negative values of indirect effects of the other variables.
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Table 8. Path coefficient analysis of harvest date, lateral length, nodes per lateral, cones per
vine, and cone weight upon yield in hops. 1/

Path of Association

Direct
Effect Indirect Correlation
Path Effect Coefficient

Coefficient (Pxr) (r)

Yield vs. harvest date
Direct effect -0.094
Indirect effect via lateral length 0.430
Indirect effect via nodes /lateral -0.232
Indirect effect via cones/vine 0.659
Indirect effect via cone weight 0.017
Total 0.780

Yield vs. lateral length
Direct effect 0.480
Indirect effect via harvest date -0.084
Indirect effect via nodes/lateral -0. 244

Indirect effect via cones/vine 0. 628

Indirect effect via cone weight 0. 032

Total 0.810

Yield vs. nodes per lateral
Direct effect -0. 378

Indirect effect via harvest date -0.058
Indirect effect via later al length 0.310
Indirect effect via cones/vine 0. 656

Indirect effect via cone weight -0.019
Total 0.512

Yield vs. cones per vine
Direct effect 0.835
Indirect effect -0.074
Indirect effect via lateral length O. 361

Indirect effect via nodes/lateral -0. 298
Indirect effect via cone weight -0.025
Total 0.799

Yield vs. cone weight
Direct effect 0. 124

Indirect effect via harvest date -0. 013
Indirect effect via later al length 0.123
Indirect effect via nodes/lateral 0.057
Indirect effect via cones/vine -0.169

Total 0.120

Coefficient of determination, R2 0.803

1/ Correlation coefficients exceeding 0.367 and 0.470 are significant at the 0.05 and 0.01

levels, respectively.
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There was little change in the values of the other variables as a

result of the indirect effect of harvest date.

Path coefficient analysis of variables, harvest date, flowering

date, vigor, lateral length, nodes per lateral, cones per vine, and

cone weight were calculated to determine their direct and indirect

effect upon yield (Table 9). The direct and indirect values of maturity

measurements upon yield changed considerable when included with

the components of yield as becomes evident when data of Tables 6

and 9 are compared. When analysis is made in this manner (all

variables combined with yield as the dependent variable) the direct

effect of all maturity measurements was low and negative. Compar-

ing path coefficient analysis values in Tables 7 and 9 it can be

observed the direct and indirect effect of the yield components

change only slightly as a result of including the indirect effects of

maturity characters. The highest direct effect on yield of those

variables considered, were lateral length and cones per vine, respec-

tively. These two variables also contributed the most via indirect

effects to significant correlations in every case where one or the

other is not contributing as the direct effect. The total variability

accounted for is 80. 6 percent which was only 0. 4 percent more than

the total variability accounted for when only the components of yield

are considered (Table 7).

Path coefficient analysis of phenotypic correlation coefficients
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Table 9. Path coefficient analysis of harvest date, flowering date, vigor, lateral length, nodes
per lateral, cones per vine, and cone weight upon yield in hops.li

Path of Association

Direct
Effect
Path

Coefficient

Indirect
Effect
(Pxr)

Correlation
Coefficient

(r)

Yield vs, harvest date
Direct effect -0.064
Indirect effect via flowering date -0. 036

Indirect effect via vigor 0. 025

Indirect effect via lateral length 0. 433

Indirect effect via nodes/ lateral -0. 234

Indirect effect via cones/vine 0. 649

Indirect effect via cone weight 0. 008

Total 0. 780

Yield vs. flowering date
Direct effect -0. 062

Indirect effect via harvest date -0.037
Indirect effect via vigor -0. 004
Indirect effect via lateral length 0. 229

Indirect effect via nodes/lateral -0. 145

Indirect effect via cones/vine 0. 464

Indirect effect via cone weight -0.025
Total 0. 420

Yield vs. vigor
Direct effect -0. 048

Indirect effect via harvest date 0. 033

Indirect effect via flowering date -0. 006

Indirect effect via later al length -0. 290

Indirect effect via nodes/lateral 0. 063

Indirect effect via cones/vine -0. 215

Indirect effect via cone weight -0. 036

Total -0.499

Yield vs. lateral length
Direct effect 0. 482

Indirect effect via harvest date -0.057
Indirect effect via flowering date -0.030
Indirect effect via vigor 0. 029

Indirect effect via nodes/lateral -0. 247

Indirect effect via cones/vine 0. 618

Indirect effect via cone weight 0.015

Total 0.809
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Table 9. (Continued)

Path of Association

Direct
Effect
Path

Coefficient

Indirect
Effect
(Pxr)

Correlation
Coefficient

(r)

Yield vs. nodes per lateral
Direct effect
Indirect effect via harvest date
Indirect effect via flowering date
Indirect effect via vigor
Indirect effect via later al length
Indirect effect via cones/vine
Indirect effect via cone weight
Total

Yield vs. cones per vine
Direct effect
Indirect effect via harvest date
Indirect effect via flowering date
Indirect effect via vigor
Indirect effect via later al length
Indirect effect via nodes/lateral
Indirect effect via cone weight
Total

Yield vs. cone weight
Direct effect
Indirect effect via
Indirect effect via
Indirect effect via
Indirect effect via
Indirect effect via
Indirect effect via
Total

harvest date
flowering date
vigor
later al length
nodes/ lateral
cones/ vine

2
Coefficient of determination, R

-0. 382

0. 822

0. 058

0, 806

- 0. 039
- 0. 024

0. 008
0. 311
0. 649

- 0. 009

- 0.050
0.035
0. 013
0. 362

- 0. 300
-0. 012

-0. 008
0. 027
0. 030
0. 124
0.057

-0. 166

0.512

0. 799

0. 120

V Correlation coefficients exceeding 0.367 and 0.470 are signif icant at the 0. 05 and 0.01 levels,

respectively.
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between vigor, flowering date and harvest date upon alpha-acid

concentration were calculated (Table 10). The total variation of

alpha-acid concentration accounted for was 40. 4 percent. A correla-

tion coefficient of r=-0. 436 was observed between alpha-acid concen-

tration and vigor. This value, when considered alone, indicates

that, in general, the later the plant crosses the trellis wire the lower

the alpha-acid concentration will be. However, the analysis of the

correlation indicate that the direct effect of vigor on alpha-acid is

negligible and most of the effect occurs indirectly through harvest

date. Flowering date had a slight negative indirect effect. The

correlation between flowering date and alpha-acid concentration was

very small (r=0. 021), indicating no association between the two

variables. However, when further analyzed one can observe (Table

10) why the correlation value was low. The direct effect of flowering

date on alpha-acid concentration had a relatively high negative value

of -0. 441, but this was canceled by the positive indirect effect of

harvest date with a value of 0. 460. The direct effect of harvest date

on alpha-acid concentration was 0. 794. The indirect effect of flower-

ing date (-0. 255) reduced the direct effect causing a correlation

coefficient value of r=0. 530 between the two variables. Vigor had

very little direct or indirect effect on the alpha-acid concentration.

Direct and indirect effects of vigor, flowering date, and harvest

date upon beta-acid concentration were determined (Table 11). The
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Table 10. Path coefficient analysis of vigor, flowering date, and harvest date upon alpha-acid

concentration in hops.

Path of Association

Direct
Effect Indirect Correlation
Path Effect Coefficient

Coefficient (Pxr) (r)

Alpha-acid vs. vigor

Direct effect 0. 018

Indirect effect via flowering date -0. 041

Indirect effect via harvest date -0.412

Total -0. 436

Alpha-acid vs. flowering date

Direct effect -0, 441

Indirect effect via vigor 0. 002

Indirect effect via harvest date 0.460

Total 0. 021

Alpha-acid vs. harvest date

Direct effect 0. 794

Indirect effect via vigor -0. 009

Indirect effect via flowering date -0. 255

Total 0. 530

Coefficient of determination, R
2 0. 404

V Correlation coefficients exceeding 0. 367 and 0. 470 are significant at the 0. 05 and 0. 01

levels, respectively.



Table 11. Path coefficient analysis of vigor, flowering date, and harvest date upon beta-acid
concentration in hops.1/

Path of Association

Direct
Effect Indirect Correlation
Path Effect Coefficient

Coefficient (Pxr) (r)

51

Beta-acid vs. vigor

Direct effect -0. 2,53

Indirect effect via flowering date 0. 017

Indirect effect via harvest date -0. 223

Total -0.459

Beta-acid vs. flowering date

Direct effect 0. 180

Indirect effect via vigor -0. 024

Indirect effect via harvest date 0. 249

Total 0. 406

Beta-acid vs. harvest date

Direct effect 0. 430

Indirect effect via vigor O. 131

Indirect effect via flowering date 0. 104

Total 0. 666

Coefficient of determination, R2 0. 475

1/ Correlation coefficients exceeding 0.367 and 0. 470 are significant at the 0. 05 and 0. 01 levels,

respectively.
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total variation of beta-acid concentration accounted for by these

variables was 47. 5 percent. The phenotypic correlation between

vigor and beta-acid was r=-0. 459. This value is composed of a

direct effect of -0. 253 and an indirect effect via harvest date with

a value of -0. 223. The indirect effect of flowering date was low and

positive. The phenotypic correlation between beta-acid and flowering

date was r=0. 406. The direct effect (0. 180) and indirect effect via

harvest date (0. 249) exceeded the correlation coefficient but was

partly canceled by a negative indirect effect of vigor. A phenotypic

correlation of r=0. 666 between beta-acid concentration and harvest

date was mostly accounted for by a direct effect of 0. 430. Indirect

positiVe values of 0. 131 and 0. 104 were observed for vigor and

flowering date, respectively.
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DISCUSSION

Improvement in hop breeding, as in other plant breeding

projects, depends on a source of variable germplasm. The objec-

tive of the breeder is to select superior gene combinations from the

germplasm pool and thereby create improved varieties. It is impor-

tant that the breeder understands to what extent the phenotypic varia-

tion observed in a population is due to environmental or genetic

by environmental interactions. Of greatest importance is the genetic

variability for this is the basis upon which the breeder relies to

make progress through breeding efforts.

Many commercial characteristics of crop plants are governed

by major genes that have large effects to allow classification of such

plant characters into recognizable classes. Such plant characters

are said to be qualitatively inherited and show noncontinuous varia-

tion. The plant breeder can determine just what major genes are

needed and then combine them to produce desirable commercial

plant types. However, many characters, such as yield and often

quality, show continuous variation in a population and are usually

polygenic (quantitatively) inherited. The plant breeder has more

difficulty managing this type of variation than he does qualitative

variation.

In studying polygenically inherited plant characters it is often
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necessary to examine their genetic behavior by partitioning the

total genetic variance into the additive and nonadditive gene action.

Also, this type of inheritance is greatly influenced by the environment

and interactions between the environment and the genetic makeup

of the plant.

In self-pollinating plant species the success of a selection pro-

gram depends not only on the amount of total genetic variation but

also on the extent of the genetic variation that is of the additive type

since one-half of the nonadditive genetic variance is lost with each

generation of selfing. Therefore, only the additive portion and

the interallelic interaction (epistasis) that behaves additively can be

capitalized upon in subsequent generations. One effective utilization

of nonadditive effects in self pollinating species would be by develop-

ing methods to produce commercial hybrids (F1' s).

Varietal development, or the creation of superior genotypes,

in hops has occurred mainly by selecting within existing varieties

and among F1 hybrid populations. Allard (1960) points out that

asexually propagated plant species tend to be highly heterozygous

and segregate widely upon sexual reproduction. Yet, irrespective

of the degree of heterozygosity of the population, any number of

genetically identical individuals can be obtained by vegetative propa-

gation. This allows the breeder to perpetuate the same genotype with

great precision and eliminates the sexual reproductive cycle in which
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one half of the nonadditive genetic variance is lost. Consequently

the hop breeder is interested in selecting for total genetic variance

rather than components of the total genetic variance. In this respect

the hop breeder has an advantage over the breeder of species that

reproduce sexually.

The key to the success of selecting within existing hop lines

is the ability to perpetuate genetically identical individuals. The

variability, in established varieties which the breeder selects from,

arises from naturally occurring mutations called 'bud sports' (Brooks,

1962a, Burgess, 1964). Selection within the variety Cluster, for

example, has given rise to several types with varying maturity

resulting in 70 percent of the total hop acreage in the United States

being traced back to progeny from this variety. New types have also

been selected from the varieties Fuggle (Horner et al. , 1972) and

Talisman (Romanko and Benson, 1975).

Although selection within established varieties has been suc-

cessful, currently the major emphasis in hop breeding is by hybridi-

zation and selection within F
1

populations. Most of the hop breeding

work in the United States is done at Corvallis, Oregon. With this

in mind, the objectives of this research were to evaluate the amount

of genetic variation of yield and quality characters present in the

female hop germplasm pool at Corvallis, and to determine the

associations between these characters. The data collected on the
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14 plant characters studied originated from plants growing in the

same area and in plots similar to those being used in the present

breeding program. Consequently the results apply only to the popu-

lation sampled and to the area in which the population was grown.

There were significant differences among genotypes for all

characters measured. In addition, a substantial range between the

minimum and maximum value for each variable was observed

(Table 3). Substantial progress can be expected for most of the

characters by selecting the upper five percent of the population.

This potential progress was also reflected in the expected gain

values (Table 4). Expected gain values, expressed in percent of

the mean, ranged from 0.30 to 96.82 percent. Cones per vine and

yield per plant could almost be doubled and more than a 70 percent

gain over the mean would be expected for lateral length and cones per

lateral, Three plant characteristics, vigor, flowering date, and

harvest date, had the lowest genetic coefficient of variation, herita-

bility and expected gain values. Other than the three plant character-

istics mentioned above, the genetic coefficient of variation confirms

there is a potential for advancement in the population sampled.

Because the hop breeder can utilize both additive and non-

additive genetic variance, broad sense heritabilities were deter-

mined. The heritability estimates from these studies provide infor-

mation on the relative magnitude of genetic and environmental
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variation in the germplasm pool. Most of the estimates were high,

ranging from 0.74 to 0.88, on a single plot basis. This suggests

that the total genetic variance for a particular plant character is

of such a magnitude that the breeder should be able to select superior

genotypes to serve as parents for the improvement of the character.

The genetic constants and expected gain from selection based

upon data in Table 4 are not only important when selecting parents

for diploid hybrids but also should be considered when developing

polyploid hops. Haunold (1972) reported that currently grown triploid

hops, developed by crossing a tetraploid Fuggle with diploid males,

had several superior plant characteristics while certain traits of

the female parent remained unchanged. His data suggest, for ex-

ample, triploids derived from tetraploid Fuggle may be similar to

diploid Fuggle in plant morphology, quality, and disease resistance,

but produce higher yields and naturally seedless cones. The triploid

progeny contains two sets of chromosomes from the female Fuggle

parent. Thus, to increase the probability of obtaining a progeny

with desirable characters, the breeder should consider the genetic

coefficient of variations or expected gain values and heritability

estimates of particular plant characters in the diploid genotype

prior to inducing it to the tetraploid level.

A knowledge of the interrelationships among plant characters

is necessary if selection for the simultaneous improvement of the
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plant characters is to be most effective. Phenotypic associations

between the traits may be genetically controlled or they may be

caused by environmental influences. It is important to know to

what extent the environment influences the associations because of

its potential effect on the progress to be expected in a selection pro-

gram. For example, it is possible for a negative environmental

correlation to overcome a genetic correlation between two characters

and make it difficult to select for the permanent effects. Also, a

negative genotypic correlation may be canceled by a high positive

environmental correlation causing selection based on environmental

effects rather than genetic effects. A positive environmental corre-

lation exists between flowering date and cone weight and harvest date

and alpha:beta-acid ratio, while a negative genotypic correlation is

evident for each of the associations (Table 5). Overlooking the

environmental effect, the data suggest, 1) the later a plant flowers

the smaller its cones will be, and 2) the later the plant is harvested

the lower will be its alpha:beta ratio. In either instance the environ-

mental influence should be considered in an overall selection for these

variables.

It is assumed alpha- and beta-acids have a similar biosynthetic

pathway because of their similar chemical structure. Farrar et al.

(1956) states that if, in the synthesis of the two acids, limiting reac-

tions occur after their paths diverge there will be an excess of a
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common precursor at the point of divergence and the concentration

of the amount of each acid will be independent of each other. If the

limiting reaction occurs before divergence, then the production of

total resin and the amount of alpha- and beta-acid will depend upon

the rate of synthesis of each acid after their path of synthesis has

diverged. Brooks (1961) referring to his work with alpha- and beta-

acid concentration in male hop flowers, stated that the two acids

must have a similar path of synthesis until late in their formation.

A lack of a perfect correlation in his data indicates that limiting

reactions occur after divergence form a common path of synthesis.

Thus, according to Farrar et al. (1956) the two acids are independent

of each other. The results of this study tend to support the concept

of independence after the two compound's biosynthetic pathway

diverge. Phenotypic and genotypic correlations between the two

compounds are relatively low but a significant positive environmental

correlation exists. Brooks (1961) also reported a significant environ-

mental correlation between the compounds. A significant phenotypic

and environmental correlation between the ratio of the acids and the

concentration of each acid occurs again indicating a common environ-

mental influence.

The phenotypic and genotypic correlations between the ratio of

the two acids and harvest date suggested no, or low, association.

However, there was a high positive environmental correlation.
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Following the reasoning of Farrar et al. (1956) and Brooks (1961)

this would indicate that an environmental factor was present that

affects the synthesis of each acid as it was produced from a common

precursor, or perhaps in the synthesis of the two acids after the

point of divergence.

A significant environmental correlation was observed between

cones per vine and alpha-acid concentration, beta-acid concentration,

alpha plus beta, and percent lupulin (Table 5). A relatively low

genotypic correlation between cones per vine and both acids means

progress could be made on any of the three characters without

affecting the other to a great extent. The only other significant

environmental correlations occurred between yield and harvest date,

lateral length, and cones per vine, and between vigor and flowering

date. Considering the significant environmental correlations between

yield and its components, it should be pointed out that high positive

genotypic and phenotypic correlations also exist. Selection for the

improvement of any one of the characters should result in improve-

ment in the others. The significant environmental correlation between

vigor and flowering date would be expected since flowering date is

influenced by many of the same environmental factors that are associ-

ated with vigor. Thomas and Schwabe (1969) reported that short days

must occur and a minimum node number must have been differentiated

for floral initiation to occur in hops. Also, other factors such as
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temperature and leaf number have an effect on floral initiation.

Growth of the plant stops shortly after floral initiation begins and

consequently would affect the vigor rating as measured in this study.

The phenotypic correlation was low and not significant but the geno-

typic correlation was equal to the environmental correlation.

No test of significance has been developed for genotypic

correlation values. However, they have value in that they strengthen

the biological interpretation based on phenotypic values. In general

the genotypic and phenotypic correlation values were very close

(Table 5). In a few cases they were of opposite sign but in every

case the phenotypic value was not significant. The largest variation

that occurred between phenotypic and genotypic correlations was

between flowering date and several other plant characteristics,

namely, between flowering date and yield, lateral length, cones per

vine, and beta-acid concentration. Such situations suggest that

inferences about these associations should be made with caution.

One of the main objectives of the hop breeder is to combine

good yield potential with early maturity. To accomplish this the

breeder would like to find low correlation values between harvest

date and any or all of the plant characters considered to be compo-

nents of yield. Unfortunately only one of the yield components, cone

weight, has a low correlation value with maturity. The correlation

values suggest that early maturing, high yielding varieties may be
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difficult to develop. The low correlation between harvest date and

cone weight would have been encouraging had a positive correlation

between yield and cone weight been evident, which, however, was

not the case. The genetic coefficient of variation, heritability, and

expected gain values, reported in Table 4, show that the genetic

potential does not exist, in the population studied, for the improve-

ment of the plant characteristics of vigor, flowering date, and harvest

date. Improvement in yield, per se, should be possible by selecting

any of the agronomic characters other than cone weight.

Encouraging is the fact that selection for agronomic characters

to improve yield will not adversely affect quality characters to any

degree. The relationship between agronomic characters and alpha-

or beta-acid concentration is either significant in a positive direction

or shows no relationship. The alpha:beta ratio was negatively associ-

ated with yield and all yield components, but not at a significant

level. Even if the negative effect was important this trait could be

manipulated by selecting for either alpha- or beta-acid concentration

to get the desired ratio, being that the correlation between the two

acids shows an independent relationship. The correlation coefficients

of alpha plus beta and percent lupulin were very similar (Table 5).

Like alpha or beta-acid concentration they have a positive correlation

or show no relationship with agronomic characters.

Dewey and Lu (1959) stated that when a large number of



63

variables are considered in a correlation table the indirect associa-

tion between the variables become complex and less obvious. Path

coefficient analysis provides a means of reducing the complexity

of analyzing the associations in the form of direct and indirect

effects. Li (1956) points out that this is not an attempt to infer

causal relations from correlation coefficients among a set of associ-

ated variables. However, the employment of the method must be

preceded by prior knowledge or hypothesis of causal relations in a

scheme which the investigator chooses to accept or test.

It has long been assumed by hop investigators that positive

associations between harvest date and flowering date, yield and

harvest date, and yield and good overall vigor exist. Considering

only these correlation coefficients the assumptions appear to be

valid. Therefore, using these associations as a prior knowledge in

a causal scheme, path coefficient analysis was calculated to analyze

the correlations (Table 6). Harvest date had more of a direct and/or

indirect effect on each correlation than either flowering date or

vigor. Important is the fact that only about 62 percent of the total

variation for yield was accounted for (R2=0. 621). These variables

do not account for a large percent of the variation in yield. Li

(1956) added that when knowledge concerning causal relations is

lacking, the interpretations from path coefficient analysis are sub-

ject to revision when the knowledge becomes available and so is the
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hypothesis of the causal relationship. Additional knowledge is now

available about the association of yield and other plant character-

istics (Table 5). It seemed that four plant characters, lateral

length, nodes per lateral, cones per vine and cone weight could be

considered components of yield and therefore have a more direct

influence upon yield than the three maturity traits mentioned above.

Path coefficient analysis of these four plant characteristics upon

yield accounted for 80 percent (R2=0. 802) of the total variation in

yield (Table 7). Nodes per lateral and cone weight had the least

effect of the four components on yield. Nodes per lateral had a

significant (r=0. 512) correlation with yield, yet the direct effect

was a relative high negative effect (r=-0. 367). The net effect of the

opposing influences was that the positive indirect effect of lateral

length and cones per vine outweighed the negative direct effect. This

path coefficient analysis indicated that lateral length and cones per

vine were important factors in determining yield.

Harvest date was significantly correlated with all agronomic

characters except of cone weight (Table 5) and contributed more than

flowering date or vigor in direct and indirect effects to influence

yield (Table 6). This suggests that harvest date has a very signifi-

cant influence on yield and the other agronomic characters measured.

But when included with the agronomic characters in a path coefficient

analysis to measure direct and indirect effects upon yield, harvest
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date had a negative value in every case (Table 8). The value of the

other characters and the R2 value did not change to any large extent

from the analysis excluding harvest date as presented in Table 7.

The same analysis was carried out using all three maturity measure-

ments and the four agronomic characters (Table 9). Again the value

of the agronomic characters and the R2 value did not change appreci-

ably. In this case the direct and indirect effects of the maturity

measurements were low or of a negative value in their influence

upon yield.

The correlation coefficients, as discussed earlier, suggest that

progress in improving yield in early maturing varieties may be diffi-

cult. This may be an erroneous conclusion, however, after observing

the direct and indirect effects of the maturity measurements and

agronomic characters upon yield. It was not the direct effects of

the maturity measurements that effect yield but rather indirect

effect of yield components. Lateral length and cones per vine have

the greatest influence upon yield and it seems progress can be made

by selecting simultaneously for earliness and these two plant charac-

ters.

Path coefficient analysis of vigor, flowering date, and harvest

date upon alpha- and beta-acid concentration indicated that, in

general, harvest date had more influence on both alpha- and beta-acid

concentration than either flowering date or vigor (Tables 10 and 11).



66

But as was observed in the path coefficient analysis of the same

variables upon yield (Table 6), the amount of variability accounted

for in both alpha- and beta-acid concentration was very low, 40, 4

and 47. 5 percent, respectively (Tables 10 and 11). The size of the

residual values clearly indicated that additional factors must be

considered in order to account for the variability of the two acids.

Undoubtedly more work is needed to identify contributing factors

influencing the concentration of these compounds.
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SUMMARY AND CONCLUSIONS

The objectives of this study were as follows: 1) to gain infor-

mation on the variability that exists in agronomic and quality traits

of 29 female hop varieties selected from the female germplasm pool

of the hop breeding program at Oregon State University, and to

determine the expected gain, for all plant characters considered,

by selecting the top five percent of the population; 2) to determine

the association between and among traits that affect hop yield and

quality; and 3) to evaluate the associations between the traits by

determining the direct and indirect effects of one trait on another.

Data were obtained from 29 female varieties grown in plots

near Corvallis, Oregon. The 14 traits studied were: vigor, flower-

ing date, harvest date, yield, lateral length, nodes per lateral, cones

per lateral, cones per vine, cone weight, alpha-acid concentration

in the cone, beta-acid concentration in the cone, alpha:beta-acid ratio,

alpha plus beta-acid concentration in the cone, and lupulin content of

the cone. The following genetic constants were computed: genetic

variation, genetic coefficient of variation, broad sense heritability

estimates, and expected gain value. Phenotypic, genotypic and envi-

ronmental correlation coefficients for all possible comparisons of

the 14 traits were calculated. Path coefficient analyses of the corre-

lations followed the method proposed by Wright (1921) and discussed

by Li (1955 and 1956).
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The following conclusions were drawn:

A substantial range existed between the minimum and maximum

values for each character measured. Significant differences among

genotypes were shown for all characters studied.

The genetic coefficient of variations, broad sense heritability

estimates, and expected gains from selecting the top 5% indicate

there is a genetic potential for improvement of most traits. Vigor,

flowering date, and harvest date appear to have the least potential

for improvement. Heritability estimates, on a single plot basis,

ranged from 0.74 to 0.88 for variables other than vigor, flowering

date and harvest date. Expected gain values (S) ranged from 38. 2

to 99. 5 percent of the mean for the same characters.

Correlations between quality components in this study support

the theory of Farrar et al. (1956) and conclusions of Brooks (1961)

that alpha- and beta-acids are independent of each other after their

biosynthetic paths diverge. However, a positive environmental corre-

lation was observed between the two compounds indicating that a

common environmental factor influences their concentration.

Improvement in hop yield, per se, should be possible by select-

ing for any of the agronomic characters other than cone weight. Cone

weight was the only agronomic character not correlated with yield.

All possible combinations of the agronomic characters: harvest

date, lateral length, nodes per lateral, cones per lateral, cones
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per vine, and yield exhibited significant positive phenotypic correla-

tions.

Selection on agronomic characters to improve yield should not

have an undesirable diminution on quality characters. The relation-

ship between agronomic characters and alpha- and beta-acid concen-

trations was either significant in a positive direction or showed no

relations hip.

Path coefficient analysis of vigor, flowering date, and harvest

date upon yield indicated that harvest date had more of a direct and

indirect effect upon yield than the other two variables. However,

these variables only account for 62 percent of the total variation in

yield. Whereas, 80 percent of the variation in yield was accounted

for using the same type of analysis with lateral length, nodes per

lateral, cones per vine, and cone weight upon yield. Lateral length

and cones per vine contributed more to the total correlation, both

directly and indirectly, than did nodes per lateral or cone weight.

Additional path coefficient analyses were calculated considering: 1.

harvest date plus the four yield components, and 2. the three maturity

traits plus the four yield components upon yield. The results did not

change the conclusion that lateral length and cones per vine have a

more direct and indirect effect upon yield than the other variables

analyzed.

Results of path coefficient analyses of vigor, flowering date, and
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harvest date upon both alpha- and beta-acid concentration were incon-

clusive. In both cases the causal variables accounted for less than

50 percent of the total variation in the resultant variable.

The results reported in this study are important to the hop

breeder whose objective is to improve yield and quality. The results

indicate:

1. There is a large genetic potential for improving most traits

studied.

2. Associations between and among agronomic and quality traits

show that selection can be practiced on either group separately

without having a negative effect on the other.

3. Lateral length and cones per vine have a strong influence on

yield. Improvement of these two traits provides a means for

increasing yield in early maturing cultivars.
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APPENDIX I

Equations for calculating path coefficients from
phenotypic correlation coefficients.

Analysis I. Yield is the resultant variable and four
groups of agronomic characters are the
causal variables;

I. Y = yield, A = harvest date, B = flowering date, and C = vigor

rYA = PYA = r AB
PYB + r

AC
PYC

rYB
=

PYB + r
AB

PYA + r PBC YC

rYC PYC rBCPYB rACPYA

Residual = 1 - the coefficient of determination (R )

2. Y = yield, A = lateral length, B = nodes per lateral, C = cones

per vine, D = cone weight.

rYA PYA + r
AB

PYA + r
AC

PYC + r
AD

PYD

rYB =P +r
YB AB

P +r
YA BC

P +
YC rBDPYD

rYC PYC r ACPYA r BCPYB r CDPYD

rYD PYD r CDPYD r BDPYB r ADPYD

Residual = 1 R2



77

APPENDIX I (Continued)

3. Y = yield, A = harvest date, B = lateral length, C = nodes per

lateral, D = cones per vine, E = cone weight.

r =13 +r P +r P +r P
+

P
YA YA AB YB AC YC AD YD AE YE

r +r P +r P +r P +r P
YB YB AB YA BC YC BD YD BE YE

P +r P +r P +r P
rYC PYC

+r CB YB AC YA CD YD CE YE

rYD PYD rCDPYC + r
BD

PYB + r
AD

PYA + rDE
PYE

rYE-P +r P +r P +r P +r P
YE DE YD CE YC BE YB AE YA

Residual = 1 - R2

4. Y = yield, A = harvest date, B = flowering date, C = vigor, D

lateral length, E = nodes per lateral, F = cones per vine, and

G = cone weight.

r =P +r P +r P +r P +r P +r P +r P
YA YA AB YB AC YC AD YD AE YE AF YF AG YG

r P +r P +r P +r P +r P +r p +r p
YB YB AB YA BC YC BD YD BE YE BF YF BG YB

rYC PYC rBCPYB rACPYA+ rCDPYD+ rCEPYE+ rCFPY F+ rCGPYG

rYD PYD+ rCDPYC+ rBDPYB+ rADPYA+ rDEPYE+ rDFPYF+ rDGPYG

r =P +r P +r P +r P +r P +r P +r P
YE YE DE YD CE YC BE YB AE YA EF YF EG YG

r =P +r P +r P +r P +r P +r P +r P
YF YF EF YE DF YD CF YC BF YB AF YB FG YG

r =P +r P +r P +r P +r P +r P +r P
YG YG FG YF EG YE DG YD CG YC BG YB AG YA

Residual = 1 -R2
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Analysis II. Alpha-acid concentration is the resultant
variable and harvest date, flowering date
and vigor are the causal variables.

X = Alpha-acid, A = harvest date, B = flowering date, and

C = vigor.

r =P +r P +r P +r P
rXA X A AB XB AC XC AD XD

rXB PXB + r AB PX A + rBCPXC + r PBD XD

rXC PXC + rBCPXB + rACPXA + rCDPXD

Residual = 1 - R 2

Analysis III. Beta-acid concentration is the resultant
variable and harvest date, flowering date,
and vigor are the causal variables.

X = Beta-acid, A = harvest date, B = flowering date and

C = vigor.

rXA PXA + r
AB

PXB + r
AC

PXC + r
AD

PXD

r
XB

= PXB + r
AB

pXA = rBC
PXC + rBDPXD

rXC = PXC + r
BC

PXB + r
AC

PXA + r
CD

PXD

Residual = 1 - Rz
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Appendix II
Mean values for agronomic characteristics of 29 female hop genotypes r.easured in 1972 and 1973.

Ace.. No. Variety
Vigor Flowering Date Harvest Date Lateral Length

1972 1973 Avg. 1972 1973 Avg. 1972 1973 Avg. 1972 1973 Avg. 1972 1973 Avg.

1 9001 Brewers Gold 189 177 183 196 195 196 254 244 249 847 1012 930 99.0 99.0 99.0
1 9208 Late Cluster 183 177 180 199 197 198 252 248 250 675 886 781 97.0 106. 5 101. 8

21013 Idaho 40 183 183 183 203 197 200 251 240 246 502 480 491 81.0 76.0 78. 5
21014 Hallertaur mf. 191 179 185 192 185 188 237 229 233 319 281 300 52.0 66.0 59. 0
21015 Tettmanger 183 182 182 185 188 186 229 229 229 165 114 139 53.0 34. 5 43. 8
48209 Fuggle 183 181 182 192 188 190 231 226 228 413 357 385 40.5 34, 5 37. 5

56002 Backa 179 180 179 200 196 198 243 248 245 558 641 599 70. 0 73.5 71. 8

56013 Cascade 181 178 179 194 183 188 246 244 245 688 897 793 76.0 88.0 82.0
5 9008 Early Cluster 179 185 182 194 198 196 243 247 245 957 1300 1128 101. 5 91.0 96. 3

60042 Shinshuwase 179 183 181 203 205 204 251 248 249 690 742 716 104. 0 91. 0 97. 5

61019 Yugoslavia Golding 183 186 184 192 194 193 235 229 232 436 439 437 56.0 55. 0 55. 5
61020 Savinja. Golding 182 186 184 190 199 194 232 229 230 409 360 384 61.0 52.0 56.5
61021 Swiss 185 175 180 189 184 186 233 228 230 268 210 239 57.0 56.0 56. 5

62013 Cornet 171 170 170 192 183 187 258 253 255 976 1188 108 2 117, 0 122. 0 119, 5

6 2051 Janus 183 188 185 184 177 181 231 226 229 242 154 198 38.5 30.0 34,3
6 2052 Density 188 181 184 191 196 193 238 244 241 682 S89 635 53. 5 53. 5 53. 5

6 2053 Defender 187 190 188 190 191 190 231 226 228 151 135 143 46.0 38.5 42. 3

64100 Bullion 179 174 176 196 193 195 251 245 248 725 1107 916 117.0 137.0 127.0
64107 Norther n Brewer 187 188 188 195 189 192 239 240 239 306 371 338 53.5 53. 5 53. 5

65101 Talisman 183 178 180 202 194 198 261 257 259 1145 1702 423 101.5 127.0 114.3

65102 Yakima Cluster 179 180 179 192 184 188 245 247 246 810 558 684 104.0 96.0 100, 0

66050 Alliance 184 186 185 189 192 190 231 229 230 440 469 455 43.5 36.0 39. 8

66051 Progress 185 188 186 191 199 195 230 240 235 545 354 450 48. 5 38. 5 43. 5

6605 2 Pride of Ringwoo' 185 185 185 199 202 201 256 254 255 920 1240 1080 106. 5 122.0 114, 3

65053 Rix gwood Special 186 186 186 202 197 199 241 240 241 537 259 398 71.0 76.0 73. 5

66054 Calicross 185 184 184 202 197 199 251 250 250 863 703 783 101.0 93. 5 97. 3

55055 7irst Chose 385 178 181 498 198 198 242 250 245 573 488 580 71.0 71. 0 71.0
68051 13-,:z.-..11.7-Ig Ctoc: 193 135 189 195 194 195 238 229 233 580 270 425 58. 5 53.5 65. 0

58)52 P:7-t_E-yz.::-... G.1:3, 0,g 185 186 185 190 195 193 239 240 239 548 426 487 43, 5 46, 0 44. 8
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Nodes/Arrn Cones Arm Cones/ Vine Cone Weight (mg)
Acc. No. Vareity 1972 1973 Avg. 1972 1973 Avg. 1972 1973 Avg. 1972 1973 Avg.

1 9001 Brewers Gold 11 9 10 80 100 90 1265 1515 13 90 223 205 214

19208 Late Cluster 12 12 12 118 140 129 1084 1428 1256 148 130 139

21013 Idaho 40 11 10 10 100 105 103 964 570 767 168 185 176

21014 Hallertaur mf. 9 8 8 43 43 43 386 335 360 223 235 229

21015 Tettnanger 11 8 9 32 21 26 223 162 192 248 210 229

48209 Fuggle 8 7 8 65 43 54 640 466 553 170 215 193

56002 Backa 10 9 9 63 43 53 808 864 836 173 185 179

56013 Cascade 10 12 11 108 110 109 973 804 888 180 220 200

5 9008 Early Cluster 11 13 12 98 150 124 1249 1869 1559 170 190 180

60042 Shinshuwase 11 11 11 80 88 84 953 781 867 185 185 185

61019 Yugoslavia Golding 9 9 9 65 49 57 689 534 611 168 210 189

61020 Savinj a Golding 8 8 8 58 56 57 499 510 479 228 170 199

62021 Swiss 9 8 9 45 38 42 260 260 260 288 260 274

62013 Comet 10 9 9 93 85 89 785 791 788 403 440 421

620S1 Janus 8 8 8 35 19 27 401 232 317 178 235 206

62052 Density 10 11 10 68 63 65 1166 885 1026 133 155 144

62053 Defender 7 6 7 38 28 33 219 160 190 173 195 184

64100 Bullion 10 10 10 80 125 103 764 1352 1058 283 275 279

64107 Northern Brewer 10 9 10 65 43 54 375 377 376 230 275 253

65101 Talisman 14 13 14 140 183 161 1567 14 92 1530 210 250 230

65102 Yakima Cluster 13 11 12 85 75 80 990 815 902 230 190 210

66050 Alliance 10 9 9 78 68 73 607 661 634 203 215 209

66051 Progress 9 10 9 60 49 55 851 435 643 165 190 178

66052 Pride of Ringwood 15 16 16 110 150 130 1780 2215 1997 160 155 158

66053 Ringwood Special 10 9 10 75 53 64 718 324 521 200 195 198

66054 Calicross 8 8 8 68 68 68 1097 669 883 193 190 191

66055 First Choice 7 7 7 85 53 68 858 583 721 185 195 190

68051 Bramlirig Cross 10 9 10 55 48 52 939 328 633 150 185 168

68052 Petharn Golding 6 7 6 43 45 44 650 512 581 188 215 201
CO



APPENDIX III
Mean values for quality characteristics of 29 female hop genotypes collected in 1973

A cc. No. Variety
Alpha-acid conc. Beta-acid conc. Alpha:Beta ratio Alpha + Beta-acid conc. Percent Lupulin/ conc.

Rep 1 Rep 2 Avg. Rep 1 Rep 2 Avg. Rep 1 Rep 2 Avg. Rep 1 Rep 2 Avg. Rep 1 Rep 2 Avg.

19001 Brewers Gold 8. 30 9, 60 8.95 2.80 4, 20 3, 50 2, 96 2, 30 2, 63 11, 10 13.80 12.45 15. 20 18. 90 17.05

19208 Late Cluster 4,90 3,70 4.30 3 30 3, 10 3, 20 1, 46 1, 18 1.32 8. 20 6 80 7 50 11, 20 9.30 10, 25

21013 Idaho 40 4, 10 6.00 5. 05 3. 90 7.00 5.45 1.05 0. 86 0, 96 8.00 13 00 10 50 11 00 17.80 14, 40

21014 Hallertaur mf, 3.20 5, 50 4,35 3. 20 4.40 3,80 1 00 1,25 1 13 6. 40 9, 90 8.15 8,80 13, 60 11.20

21015 Tettananger 3, 50 4. 50 4.00 3, 20 3,70 3.45 1, 10 1 22 1. 16 6, 70 8.20 7 45 9, 20 11, 20 10, 20

48209 Fuggle 3, 30 4, 10 3, 70 1. 60 1, 50 1,55 2.05 2, 64 2. 35 4.90 5, 60 5. 25 6, 70 7 70 7,, 20

56002 Backa 3 80 4, 30 4, 05 5. 50 6. 40 5. 95 0, 70 0, 68 0. 69 9, 30 10.70 10.,00 12,70 14.70 13.70

56013 Cascade 6, 50 6,00 6. 25 4.40 4, 50 4,45 1., 46 1, 32 1. 39 10,90 10, 50 10, 70 14. 90 14.40 14, 65

59008 Early Cluster 2.60 4. 70 3, 65 2.70 4. 60 3, 65 0, 97 1, 02 1, 00 5. 30 9.30 7, 30 7 20 12, 70 9. 95

60042 Shinshuwase 5. 00 3. 90 4. 45 4. 70 3, 20 3, 95 1,08 1, 22 1.. 15 9, 70 7. 10 8, 40 13. 30 9, 70 11.50

61019 Yugoslavia Golding 3.90 6 20 5.05 2. 10 2, 50 2, 30 1,88 2, 45 2. 17 6.00 8 70 7.35 9 70 10.50 10 10

61020 Savinj a Golding 3, 80 5, 30 4.,55 2. 10 2. 20 2, 15 1, 77 2, 43 2. 10 5. 90 7.50 6,70 8,00 10.30 9 15

61021 Swiss 3,70 4, 70 4, 20 2.40 3, 70 3.05 1, 54 1.28 1,41 6 10 8. 40 7,25 8.30 11,50 9,90

62013 Comet 9, 30 13,50 11, 40 4. 20 4 30 4. 25 2. 22 3, 16 2. 69 13, 50 17 80 15. 65 18:50 24. 40 21 45

62051 Janus 4, 80 4, 20 4,50 2, 10 1.90 2 00 2.35 2, 15 2. 25 6. 90 6 10 6, 50 9 40 8.40 8 90

62052 Density 2.40 4, 60 3. 50 1.10 2.80 1. 95 2, 14 1, 64 1 89 3, 50 7,40 5.45 4. 80 10, 10 7.45

62053 Defender 2, 20 2. 90 2. 55 1 00 1,00 1, 00 2. 18 2, 82 2. 50 3.20 3. 90 3.55 4. 40 5 30 4, 85

64100 Bullion 8, 50 8,80 8. 65 3 40 3. 70 3.55 2,50 2, 42 2 46 11.90 12. 50 12.20 16,30 17, 10 16,70

64107 Northern Brewer 7.40 8. 20 7.80 3.20 3. 20 3.20 2.31 2, 54 2. 43 10. 60 11,40 11.00 14. 50 15, 60 15, 05

65101 Talisman 5. 50 6. 20 5.85 2. 90 3, 50 3 20 1.90 1, 75 1.83 8 40 9, 70 9. 05 11,50 13, 30 12 40

65102 Yakima Cluster 5.90 6. 20 6.05 4. 00 3, 60 3,80 1.46 1. 73 1. 60 9.90 9, 80 9.85 13. 60 13, 40 13. 50

66050 Alliance 4,50 6.40 5, 45 1.80 2 00 1,90 2. 53 3, 13 2.83 6, 30 8. 40 7.35 8, 60 11, 50 10 05

66051 Progress 5..80 6. 50 6.15 2.00 2, 50 2. 25 2. 97 2, 63 2, 80 7, 80 9 00 8.40 10,70 12,30 11.50

66052 Pride of Ringwood 6.90 6 50 6, 70 4,60 4 70 4.65 1. 51 1. 38 1.45 11. 50 11.20 11.39 15. 80 15, 30 15 55

66053 Ringwood Special 5. 30 6. 00 5, 65 3, 40 3, 70 3,55 1, 57 1.60 1, 59 8 70 9,70 9 20 11,90 13,30 12,60

66054 Calicross 6. 70 6. 60 6, 65 4, 80 4,90 4.85 1.39 1, 39 1. 37 11 50 11.50 11, 50 15, 80 15. 80 15.80

66055 First Choice 3. 60 5, 00 4.30 3. 60 4, 80 4 20 1.00 1,00 1. 03 7.20 9, 20 8. 20 9. 90 13.40 11. 65

68051 Bramling Cross 5 10 4.80 4 95 2. 10 1. 80 1 95 2.43 2. 43 2. 54 6. 20 6. 60 6, 40 9. 90 9.00 9.45

68050 Petham Golding 6, 40 6.80 6.60 2.30 2 30 2, 30 2.76 2 76 2 90 8. 70 9., 10 8, 90 11, 90 12, 50 12 20


