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ABSTRACT

Guayule (Parthenium argentatum Gray) is a natural rubber producing plant
presently being commercialized for production in arid and semi-arid regions of the world.
Inconsistent seed (achenes) quality and the lack of methods to discriminate between good
and bad seed lots are significant problems, allowing commercial stands to be established
only by transplants, rather than by more cost effective direct-seeding. The objective of
this study was to investigate why guayule seed and seed lots vary significantly in quality.
The laboratory and greenhouse experiments involved separation of seed based on
physical attributes (diameter, color and weight) and the confirmation of internal
structures (embryo and endosperm) by x-ray analysis. The effect of different conditioning
treatments on seed lots was also tested. Separation of seed by size (diameter) was shown
to be less efficient than separation by color. Color was the most effective means of
separating heavier and darker (opaque-black and gray color grades) seed, and these seed
were confirmed to be filled, containing internal structures by x-ray analysis. Germination
percentage and rate were greater for seed with these characteristics than for yellow and
bright-black seed, which are lighter and predominately partially filled or unfilled.
Conditioning treatments used for guayule seed older than two years had no effect on seed
germination and emergence percentage or rate. However, differences in germination and
emergence were found among lines, therefore, differences among seed lots appear to be
due to variation in the number of filled seed. The quality of seed lots was significantly
improved when seed were separated based on color first, then by weight. The separation
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of good quality seed (filled) from poor quality seed (unfilled) is crucial to lower the costs
of stand establishment by direct seeding. Therefore, the quality of seed lots can be
improved significantly (higher proportion of filled seed) by separating first by color, then
by weight.
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INTRODUCTION TO THE DISSERTATION

Guayule (Parthenium argentatum Gray), is a natural rubber producing perennial
shrub native to the Chihuahuan Desert (Thompson and Ray, 1989), and is currently being
researched for commercialization as a non-allergenic latex producing crop (Cornish and
Lytle, 1999). There have been efforts to commercialize guayule since the late 19th
century, with the most extensive period of research during the Emergency Rubber Project
(ERP) of World War II (Ray et al., 2005). Guayule is presently being cultivated in several
countries (Australia, Israel, Madagascar, Mexico, and the United States) and is being
considered as an alternative commercial natural rubber crop in arid and semi-arid regions
of the world, where traditional agriculture is often failing due to water problems.
Due to its xeromorphic characteristics, guayule grows satisfactorily in areas not
suitable for all crops (McGinnies, 1975). Even though the plant possesses characteristics
that allow it to survive and grow in hot and dry environments, it is generally cultivated
under irrigation with cultural practices focusing on increasing rubber and resin yields.
Now that favorable irrigation and cultural practices have been developed (Foster and
Coffelt, 2005), one remaining major cultural problem is stand establishment under field
conditions (Thompson and Ray, 1989). Presently most guayule plantations are
established using transplants produced in greenhouses, but these practices are labor
intensive and expensive (McGinnies and Mills, 1980).
Efforts to establish fields by direct seeding have been attempted in order to reduce
establishment costs (Foster and Coffelt, 2005), and poor seed germination and seedling
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emergence are considered the main limiting factors. Techniques such as seed
conditioning have been tried to improve germination and to overcome seed coat and
embryo dormancy. Dormancy is thought to be responsible for the delayed and nonuniform germination noted in direct-seeded fields (Foster and Moore, 1992).
The research in this dissertation focuses on addressing the following questions:
What is the main factor contributing to poor seed quality? Why is germination poor even
when seed lots are conditioned? Which seed characteristics are related to high seed
quality? The working research hypothesis tested in this dissertation is that internal seed
structures, a well developed embryo and endosperm, are the reason that seed lots display
different levels of germination.
The dissertation includes the results of three studies which have either been
published or are submitted as manuscripts, and is organized into the following sections: a
general introduction, literature review, description of the materials and methods, and
conclusion. The three studies are included as three separate appendices.
APPENDIX A describes the use of x-ray analysis to discriminate between filled,
partially filled and unfilled guayule seeds, that is, for the presence or absence of internal
structures essential for seed viability. Seeds were first separated by color, weighed, and xrayed, followed by germination tests. A significant relationship was found between filledseed and increased germination percentages. These results show that x-ray analysis can
be used to determine seed quality in different seed lots by discriminating between seeds
with (filled seed) and without (unfilled seed) internal structures necessary for
germination.
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The second manuscript (APPENDIX B) evaluates different conditioning
treatments that have been reported to improve guayule seed germination. Three guayule
lines and eight conditioning treatments, and a non-treated control, were examined.
Germination and emergence percentages were performed, as well as determining seedling
fresh weight, to assess the effects of conditioning treatments on seed germination. A
sample from each treatment was x-rayed to determine the presence or absence of internal
structures. None of the treatments by themselves affected germination significantly, thus
seed quality (number of filled and unfilled seeds) was found to be the only significant
factor/predictor of seed germination.
The third manuscript (APPENDIX C) describes separation of guayule seed by
diameter and color, both of which display great variation among and within seed lots.
After separation seed were analyzed by x-ray analysis. Germination tests were performed
to determine the relationship between color and/or diameter and germination percentages.
Greater germination percentages were found for seed separated first by color and then by
weight.
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LITERATURE REVIEW
ORIGIN AND HISTORY OF CULTIVATED GUAYULE
The Aztecs were familiar with guayule before the European colonization of North
America (Hammod and Polhamus, 1965; McGinnies, 1975; Whitworth and Whitehead,
1991). They used guayule rubber to make a bouncing ball to play a game similar to
basketball, and obtained the rubber by chewing guayule stems and spitting out the rubber
and vegetable matter separately (Hammod and Polhamus, 1965; NAS, 1977). In the late
nineteenth century, guayule plant material was used as a heat source, because it burned
with such intensity, in the separation of silver from rich metal-bearing rocks in northern
Mexico’s Chihuahuan desert region (NAS, 1977).
In 1880 the first commercial extraction of rubber from guayule was made by the
New York Belting and Packing Company. At the time this Company imported around
100,000 pounds of shrub, and extraction was done by immersion in hot water. Later, in
1904, William A. Lawrence developed the pebble mill method that was used to extract
rubber from guayule up until the end of World War II (McGinnies, 1975).
The first commercial guayule rubber factory in Mexico began operations in 1903.
In 1907 two processing companies initiated cultural experiments in Mexico (Stewart et
al., 1986), since before this time plants were harvested from wild stands, and there was
no replanting, cultivation, or rotational cropping, resulting in the almost complete
devastation of guayule in the wild. As a result, many mills were forced to close (NAS,
1977). In 1912, all Mexican facilities were closed due to the Mexican Revolution and the
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experimental work of the Continental Rubber Company was transferred to San Diego,
California (Stewart et al., 1986).
In 1916, Dr. McCallum moved the research activities from San Diego to south of
Tucson, Arizona, on land acquired by the Intercontinental Rubber Company (McGinnies,
1975; Stewart et al., 1986). Dr. McCallum was never satisfied with the results attained in
Arizona (McGinnies, 1975), and in 1925 the experimental work was moved to the Salinas
Valley of California (Stewart et al., 1986) where 8,000 acres of guayule were cultivated
(McGinnies, 1975). There was a large increase in the amount of guayule grown in
California when the British government restricted the amount of rubber exported, and
guayule rubber was sold throughout the world (NAS, 1977).
Total rubber production varied over the years, from 150,000 pounds in 1905 to 21
million pounds in 1910. Production declined to a low of 65,000 pounds in 1921, but
increased to about 12 million pounds in 1927. From 1931-1933 no guayule rubber was
shipped due to low rubber prices. In 1934, 900,000 pounds were produced and increased
to a peak of 20 million pounds in 1944 (McGinnies, 1975).
In 1930 Dwight D. Eisenhower was designated to study guayule as an alternative
rubber source because of the danger of the U.S. being cut off from Asian rubber supplies.
In December of 1941, when the Japanese forces attacked Southeast Asia, the U.S. and its
allies lost more than 90% of their rubber supply. In 1942 the Emergency Rubber Project
(ERP) started with more than 1,000 scientists and technicians allocated for guayule
production and research (NAS, 1977).
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During the ERP most of the research and development efforts concentrated on
intensive, mechanized, and irrigated production in California, Arizona, New Mexico and
Texas (Nix, 1986). The short term objective of the EPR was to make substantial amounts
of rubber in as short a time as possible to provide support for the war endeavor, and the
long range objective was to create a domestic commercial source of rubber (McGinnies,
1975).
In 1945 the war ended, and in 1946, due in part to the rapid expansion of the
synthetic rubber industry, the 77th Congress stopped funding the ERP and ordered the
guayule already planted destroyed. Unfortunately, most of the seed from the genetic
improvement program was also destroyed along with hundreds of millions of seedlings
(NAS, 1977). However, in 1946 the USDA undertook research on crop materials of
strategic importance, and guayule was placed on this list. A new research program
involving crop production and processing was then initiated at Salinas (Stewart et al.,
1986). By 1953, processing research was terminated, but a small level of research on
agronomy and breeding was carried out until 1959 (Hammod and Polhamus, 1965).
In the early 1970s, with the large rise in oil prices which threatened synthetic
rubber supplies, interest in guayule was renewed. However, no commercial guayule
fields were planted anywhere in the world, so experimental plots were established in
Israel, Arizona, California, and Mexico (NAS, 1977). In 1977, the US Department of
Defense started tests on guayule rubber as a potential replacement for Hevea rubber in
tires and shock absorbing equipment, and the results were very promising. In 1978, the
CSIRO Division of Plant Industry imported seed from the USDA and at several locations

17

plots were established and studies initiated under greenhouse conditions (Stewart et al.,
1986).
In 1980, the USDA became responsible for agronomy, breeding, rubber
evaluation, economic, and technology evaluations. In 1981, the New South Wales
government and the USDA signed a Memorandum of Understanding on cooperation in
guayule research. A contract was signed in 1982 with the Gila River Indian Community
in Arizona, and a subcontract was let to Firestone Rubber Company for development of
guayule rubber processing technologies (Stewart et al., 1986).
GUAYULE AS A SOURCE OF NATURAL RUBBER
At least 2,000 species of plants are known to contain rubber, but only a few
produce it in abundant quantities or of a quality appropriate for commercial use (NAS,
1977). The only two species that have been used as a commercial source of natural rubber
are the rubber tree Hevea braziliensis and guayule. Today Hevea is the only commercial
source of natural rubber, and its commercial production is mainly in the humid tropics of
Southeast Asia, where it is free of the diseases that limited its production in its native
Brazil (NAS, 1977; Thompson and Ray, 1989; Ray et al., 2005).
Rubber produced by Hevea and guayule have been established to be of an
equivalent quality (Cole, 1983). Guayule rubber has comparable characteristics of
elasticity, resilience, tackiness, and heat buildup for high speed tires (Fangmeier et al.,
1984), and does exceptionally well in applications such as bus and truck tires, where heat
buildup can be a problem under normal conditions.
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Guayule rubber is an extremely regular polymer of isoprene, double bonded in a
cis configuration (NAS, 1977). Guayule rubber in the latex form contains many fewer
proteins than Hevea latex and is thus less likely to promote serious allergic reactions.
Therefore, it is a potential alternative for individuals susceptible to Hevea latex allergy
(Cornish and Lytle, 1999). In tests, guayule latex did not produce allergic reactions in
individuals allergic to Hevea latex, and guayule is now being commercialized as an
alternative source of non-allergenic latex (Siler and Cornish, 1994; Carey et al., 1995).
Guayule rubber is a renewable resource, thus can save petroleum used in the manufacture
of synthetic rubber (Fangmeier et al., 1984; Ojeda and Trione, 1990).
BOTANICAL CLASSIFICATION AND MORPHOLOGY
Guayule is native to the Chihuahuan Desert of north central Mexico, particularly
the states of Coahuila, Chihuahua, Durango, Zacatecas, San Luis Potosi, and Nuevo
Leon, and the Big Bend area of Texas. In its native habitat, it grows in scattered stands of
less than one acre to stands several hundred acres in size. Dr. J. M. Bigelow was the first
to collect guayule, near Escondido Creek, Texas, and Professor Asa Gray of Harvard
University identified and named it Parthenium argentatum Gray (McGinnies, 1975). The
first botanical study of the plant, conducted by Francis E. Lloyd, was made possible by
funding from the International Rubber Company (McCallum, 1926; McGinnies, 1975).
Guayule is a low-growing, multiple-branching, silver-gray, woody perennial
shrub, with a tendency to be rounded, with a diameter approximately 50% greater than its
height (Lloyd, 1911; Artschwager, 1943; Esau, 1946; Fangmeier et al., 1984; and Stewart
et al., 1986). The genus Parthenium is a member of the Helianthea tribe of the
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Compositae family, and includes annual and perennial species, with plant types ranging
from tree-like to small woody shrubs (Downes, 1986). The genus contains sixteen
species which are indigenous to North and South America (Rollins, 1950), but the only
species in this genus to produce significant amounts of rubber is argentatum (McGinnies,
1975).
Guayule leaves are long and narrow, and slightly smaller at both ends
(McGinnies, 1975). The gray-green leaves can be up to 10 cm long, with a width about
1/3 of the length, and with one or more large teeth or lobes on each leaf edge (McGinnies
and Mills, 1980). Leaf sizes and shapes are variable and are markedly influenced by
water supply (Downes, 1986). Both the abaxial and adaxial surfaces of the leaves are
covered with the tricomes (McGinnies and Mills, 1980) that give rise to the light graygreen coloration of the plant, and a drought-protecting white wax. During the dormant
period (winter and early spring) the lower leaves contract and wrinkle, and eventually are
shed leaving only compact terminal clusters of small leaves (McGinnies and Mills, 1980),
with some late-forming leaves continuing into the second growing season (Lloyd, 1911).
Since an abscission layer is imperfectly produced, the leaves do not fall until they have
died and dried (McGinnies and Mills, 1980).
The main shoot and all subsequent branches end in inflorescences, with further
growth resulting from new branches originating from the adaxial leaf axils (Lloyd, 1911).
Individual flowers are inconspicuous and formed in heads with common receptacles
(McGinnies, 1975), with each head approximately 5 millimeters in diameter (Erickson
and Smith, 1947). Each head is composed of five ray florets around the outside that
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produce seed, and numerous pollen producing disc florets in the center (Downes, 1986).
What will be called a seed in this dissertation is actually an achene, with attached
subtending bracts and a pair of staminate flowers (McGinnies, 1975). Each ray-flower
normally produces one achene, whether or not an embryo is present (Hammod and
Polhamus, 1965). When the first achene is ripe, each ray-flower, the two adjacent disk
flowers and their subtending involucral bracts coalesce and fall away as a group
(Erickson and Smith, 1947). The mature achene is a cypsela which is comprised of an
embryo surrounded by two seed coats which contain inhibitors capable of retarding
germination (Benedict and Robinson, 1946).
Guayule plants in their native environment form a shallow root system but with
considerable lateral spread (Muller, 1946). The root system consists of a tap root and
eventually produces an intricate system of dense fibrous lateral roots, depending on soil
texture (McGinnies, 1975).
In guayule, the latex is not produced in long tubes or ducts, as in Hevea, but in
individual cells (McGinnies, 1975). In mature plants, rubber is found in the vascular rays
of the phloem and xylem while in young plants most rubber is situated in the primary
cortex, pith and vascular rays, as well as around the parenchymous resin canals
(Artschwager, 1943). The parenchyma cells in which rubber is produced are relatively
thin-walled, and are found mainly in the cortical tissues of the medullary rays and pith
(McGinnies, 1975).
The rubber in guayule occurs as a colloidal suspension of latex restricted to
individual cells, with the bark containing 75% to 80% of the total plant rubber. The
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proportion of bark to wood is low in the primary root, increasing in young branches with
smaller diameters, with a strong tendency for rubber concentration in the stems to match
the annual elongation increments because of the greater proportion of bark in the young
stems. Ordinarily, plants older than one year carry the major portion of their rubber in the
vascular rays of the phloem and xylem, with smaller quantities in the cortex, xylem
parenchyma and epithelial cells of the resin canals. Very small amounts of rubber exist in
the leaf parenchyma (McGinnies and Mills, 1980). Rubber accumulation in stems and
roots appears to be induced by water stress and cold night temperatures (Downes, 1986;
Veatch-Blohm and Ray, 2005). In guayule the whole plant is harvested in order to extract
rubber (McGinnies, 1975).
Resin in guayule originates in a definite system of resin-secreting cells, which are
tube-like and arranged longitudinally. The resin in guayule is under slight pressure, thus
when the stem is cut a certain amount is exuded (McCallum, 1926). The resin component
of guayule is made up of essential oils, parthenyl cinnamate and partheniol, betaine, fatty
acids, and an unidentified wax. The resin concentration in the bark, green stems and roots
of plants can vary from 7% to 10 % on a dry weight basis, and its concentration is
significantly less in the wood and even lower in the roots (McGinnies and Mills, 1980).
ECOLOGY
Lloyd (1911) placed the limit of guayule’s northern range in southwestern Texas,
in the counties of Presidio, Brewster, and Pecos. This is important since these are the only
native stand in the United States. Otherwise, guayule occurs naturally in the Chihuahuan
desert region of northern Mexico (Nix, 1986). Along its northern periphery, guayule is
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confined mainly to the stony, steep slopes of the buttes and escarpments on the higher
levels of the Edwards Plateau (McGinnies and Mills, 1980).
Guayule is a slow-growing shrub with several xeromorphic adaptations that allow
it to grow in warm semi-arid regions (Downes, 1986). During severe and extended
droughts the plant becomes dormant, and in Mexico guayule has survived by this means
despite the absence of rainfall for several years (NAS, 1977). The losses of leaves in time
of drought, and the dense covering of trichomes, are two more xerophytic characteristics
(Muller, 1946). In its native environment rainfall is generally biseasonal, with the highest
occurrence in the spring and the fall, but variations can exist (McGinnies and Mills,
1980). Guayule is a long–lived and hardy plant, living 30 or 40 years under desert
conditions (NAS, 1977).
Guayule grows in an environment typically characterized by the presence of
shrubs, cacti, yucca, and other xerophytic plants. The temperature varies broadly, from 18oC to 49oC (McGinnies, 1975; Fangmeier et al., 1984). In much of the area there is no
very cold season, and the warm season is wet and cloudiness tends to hold temperatures
down. The winter is frequently characterized as dry and sunny. Guayule can grow at
elevations between 2,000 and 10,000 feet, with few large stands above 6,500 feet
(McGinnies and Mills, 1980). Guayule has a low rate of growth, thus does not compete
well against other plants (McGinnies, 1975).
REPRODUCTION
Individual guayule plants with chromosome numbers from 36 to over 100 have
been reported (NAS, 1977; Thompson and Ray, 1989). The 2n=36 chromosome diploid
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plants reproduce sexually, with seed resulting from normal double fertilization (NAS,
1977). Progeny obtained from sexual reproduction are most often a product of outcrossing as a consequence of self-incompatibility at the diploid chromosome level
(Thompson and Ray, 1989).
The higher-chromosome-numbered polyploid plants propagate predominantly by
apomixis. Apomictic seed arises from non-fertilized nuclei, and a new plant will be
genetically identical to the female parent (Thompson and Ray, 1989; Estilai and Ray,
1991). Evolutionarily, apomixis evolved from sexually reproducing plants, requiring
minimally three separate mutations (Powers, 1945).
The coexistence of apomixis and sexuality is called facultative apomixis.
Facultative apomixis and pseudogamy in guayule was first demonstrated by Powers and
Rollins (1945). They observed that many of the polyploid families were uniform when
compared to diploid families. These authors stated that variation found among progeny is
the result of guayule’s facultative apomictic nature and the amount of heterozygosity in
individual plants where sexual reproduction is present.
Morphological and cytological verification of sexual and apomictic reproduction
in guayule was shown by Esau (1946). In apomictic reproduction, meiosis is absent and
embryo formation is directly from the megaspore mother cell. Powers and Rollins (1945)
demonstrated that pollination is required even with apomictic reproduction, and Taylor
(1946) referred to the pollen in apomictic plants as a stimulator of the female cell, but did
not fertilize it. There is a large range in the frequency of apomictic reproduction among
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different triploid and tetraploid guayule breeding lines(Fangmeier et al., 1984; Keys and
Ray, 2002).
FLOWERING AND POLLINATION
Each flower head contains five pistillate ray-florets with no visible stamens. The
disc-florets contain an abortive pistil in addition to the functioning fertile stamens and are
attached to each other at their base. The stigmas of the ray-florets are receptive as soon as
the two lobes separate, becoming very turgid and white, and within 24 hours after
fertilization turn brown. Floret maturation is centripetal, in which the ray-florets mature
first, followed by the disk-florets nearest the ray-florets, and going successively inward.
The seed (achenes) are black when mature, do not always contain an embryo, and are
surrounded by two seed coats; both are thin and white with the inner seed coat being hard
(Hammod and Polhamus, 1965).
Flowering in guayule is indeterminate, and it is largely related to moisture
conditions. Flower buds are usually seen following rainfall/irrigation, and seem not as
responsive to temperature or other seasonal conditions (Lloyd, 1911; Hammond and
Polhamus, 1965). Since active growth occurs when adequate water is available
(Backhaus et al., 1989), guayule tends to flower through the growing season under
cultivated conditions. In contrast, in native stands plants flower infrequently before the
third year, and after the third year of growth flowering is correlated with the occurrence
of rains (Lloyd, 1911). Flowering (cultivar 593) was stimulated even in winter by
supplementing the natural photoperiod, but flowering stopped when the natural winter
photoperiod was received, suggesting that in guayule flowering is also stimulated by long
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days (Backhaus et al., 1989). On the other hand, for the same cultivar, high night
temperatures stimulated flowering in winter even under natural short-day conditions
(Whitehead and Mitchell, 1943).
Pollination in apomictic guayule is not required for embryo development, but it is
for endosperm development (Powers, 1945). Wind, insects, and environmental conditions
are crucial factors effecting pollination, with guayule flowers being both wind and insect
pollinated (Gardner, 1946; Gardner, 1947; McGinnies, 1975). Guayule pollen may be
carried by wind over 2,000 feet (McGinnies and Mills, 1980), and is also adapted to
insect transport by the adhesiveness and spiny character of the pollen grain (Gardner,
1947).
McGinnies and Mills (1980) found several species of insects play a role in
guayule pollination, including ladybird beetles (Hippodomia convergens L.), lygus bugs
(Ligus hesperus L.), cucumber beetles (Diabrotica sovor L.), and honey bees (Apis
mellifera L.). Additionally, black flies (Hylema ssp.) have been found to be efficient
pollinators (Gardner, 1947; Mamood et al., 1988a). Seed germination was improved from
plants visited by ladybird beetles under field conditions, showing that insects play a role
in seed development/quality (Gardner, 1947).
Honey bees promoted higher emergence when used to pollinate plants under field
conditions (Mamood et al. 1983; 1988a; 1989). Honey bee pollination studies showed
increases in number of seed produced in plots visited by bees, however, there were no
differences found in seed weights (Mamood et al., 1990). Honey bee pollination also
improved the percentage of seeding emergence, number of seed per plant, and seed
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yields. High insect activity was observed in the morning around 1000 hours.
Interestingly, Mamood et al. (1988b) found higher rubber and resin content in plants
pollinated by bees, over those plants where pollinators were excluded. Seed quality
improved by honey bee pollination could have a significant impact on commercial field
operations, especially for establishment by direct seeding (Mamood et al., 1986).
STAND ESTABLISHMENT
The major problem in guayule plant establishment is generating a good stand of
seedlings. To this end three methods have been tried: propagating transplants in a field
nursery; propagating transplants in a greenhouse; and direct-seeding into the field
(Fangmeier et al., 1984). Guayule seedlings are slow growing, adding about one leaf per
week under favorable greenhouse conditions, and growing at an even slower rate under
field conditions (Fangmeier et al., 1984). Low water use efficiencies in seedlings can be
partially attributed to their small size, since they provide incomplete ground cover and
have restricted leaf area (Powers and Rollins, 1945). Guayule also has a low transpiration
rate, contributing to the slow growth rates, thus limiting the ability of young guayule to
compete with weeds (Downes, 1986). After about three months, the plant becomes
woody, but growth rate still depends mostly on moisture and temperature (Fangmeier et
al., 1984).
For transplanted guayule seedlings, it is very important to manage irrigation. If
irrigation is managed carefully guayule may be transplanted successfully during any
month with otherwise favorable climatic conditions. Transplants have been established
successfully using furrow, sprinkler, and drip irrigation systems (Fangmeier et al., 1984).
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Studies on stand establishment by direct seeding have been conducted to
overcome transplanting costs (McGinnies and Mills, 1980). Foster et al. (2002)
concluded that direct seeding is a viable alternative for commercial guayule stand
establishment based on costs and resulting plant biomass production, resin and rubber
content and yield.
McGinnies and Mills (1980) considered four factors crucial to direct seeding:
maximum daily temperature; seed cover; soil crusting; and soil moisture during the
emergence period. Other factors found to affect the success of direct seeding are salt
accumulation at the soil surface, low temperatures, wind damage, weed competition, and
damping-off caused mostly by Phytium and Rhizoctonia (Sleeth, 1946; Mihail and
Alcorn, 1990). Because of many failures in direct seeding trials, establishment of large
fields by this method has not been attempted. Some successes were obtained during the
ERP, but they were to establish large scale field nurseries to produce seedlings for
transplants (Stewart, 1986).
Success in establishing guayule from seed has been associated with daily
temperatures, between 10oC and 32oC; very shallow cover (3mm) with no soil packing;
and adequate surface moisture (Stewart, 1986). It is very crucial for direct seeding to
succeed to keep the soil surface moistened during the first week, facilitating germination
and emergence (Fangmeier et al., 1984). Rawlins (1986) concluded that for direct seeded
guayule, the cost of seed is relatively small, and the cost of temporary irrigation
equipment is large. For Bucks et al. (1983), seeding methods and irrigation practices were
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not a problem, and poor survival of seedlings was due to the effects of other factors such
as rain and diseases.
According to Tingey and Clifford (1946), a direct-seeded guayule field at 12 to18
months of age was comparable to a similarly spaced field of transplants. The yield of one
cultivar (593) could actually be doubled by increasing the plant population in a directseeded field. These authors reported transplant rubber yields at 12 to 18 months, were
only slightly higher than comparably aged direct-seeded plants.
Ferraris (1986) compared seeding rates for transplanted and direct seeded
guayule, with target populations of 23,000 plants/ha and 500,000 plants/ha, respectively.
However, the seeding rates of for transplanted and direct-seeded fields, respective, was
0.06 kg/ha and 3.30 kg/ha. Under these conditions direct seeding required over 50 times
as much seed as a transplanted crop, but yields were projected to be much higher in the
direct seeded stands.
GUAYULE SEED
The seed
An achene, a one seeded fruit in which the pericarp remains indehiscent and dry,
is habitually called a seed in guayule (Taylor, 1946). As described above, what is thought
of as the seed is really the achene complex including the remnants of the pistillate rayfloret, staminate disc-florets and a bract that remains attached when the achene is released
into the environment. Consequently, in this dissertation threshed seed means the achene
without the other floral parts (McGinnies and Mills, 1980). The seed/achene itself is
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partially covered with short hairs, and measures about 2.5 mm in length and 1.8 mm in
width (Lloyd, 1911).
Guayule seed is normally dispersed by shattering (Whitworth & Whitehead,
1991), and the arrangement of the achene complex has adaptations for dissemination by
either wind or water. The achene complex is thin, light, and aero dynamic in shape, and
thus may serve as wings or help in floating (Lloyd, 1911). Guayule seeds are small, with
approximately 1,000 seeds per gram (Fangmeier et al., 1984).
A few terms need to be defined when referring to guayule seed (Taylor, 1946):
“filled”, refers to seeds which contain an apparently complete live or dead embryo;
“viable”, refers to seeds containing live embryos, even though some or all may be in a
state of dormancy; and “germinable” applies to seeds that will promptly germinate under
favorable conditions of temperature, moisture, light, and aeration.
Seed filling is influenced by genetic irregularities in the reproductive process as
well as plant age, cultural and climatic conditions (Taylor, 1946). Temperature, for
example, if too high, causes injury to the pollen and thus prevents the formation of filled
seed. In addition, under greenhouse conditions with high daily temperatures of 42oC to
47oC and night temperatures around 32oC, seed produced were uniformly unfilled
(McGinnies and Mills, 1980). Night temperatures between 19oC and 24oC produced
better quality seed when compared to temperatures between 27oC and 32oC (Whitehead
and Mitchell, 1943)
A higher proportion of filled seed is produced in spring and autumn (Fangmeier et
al., 1984), with the proportion of filled seed ranging from 0 to 70%, and most commonly
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between 20 and 45% (Hammod and Polhamus, 1965). Lloyd (1911) reported that in a
cultivated field, plants with well-developed seed heads had from less than 5% to 25%
filled seed. If irrigated, the percentage of filled seed can increase to 35%, with the best
results obtained from the first flowering period. In Arizona during hot summer months
seeds are poorly filled and of low quality (Fangmeier et al., 1984). The flowering season
can be extended by irrigation, but high summer temperatures increase the number of
poorly filled seed, suggesting that the highest quality seed will be obtained from spring to
early summer and the autumn flowering periods (Rubis, 1980).
To understand the germinative process, it is very important to define the terms
involved. Basra (1994) defined seed viability as “the property of the seed that, under
favorable conditions for germination, enables it to germinate”. Based on this definition,
the percentage of seed capable of germination is a quantitative measure of the viability of
a seed lot, which is an essential prerequisite to evaluate the value of the seed for
commercial purposes (ISTA, 1976). Germination is “the emergence and development
from the seed embryo of those essential structures in which, for the kinds of seed in
question, are indicative of the ability to produce a normal plant under favorable
conditions” (ISTA, 1976). In general, germination and viability are terms that can be used
synonymously, and in both seedlings are generated as a result of the germinative process.
Thus, the mean germination obtained within a prescribed period during favorable
conditions can be used to describe the quality of a seed lot (AOSA, 1983).
An important factor to be considered when testing germination is the conditions in
which the seeds are germinated. Chandra and Bucks (1986), tested optimum germination

31

temperatures for guayule seed found that between 15 and 30oC, 100% of seed
germinated, and temperatures higher than 34oC germination was inhibited. Fangmeier et
al. (1984) found that the best germination occurred at temperatures between 21oC to
32oC, and Ojeda and Trione (1990) found that high temperatures affected the early stage
of the germinative process, damaging the embryo.
The germinative process of guayule seed germinating at 20oC has the following
phases: a 40 hour imbibition phase; a 35 hour stationary phase; followed by the visible
germination and radicle protrusion (Ojeda and Trione, 1990). A series of factors are
capable of affecting germination in guayule, including high light intensities, moisture
levels, and pH (Taylor, 1946; Fangmeier et al., 1984)). If stored properly, age does not
appear to affect germination. For example, in Israel, a 20 year-old seed lot had 90%
germination (NAS, 1977).
Perry (1973), cited in AOSA (1983), defined seed vigor as “a physiological
property determined by the genotype and modified by the environment, which governs
the ability of a seed to produce a seedling rapidly in soil, and the extent to which the
seeds tolerates a range of environment factors.” Vigor tests provide the seed analyst
information about the potential field performance of a seed lot, based on a reproducibility
of results that can be easily interpreted. Vigor tests have many practical uses, among
them the study of the effects of seed production, harvesting, conditioning and storage on
seed quality (AOSA, 1983). Thus, vigor tests are used to support germination test results
and provide a more sensitive index of seed quality (McDonald, 1980).
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According to Chandra and Bucks (1986), due to its viability and vigor
characteristics, especially for fresh guayule seed lots, no germination test can accurately
predict planting quality, but germination tests can be very informative when correlated
with vigor tests. These tests provide a more sensitive index of seed quality and a
consistent ranking of seed lots in terms of potential performance. They are objective,
economically practical, and reproducible (Basra, 1994). Several vigor tests, such as fresh
and dry seedling weight, germination and emergence rates, electrical conductivity,
tetrazolium, and cold tests, are found to be effective (AOSA, 1983). When used as a
complement to each other, germination and vigor tests are very informative about the
quality of a seed lot.
Harvest, cleaning and separation of seed
Harvesting guayule seed is difficult because of indeterminate flowering, thus the
seed on a plant may be of many different maturity levels. Wind and rain can also interfere
with the timing of seed harvest and cause mature seed to shatter (Fangmeier et al., 1984).
Approximately one pound of cleaned seed per acre can be expected from a stand of 7,500
plants (McGinnies and Mills, 1980).
Seed harvested by hand is favored when collecting small quantities (Taylor and
Benedict, 1950). One method frequently used is an aluminum pan slipped under the plant,
and the seed brushed from the plant by gently tapping with a paddle or by ruffling the
flower stems between the palms of the hands. For large plants a shallow wooden box can
be placed on the ground underneath the plant and the flowers ruffled by hand. During the
ERP, approximately 180,000 pounds of guayule seed were collected, mostly by hand,
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which was more efficient than the mechanical means tried. Not until 1943 was a seed
harvester developed that proved to be quite successful, and in that year more than half of
the seed crop was harvested mechanically (McGinnies, 1975).
Attempts have been made to facilitate mechanical harvesting of guayule seed. Ray
et al. (1983) tested the effects of hedging guayule plants to promote more uniform seed
production. It has also been proposed that seed be harvested from one-year-old
commercial crops before a full canopy is developed, allowing for more efficient
harvesters and easy access to seed on the ground (Ferraris, 1986).
After harvest, threshing seed is the first step in seed cleaning. Threshing is usually
accomplished by a gentle rubbing action using a seed huller or a scarifier, and many
threshing machines are available based on this principle (Fangmeier et al., 1984).
Unthreshed guayule seed in places with high humidity rapidly lost viability after three
years, but if sealed, viability was prolonged to more than 10 years (McGinnies and Mills,
1980).
Seed cleaning in guayule consists of removing stems, leaves, sand, clusters of
sterile florets, insects and weed seeds. Furthermore, separation and removal of empty
seed are part of the cleaning process (McGinnies and Mills, 1980). Gravity separation
greatly improved the percentage of filled seed retained, but the best separation used lower
specific gravity liquids such as pentane (Benedict and Robinson, 1946). A seed blower
can also be used to remove seed from light trash (Rominger, 1982). Another set of
researchers tested two methods to separate high germination seed: a conventional
pneumatic column, based on terminal velocities of fractions of various proportions; and a

34

magnetic fluid, based on absorption of an aqueous ferro-magnetic lignosulfonate fluid by
certain fractions of guayule seed and chaff mixture. Air column separation was efficient
for desirable purity and germination levels but with extensive loss of germinable seed,
and the magnetic fluid results were inconclusive (Berlage et al., 1986).
Rubis (1984) successfully cleaned guayule seed using a seed separator (Fanning
Mill), a gravity cleaner, and a South Dakota Blower. The seed blower could perform a
satisfactory separation of chaff and empty seed from filled seed (Emparan, 1954). Other
equipment used for cleaning and separation of guayule seed, are a clipper office tester, a
Burrows seed blower, and a hand testing screen set (Lowman, 1975). In short, a range of
seed cleaning equipment has been tested, and an efficient seed cleaning and threshing
method might involve the following steps: a power driven shaken screen to remove
coarse debris such as leaves and steams; a vibrating clipper with a three screen riddle that
separates oversize material, clusters of disk florets, seed, and fine trash; a thresher
consisting of a conical rubber-covered rotor turning inside a rubber-lined drum which
separates the floral parts from the seed; and a gravity separator with proper adjustment of
air, shaking speed and pitch, and the separation of chaff, empty seed and dust from filled
seed, particles of stems and leaves, and gravel (Stewart and Hendersen, 1986).
Two procedures used by McGinnies and Mills (1980) for determining filled seed
were cutting seed to observe internal structures, and the use of acetone. The acetone
method consists of pouring acetone in a small beaker; the specific gravity and low surface
tension permit the filled seeds to sink and unfilled seeds to float. The unfilled seeds are
then discarded. More recently, an X-ray technique was used (Jorge and Ray, 2005) which
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proved to be an efficient method of discriminating seed with well developed internal
structures (filled seed) from unfilled seed. This technique will be discussed in further
detail in Appendix A.
Hammond and Polhamus (1965) found that guayule seed dried promptly after
harvest to 4% moisture and stored in sealed metal drums maintained full viability up to
16 years in storage. Similarly, McGinnies and Mills (1980) discussed that collected seed
should be air-dried to 6% to 10% moisture content for temporary storage and to avoid
molding or heating.
Dormancy and seed conditioning
Dormancy is when viable seeds are unable to germinate under favorable
conditions of water, temperature, and oxygen. Seed coat and embryo dormancy are the
two major classes of dormancy. Seed coat dormancy prevents germination by obstructing
water uptake or gas exchange, chemically inhibiting germination, or even acting as a
barrier to light reception by the embryo. Embryo dormancy restricts germination by
physiological deficiencies in either the embryo or cotyledons (Basra, 1994). Embryo
dormancy can be caused by either morphology (underdevelopment of the embryo) or
physiology (low permeability of inner tissues directly surrounding the embryo, such as
endosperm). Seed coat dormancy is either chemical or mechanical, characterized by
water impermeability or chemical or mechanical resistance in the seed coat. These two
types of dormancy can also be combined (Nikolaeva, 1969). In hot deserts the
percentage of plant species with dormant seeds is 84% compared with 39% in tropical
rain forests, and among all the vegetation, the majority of the plant species with dormant
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seeds have embryo dormancy (Gutterman, 2000). The agricultural limitations imposed
by seed dormancy are known, and strategies simulating the environment, such as light
and temperature, together with chemical treatment can be used to manipulate these seeds
(Cohn and Hilhorst, 2000).
Guayule seed can remain viable for many years; however, it is incapable of
germinating immediately after harvest and seed conditioning is needed to overcome
dormancy (McCallum, 1926). Benedict and Robinson (1946) described four factors
attributed to delaying germination of guayule seed: a period of embryo dormancy; an
impermeable seed coat; presence of the pericarp; and existence of substances inhibiting
germination derived from the sterile florets attached to the seed - in the native habitat
germination inhibitors present in guayule chaffs possibly prevents germination of seed
under adverse conditions. In its native habitat these inhibitors would be washed out with
the occurrence of rains allowing the seed to germinate (Naqvi and Hanson, 1982).
Dormancy prevents germination of freshly collected guayule seed (McGinnies,
1975). Embryo dormancy is not much of a problem because it disappears in about six
weeks after the seed ripens (McCallum, 1926), especially after exposure to sunlight
(Hammod, 1959). Embryo dormancy can also be broken by exposing seed in moist soil to
light for three to four days (Emparan and Tysdal, 1957), or by storage at 4oC in moist
sand or peat before scarification (Benedict and Robinson, 1946). Aeration and moisture
content of the seed also affects the persistence of seed coat dormancy (McGinnies and
Mills, 1980). According to Hammod and Polhamus (1965) seed coat dormancy can last
from six months to many years.
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Gibberellin (GA3) has been shown to efficiently substitute for light to break both
embryo and seed coat dormancy in guayule. The effects of GA3 are thought to be the
result of hormone enhancement of seed viability and vigor (Chandra and Bucks, 1986).
Embryo dormancy can be broken by soaking seeds in an aqueous solution (1,000 ppm) of
GA3 for six hours, or by exposing seed on moist soil to daylight for 22 days. GA3
increased emergence of non-dormant seeds under a 1/8 inch soil cover, but not at the
same depth with a sand cover (Hammod, 1959).
McCallum (1926) found that guayule seed given prolonged washing, followed by
soaking for several hours in a solution of calcium hypochlorite (CaOCl) would germinate
readily. He also showed that holding treated seed in a moist condition and spread in
shallow trays at warm temperatures just prior to sowing, increased the number of
emerged seedlings. This method was replaced by one in which hypochlorite-treated seed
was dried and stored, then remoistened and held at a favorable temperature (between
21oC to 24oC) for two to four days before sowing. Taylor and Benedict (1950) reported
that soaking in water for eight hours prior to washing with sodium hypochlorite (NaOCl)
was more beneficial to germination than using either process singly or using the two in
reverse. They concluded that soaking rendered the seed more responsive to the NaOCl.
McCallum (1926) investigated the effects of NaOCl on germination and
concluded that it not only acted as a disinfectant, but also oxidized and eliminated some
organic compound which inhibited germination. It was later shown that the NaOCloxidizing action was on the thin seed coat that normally inhibited oxygen uptake and
release of carbon dioxide.
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Rominger (1982) recommended soaking seed in water for one hour, followed by
soaking in a 0.5-1.0% NaOCl solution for 10 to 15 minutes. In another study Emparan
and Tysdal (1957) investigated the effects of light and NaOCl on the germination of
guayule seed and concluded that light and NaOCl have additive effects. They reported
that light effects were more pronounced during the first eight weeks after seed harvest.
NaOCl eliminates seed surface infestations, acting as a disinfectant to control the
heating produced by mold in pre-germinated or pre-sprouted seed (McGinnies and Mills,
1980). According to Naqvi and Hanson (1980), washing seed with water and treatment
with 0.5% NaOCl removed many phenolic compounds from the chaff, which could cause
a significant inhibition of germination and radicle growth.
The optimum concentration of NaOCl used to break dormancy was found to be
lower for older seed and higher for fresh seed (Naqvi and Hanson, 1980). Therefore, the
best seed treatment will depend on the age of the particular seed lot, and their standard
treatment was soaking in water followed by a NaOCl or CaOCl wash. They recommend
1% NaOCl for fresh seed, 0.5% NaOCl for six-month-old seed, and 0.25% NaOCl for
seed one-year-old. According to Fangmeier et al. (1984), to avoid damage to emerged
seedlings, such as burning the radicle, the NaOCl concentration sould be lowered and
followed by a longer wash.
Stewart and Hendersen (1986) investigated a combination of chemical treatments
to improve guayule seed germination: a combination of washing in water for eight hours;
soaking for two hours in GA3 (200 ppm); and either 1% NaOCl for fresh seed or 0.25%
NaOCl for one-year-old-seed. Under these conditions light was necessary for maximum
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germination. Tipton et al. (1981) suggested that a simple and efficient procedure to treat
guayule seed was: pre-soaking in water for 8 to 16 hours, followed by soaking in a
solution containing 0.5% NaOCl and 1% GA3 for two hours.
Patel et al. (1991) reported 96% germination when filled medium-sized guayule
seed were conditioned by soaking in water for eight hours followed by treatment in 1%
NaOCl solution for one hour and another 90-minute treatment in a solution containing
200 ppm GA3. Germination tests were carried out with 24 hour light exposure at 25oC.
When germination was performed without the NaOCl treatment, the germination
percentage was lowered to 92%.
Other treatments to enhance guayule germination have been reported. For
example, Hayman and Yokoyama (1990) used diethylaminoethyl-3,4dichlorophenylether (DCPTA), a growth regulator, to increase seed germination, and they
reported that biomass and survival rate of seedlings was increased. Chandra et al. (1983)
showed that with the manipulation of light and temperature, and the quality of freshly
harvested guayule seed was enhanced. Phytohormones CIDE F-1 and CIDE F-2 were
tested on germination of guayule seed, and a negative influence was observed when they
were applied during either the soaking or NaOCl treatment (Flores et al., 1986).
Another seed conditioning technique involves conditioning in a medium
containing polyethylene glycol (PEG), GA3, KNO3, and thiram (Chandra and Bucks,
1986). The authors investigated six concentrations of PEG – MW 8000 (5%, 10%, 15%,
20%, 25%, and 30%) and it was shown that osmotically stressed guayule seeds exhibited
high viability and vigor. In addition, the intrinsic viability and vigor characteristics of
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seed were well preserved under high osmotic stress. In another experiment, seed
conditioned with 30% PEG, 0.1% thiram, 10-3 M GA3, pH adjusted to 8.0 for 24 hours
and placed in an adaponite gel showed the highest emergence rate (Bucks et al., 1983).
In field tests, growth of pre-germinated seed, which was dried and then sown,
proved to be most promising (Foster et al., 1986). Outdoor sowings of pre-germinated
seed at Salinas showed better germination and emergence than non-pre-germinated seed
(Taylor, 1946). It was concluded that pre-germination improves emergence, and seeds
can be dried without losing viability (McGinnies and Mills, 1980). A later study in
Salinas, CA, showed that outdoor sowings with pre-germinated seed had markedly better
germination and emergence, especially whenever minimum temperatures were on
average between 11oC and 16oC (McGinnies and Mills, 1980).
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PRESENT STUDY
The dissertation research is presented as three manuscripts, each in a separate
appendix, and including methods, results, discussion, and conclusions for each study. The
following is a summary of the findings presented from the three appendices.
GERMINATION CHARACTERIZATION OF GUAYULE SEED BY MORPHOLOGY,
MASS, AND X-RAY ANALYSIS (APPENDIX A).
Seed quality is an important factor in guayule stand establishment and found to vary
greatly among seed lots. We hypothesized that this variation was due to the presence or
absence of internal structures (e.g., embryo and endosperm) within the seed. The
objective of this study was to characterize seed lots as to seed size, color and weight, and
then analyze the relationship between x-ray image pattern of each and germination
percentage. X-ray was used to discriminate between filled, partially filled, and unfilled
seed, and thus, the relationship between internal structures and seed viability. Two seed
sizes, 1.8 and 1.6 mm, of breeding line 11591 were separated into four color grades
(bright black, opaque black, gray and yellow). Seed were weighed and each category xrayed. Germination tests were then performed. Results showed that yellow and bright
black seed tended to be lighter in weight than gray and opaque black seed (referred as
darker seeds). It was possible to separate color grades by weight. In addition, germination
percentage was higher with heavier seed than with lighter seed. After separation by x-ray
and analysis of germination, results showed that filled seed had a higher germination
percentage than partially filled and unfilled seed. Data from the x-ray image patterns and
germination tests strongly suggest that the presence of internal structures plays a major
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role in germination of guayule seed. We concluded that x-ray could be used in seed lots
to improve the quality of guayule seed germination by separation of the filled seed from
unfilled or partially filled seed.
EVALUATION OF CONDITIONING TREATMENTS ON GERMINATION OF
GUAYULE SEED (APPENDIX B).
Stand establishment via direct seeding has been ineffectual because of problems
with seed germination. Seed dormancy has been theorized as one of the main reasons for
low germination rates. Seed coat and embryo dormancy have both been described, and
special seed treatments, such as physical and chemical conditioning, have been devised to
overcome the problem. However, the treatments described in the literature have not been
as effective as expected. The objective of this study was to compare and evaluate the
effects of eight conditioning treatments and one non-treated control on the germination
percentage and emergence percentage, rate and seedling weight of guayule seed. Twoyear-old seed of lines AZ-101, AZ-3, and N9-3 were analyzed with x-ray to determine
the quality of each seed lot. The results showed differences in quality (defined as seeds
containing embryos as determined by x-ray analysis) among the three lines, however
there no differences were found in germination and emergence percentage and rate, and
seedling fresh weight among the eight treatments. These results suggest that seed quality
is of crucial importance, and that the conditioning treatments tested were not effective in
improving seed germination, emergence and seedling fresh weight.
QUALITY OF GUAYULE SEED SEPARATED BY PHYSICAL ATTRIBUTES
(APPENDIX C).
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Seed quality is essential for the success of stand establishment by direct-seeding,
and it has been found that germination among different seed lots differs greatly.
Different observed physical attributes of guayule seed among different seed lots include
size (diameter), color and weight. In order to determine the importance of each of these
attributes to seed quality, the objectives of this study was to separate guayule seed from
different seed lots by size and color and determine seed quality by germination
percentage and rate. X-ray analysis was used to separate seed as to whether they were
filled or unfilled, and this was correlated with the germination data. Six guayule breeding
lines were used in this study 11591, N565, AZ-2, AZ-3, AZ-4, and AZ-5, and each were
separated by size, color and weight. The highest quality seed were heavier in weight,
darker (gray and opaque black color grades) in color, and medium to small in size. The
highest germination percentages and rates were obtained with separation first by color
then by weight. Seed selected in this manner provide a uniform seed lot that will result in
better direct-seeded stands.
FUTURE WORK
These studies showed conclusively that seed quality was determined by whether
or not seed were filled. The obvious next experiments will involve the environmental
(soil type, temperature, and humidity) and cultural (spacing, fertilization, irrigation, and
insect pollination) factors involved in seed production. It is evident that once good seed
are produced, the germination and emergence rates will be adequate to allow for stand
establishment by direct seeding. With these data it may be possible to manipulate the
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environmental and cultural practices to generate higher quality and more uniform guayule
seed.
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GERMINATION CHARACTERIZATION OF GUAYULE SEED BY
MORPHOLOGY, MASS, AND X-RAY ANALYSIS
Marçal H. A. Jorge and Dennis T. Ray
Abstract
Guayule is a shrub native to north central Mexico and southwestern Texas, and is
economically important because it produces non-allergenic latex. Seed quality is an
important factor in guayule stand establishment and found to vary greatly among seed
lots. We hypothesized that this variation was due to the presence or absence of internal
structures (e.g., embryo and endosperm) within the seed. The objective of this study was
to characterize seed lots as to seed size, color and weight, and then analyze the
relationship between x-ray image pattern of each and germination percentage. X-ray was
used to discriminate between filled, partially filled, and unfilled seed, and thus, the
relationship between internal structures and seed viability. Two seed size classes, 1.8 and
1.6 mm, of breeding line 11591 were separated into four color grades (bright black,
opaque black, gray, and yellow). Seed were weighed and each category x-rayed.
Germination tests were then performed. Results showed that yellow and bright black seed
tended to be lighter in weight than gray and opaque black seed (referred as darker seeds).
It was possible to separate color grades by weight. In addition, germination percentage
was higher with heavier seed than with lighter seed. After separation by x-ray and
analysis of germination, results showed that filled seed had a higher germination
percentage than partially filled and unfilled seed. Data from the x-ray image patterns and
germination tests strongly suggest that the presence of internal structures plays a major
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role in germination of guayule seed. We concluded that x-ray could be used in seed lots
to improve the quality of guayule seed germination by separation of the filled seed from
unfilled or partially filled seed.
Keywords: Guayule; Seed germination; Seed quality; X-ray radiography; Seed color;
Parthenium argentatum Gray.
INTRODUCTION
Guayule (Parthenium argentatum Gray) is a non-allergenic latex producing shrub
native to the Chihuahuan desert of northcentral Mexico and southwestern Texas. This
shrub is important as a new alternative crop for arid and semi-arid regions of the United
States, Mexico, and other arid areas throughout the world (Thompson and Ray, 1989).
Guayule reproduction has been shown to be induced by long-days, flowering and
setting seeds continuously from late spring throughout the summer and into the fall when
soil moisture is available (Whitehead and Mitchell, 1943; Backhaus et al, 1989). The
guayule inflorescence is a compound flower, borne on heads with a common receptacle
(Artschwager, 1943). The flowers are both wind and insect pollinated (Mamood et al,
1988), and as the flower head matures, the disk florets disassociate from the achene
complex (Tipton et al, 1981). The mature achene (commonly called a seed) contains an
embryo and endosperm covered by both a true seed coat and an inner membrane
(Thompson and Ray, 1989).
The quality (germination percentage and rate) of guayule seed is important for
stand establishment, especially by direct-seeding (Foster and Moore, 1992). Large
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variation has been found in seed quality among seed lots. The differences in seed quality
might be due to the presence or absence of internal structures such as the embryo,
endosperm, and nutritive jacket (Esau, 1946).
X-ray has been used in other crops to discriminate between full (with internal
structures) and empty (without internal structures) seed, as well as the condition of the
internal structures if present (Foucat et al, 1993; Van der Burg et al, 1994; Craviotto et al,
2002). X-ray is a relatively fast, non-destructive technique that gives a reliable image of
the internal structures without affecting seed viability (Chavagnat, 1987). The objectives
of this study were to characterize seed lots as to size, color, and weight then correlate
these characteristics with germination and presence or absence of internal structures (xray image), and to correlate x-ray image with germination percentage.
MATERIALS AND METHODS
The study was conducted at the University of Arizona, Campus Agricultural
Center, in Tucson, Arizona, USA, using a 2-year-old seed lot of breeding line 11591 from
Phoenix, AZ, USA. Seed were harvested, threshed with sand paper (medium texture) and
initially cleaned with a Clipper Office Tester and Cleaner (Seedburo Equipment
Company, Chicago, IL, USA) using a combination of screens and air flow. In the
laboratory, an additional cleaning was performed to eliminate the remaining plant parts.
The original 11.5 g seed sample from Phoenix was first separated by size classes
using round hole, hand testing screens (2.8, 1.8, 1.6, 1.4, 1.3 and 1.1 mm in diameter).
The 2.8-mm-size class was characterized by seeds that passed through 2.8-mm sieve and
held by 1.8-mm sieve; the 1.8-mm-size class was characterized by seeds that passed
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through 1.8-mm sieve and held by 1.6-mm sieve; the 1.6-mm-size class was
characterized by seeds that passed through 1.6-mm sieve and held by 1.4-mm sieve; the
1.4-mm-size class was characterized by seeds that passed through 1.4-mm sieve and held
by 1.3-mm sieve; the 1.3-mm-size class was characterized by seeds that passed through
1.3-mm sieve and held by 1.1-mm sieve; and the 1.1-mm-size class was characterized by
seeds that passed through 1.1-mm sieve and held by the bottom tray. The 1.8 and 1.6 mm
screens yielded the greatest amount of seed, 6.9 and 2.1 grams, respectively, and were
used in the following experiments.
Within each size class, seed were visually separated into four color grades (bright
black, opaque black, gray and yellow) using a magnifying scope equipped with
fluorescent lights and confirmed by three individuals. Seed were then separated by
weight. One hundred seed of each color grade were weighed. Thus seed were categorized
by size, color, and weight.
Seed were prepared for x-ray image pattern analysis by placing them on x-ray
films using double-sided clear tape. The seed were exposed to radiation for 0.5 s using a
Faxitron 4380 5N (Hewlett Packard, Palo Alto, CA, USA) adjusted to 2.5 ma and 20 to
25 Kv. A similar device was used by Chavagnat and Le Lezec (1985) to study apple seed
(Malus pumila Mill.). In our study, the images were transferred from the cassette to a Fuji
Film System, model: FCR 5000 (Photo Film Company Co. Ltd., Tokyo, Japan) to convert
the images into a digital signal for electronic storage. The digital patterns, white, half
white/half dark, and dark represent filled, partially filled, and unfilled seed, respectively.
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Germination tests were modified from the standard germination test of AOSA
(1983) and performed for each seed category. Seed were pre-conditioned by soaking in
distilled water for 6 hours, treated with 1.5% sodium hypochloride solution for 2.5
minutes, and rinsed with distilled water. Seed were placed in petri dishes with two filter
papers and water added to a volume of 2.5 times the weight of the two filter papers. The
germinator was adjusted to 24 hours of fluorescent lights and a temperature of 25oC for a
period of 12 days.
The germination data was analyzed using a Chi-square analysis (ratio 0:0.5:1) to
determine whether there was a relationship between the patterns of the internal structures
and the germination behavior. The chi-square analysis was used separately for bright
black, gray, and opaque black seed. The yellow-seed group was excluded from this
analysis because none of the yellow seed germinated.
RESULTS AND DISCUSSION
Separation of seed by size screens revealed that size classes 1.8 and 1.6 mm
yielded the greatest amount of seed (Table A1). Approximately 18% of the seed lot came
from the 1.6-mm-size class and 60% from the 1.8-mm-size class. Previous experiments
showed that the germination percentage between these two size classes were not
significantly different.
The four color grades were obtained after visual separation (Fig. A1a) and the
respective weight and germination percentages for each color (Table A2). The reliability
of the separation was based on the ability of the analyses to distinguish colors and
separate seeds into a specific color group. In a seed lot of 348, 110 were opaque black,
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102 gray, 38 bright black, and 98 yellow. Seed in each color group were weighed. The
yellow and bright black seed weighed less than gray and opaque black seed (Table A2).
This indicates that color grades could be differentiated by weight, since color may be an
indication of either maturity or presence or absence of internal structures. Moreover, the
heavier seed had better germination percentages than lighter seed. Toukdarian et al.
(1983) cleaned guayule seed with the Clipper Office Tester and Cleaner and Oliver
Model-30 Gravity Separator and observed that seed germination averaged 80% for the
heaviest seed, 50% for intermediate seed, and only 10% for the lightest seed.
The x-ray technique has been used in dry seeds to discriminate between filled and
unfilled seed (Chavagnat, 1987), and in our experiments partially filled seed could also
be identified. With this technique, the presence or absence of internal structures in
guayule seed could be verified (Fig. A1b). The white color represented a pattern in which
internal structures reduces x-ray penetration. For the dark color patterns, the radiation
passed freely through the seed, consequently will not stain the cassette. X-ray image
patterns showed that yellow seeds were predominantly empty, and gray seed and opaque
black seed were predominantly filled (Fig. A1a and b and Table A3).
Data (Table A2) indicates that seed germination behaved differently by color
grades. The yellow and bright black seeds had lower germination percentages than the
gray and opaque black seeds. Gray and opaque-black seeds were not significantly
different. These data strongly suggest that yellow and bright black seeds can be discarded
after cleaning a seed lot.
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The relationship between x-ray image patterns and germination behavior within
each category was examined using chi-squared analysis (Table A4). These data supported
the hypothesis that differences in germination percentage were due to the absence or
presence of internal structures, with germination percentage lower in the unfilled and
partially filled seeds than the filled seed. This pattern was the same for color. Ranne et al.
(1986) and Foster and Fowler (2000) cleaned guayule seed with the same equipment used
in this experiment to separate the seeds into three quality classes depending on size,
weight, and amount of trash. The best quality seed were larger and heavier than second or
third quality seed and contained almost all dark black/green seed (Foster 2003, personal
communication). In his experiment, dark-colored seeds had greater germination
percentages than light, yellow-colored seed. When examined microscopically, the darkcolored seeds were filled, whereas the light-colored seeds were only partially filled or
empty. When unfilled seed and trash were separated by hand, the seed weight of third
quality seed was always significantly lower than either first or second quality seed, but
germination was not different. Thus, the main difference in the quality of different seed
lots was a result of unfilled seed and trash remaining after the cleaning process. This is
supported by our data (Table A4). These data strongly suggest that the presence of
internal structures plays a major role in germination of guayule seed.
Germination in a seed lot could be improved when the seeds classified as unfilled
could be removed before sowing. Benedict and Robinson (1946) supported this concept
by removing as many of the empty seed as possible to obtain seed lots with sufficiently
high germination percentages. Germination percentages of the seed lot (Tables A2 and
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A4) were increased significantly when unfilled seed were excluded. Rubis (1984) pointed
out that it is easier to obtain good clean seed when one is working with high quality,
heavy, or filled seed rather than light, poorly filled seeds. As discussed by Foster and
Moore (1992), for guayule to be commercialized, plant establishment costs with direct
seeding could be decreased. Without reliable seed quality this goal could be more
difficult to achieve. According to Bucks et al. (1986), methods for development of direct
seeding could reduce the cost of establishment compared with transplanting. To achieve
this, enhanced seed quality is crucial.
CONCLUSION
Seeds with different colors (and indirectly size) had a different proportion of filled
and unfilled seed. Filled seed had significantly higher germination than partially and
unfilled seed, as determined by x-ray analysis. Because the x-ray was efficient in
discriminating between seed with the internal structures required for seed viability, this
technique could be used to improve the quality of guayule seed lots.
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Table A1
Percentage of guayule seed found in each size class from the original seed lot.
Size class

Percentage of seed lot

2.8

17.4

1.8

60.0

1.6

18.3

1.4

3.5

1.3

1.4

1.1

0.4
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Table A2
Weight (g) of 100 seeds and germination percentage for each color grade (all seeds were
between 1.8 or 1.6 mm in diameter) of guayule seed.
Color grade

One hundred seed weight
(g)

Yellow

0.0621

Bright-black

0.0844

34.2 b

Gray

0.0930

81.4 a

Opaque-black

0.0980

80.9 a

a

Germination (%)
0.0 c a

Percentages followed by different letters are significantly different using Tukey mean separation
At the 5% level
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Table A3
Number of unfilled, partially filled and filled guayule seed within each color grade.
X-ray image pattern
Color grade

Unfilled

Partially filled

Filled

Total

Yellow

93

5

0

98

Bright-black

12

17

9

38

Gray

5

21

76

102

Opaque-black

4

30

76

110

75

Table A4
Guayule seed germination (%) grouped by x-ray image pattern and color grade and Chi-square goodness
of fit values (ratio 0:0.5:1).
.
Color grade

Yellow

X-ray image pattern

Germination (%)

Unfilled

0.0

Partially filled

0.0

Filled

0.0

Unfilled
Bright-black

Gray

23.5 b

Filled

88.9 a

52.4 b

Filled

94.7 a

X 2 =42.442
p-value<.001

0.0 c

Partially filled

70.0 b

Filled

89.4 a

X2 values are comparing x-ray image pattern and germination (%) for each color grade.
a

X 2 =18.369
p-value<.001

0.0 c

Partially filled

Unfilled
Opaque-black

0.0 c a

Partially filled

Unfilled

Chi-square

Percentages followed by different letters are significantly different using Tukey mean separation
at the 5% level

X 2 =22.873
p-value<.001
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Figure A1.
(a) Color grades of guayule seed as separated by three individuals; and (b) X-ray image
pattern of seed after being exposed to radiation.
a.

Yellow

Gray

b.

Filled

Partially filled

Unfilled

Opaque-black

Bright-Black
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EVALUATION OF CONDITIONING TREATMENTS ON GERMINATION OF
GUAYULE SEED
Marçal H. A. Jorge, Dennis T. Ray, and Michael A. Foster
Abstract
Guayule (Parthenium argentaum Gray), a latex producing shrub from northern
Mexico and southwestern Texas has been considered a viable alternative as a commercial
crop for arid lands throughout the world. Stand establishment via direct seeding has been
ineffectual because of problems with seed germination. Seed dormancy has been
theorized as one of the main reasons for low germination rates. Seed coat and embryo
dormancy have both been described, and special seed treatments, such as physical and
chemical conditioning, have been devised to overcome the problem. However, the
treatments described in the literature have not been as effective as expected. The
objective of this study was to compare and evaluate the effects of eight preconditioning
treatments and one non-treated control on the germination percentage, emergence
percentage, rate and seedling fresh weight. Two-year-old seed of lines AZ-101, AZ-3,
and N9-3 were analyzed with x-ray to determine the quality of each seed lot. The results
showed differences in quality (defined as seeds containing embryos as determined by xray analysis) among the three lines, however no differences were found in germination
and emergence percentage and rate, and seedling fresh weight among the eight
treatments. These results suggest that seed quality is of crucial importance, and that the
conditioning treatments tested were not effective in improving seed germination,
emergence, and seedling fresh weight.
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Keywords: Guayule; New crops; Seed quality; Seed conditioning; Direct seeding;
Parthenium argentatum Gray.
INTRODUCTION
Guayule is native to the semi-arid regions of the Chihuahua Desert in northern
Mexico and southwestern Texas (Lloyd, 1911; McCallum, 1926). Guayule (Parthenium
argentatum Gray) is a perennial shrub (Rollins, 1950) with adaptations for growth in
warm semi-arid regions (Downes, 1986; Nix, 1986), and is currently being cultivated
successfully in different parts of the world as a potential non-allergenic rubber crop (Nix,
1986; Carey et al., 1995).
Stand establishment is of primary importance for field production of any crop, but
it has been a challenge for guayule growers and researchers to obtain satisfactory stands
utilizing direct-seeding (Foster and Coffelt, 2005). Seed dormancy is one reason that has
been suggested to explain this stand establishment problem in guayule (Benedict and
Robinson, 1946; Naqvi, 1985). For guayule, two types of seed dormancy have been
reported - an embryo dormancy, and a seed coat dormancy (Benedict and Robinson,
1946). Naqvi (1985) suggested a special seed treatment to overcome both types of
dormancy, allowing guayule seed to germinate properly, thus obtaining the best field
emergence possible.
Embryo dormancy generally lasts only two months after the seed has been
harvested, and is thought to be broken naturally by light exposure (Hammod, 1959), but
Naqvi and Hanson (1980) have also used gibberellin (GA3) to help overcome embryo
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dormancy. Seed coat dormancy can be broken by mechanical processes during seed
separation and cleaning procedures, for instance, threshing. McGinnies and Mills (1980)
found that threshing the seed caused a substantial proportion to become germinal, and the
dormancy of the remainder disappeared in a matter of months. Seed coat dormancy can
also be broken chemically by oxidizing agents (Benedict and Robinson, 1946) such as
sodium hypochlorite – NaOCl (McGinnies, 1975). In general it can be said that dormancy
of guayule seed is a greater problem when first harvested, than in seed lots older than six
months.
Conditioning treatments described in the literature to enhance seed germination in
guayule, use a wide variety of solutions and concentrations (Taylor and Benedict, 1950;
Hammod, 1959; Naqvi and Hanson, 1980; Rominger, 1982; Chandra and Bucks, 1986a;
Hayman and Yokoyama, 1990). For example, according to Taylor and Benedict (1950),
soaking in water for eight hours prior to washing with NaOCl could be more beneficial to
germination than using either process singly or using the two in reverse. They concluded
that soaking rendered the seed more responsive to the NaOCl. On the other hand,
Chandra and Bucks (1986b) used a solution containing PEG, KNO3, GA3, and Thiram
[(dimethylthiocarbamoyldisulfanyl)-N,N-dimethyl-thioformamide], but their
investigations centered on PEG effects, testing concentrations from 5% to 30%. They
concluded that some seed had the potential to overcome osmotic stress but others could
not, and it could be understood as the intrinsic vigor of the embryo. It was shown that
osmotically stressed guayule seeds exhibited high viability and vigor. In addition, the
intrinsic viability and vigor characteristics of the seed were well preserved under this

81

kind of stress. These same authors (Chandra and Bucks, 1986a) tested the effects of
Thiram, Terrachlor, Metalaxyl, Benlate, and Captan (N-trichlorometylmercapto-4cyclohexene-12-dicarboximide), and concluded that in order to control fungal infestation,
a fungicide, in optimum amounts, should be incorporated in the seed conditioning
medium.
In preliminary studies (Jorge and Ray, unpublished results), found that seed
quality varied within and among seed lots when tested in germination and emergence
tests. It was during these tests that we began to question the effectiveness of seed
conditioning treatments. Our preliminary data showed germination and emergence did
not appear to be influenced by seed conditioning, but depended on seed age and quality.
However we felt that even in older seed lots where the two types of dormancy were
absent or weakly present, conditioning might improve germination and emergence by
simply providing uniformity of growth, thus reducing the time of exposure to unfavorable
environmental conditions.
Guayule seed conditioning treatments are being used by growers and researchers
to improve germination and to get desirable stands. Therefore, the objective of this study
was to compare and evaluate the effects of eight preconditioning treatments and a nontreated control on germination percentage, emergence percentage, rate and seedling fresh
weight.
MATERIALS AND METHODS
The study was conducted at the University of Arizona, Campus Agricultural
Center in Tucson, Arizona, in 2005 using seed (botanically achenes, but will be referred
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to as seed throughout this paper as it is among guayule workers) produced at the USDAARS Water Conservation Laboratory in Phoenix, Arizona, in 2002. In these studies, three
guayule germplasm lines were chosen, AZ-101, AZ-3, and N9-3. For each line and
treatment, 75 seed were separated for germination tests and 25 seed for emergence tests.
Three replications were used in each test.
The treatments (T) were: T1 – no conditioning; T2 - soaking in water for 5-6 hrs;
T3 – 2.5% sodium hypochlorite (NaOCl) wash for 2.5 minutes, followed by a water
rinse; T4 - soaking in water for 5-6 hrs followed by 2.5% NaOCl wash for 2.5 minutes,
followed by a water rinse; T5 - soaking in a solution containing 0.0450 grams (g) of
giberellin (GA3) for 5-6 hrs; T6 - soaking in a solution containing 0.6499 g of KNO3 for
5-6 hrs; T7 - soaking in a solution containing 0.0450 g of GA3 and 0.6499 g of KNO3 for
5-6 hrs; T8 - soaking in a solution containing 0.0060 g of Captan for 5-6 hrs; and T9 soaking in a solution containing 25% by weight PEG 8000, 0.5 mg/ml KNO3, 10-4M
GA3, and 0.1% Thiram for 4 days.
Seed were pre-cleaned using a clipper cleaner and additional cleaning performed
using hand screens. Only darker seeds which have been shown to be heavier and having a
higher probability of containing viable internal structures essential for germination (Jorge
and Ray, 2005) were used. The separation of darker seed was performed using a
magnifying scope equipped with lights. For accurate color separation, a chroma meter
(Model CR-200, Minivolta Camera Company, Ltd., Osaka 541, Japan) was used to
discriminate the color properties (hue, value, and chroma) of the selected seeds. This
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device was calibrated based on the Munsell Color Chart (Chamberlin and Chamberlin,
1980).
Samples from each line were x-rayed, as in Jorge and Ray (2005), with a
specimen x-ray machine (Model MX-20, Faxitron X-Ray Corporation, Wheeling, Illinois
60090) to give additional information about the seed quality of each seed lot.
Throughout this paper, three terms will be used when referring to guayule seed quality.
First, “filled-seed” refers to seed which contain an embryo (live or dead). Second,
“viable-seed” refers to seed containing live embryos, even though some or all may be in a
state of dormancy. Third, “germinable-seed”, applies to seeds that will promptly
germinate under favorable conditions of temperature, moisture, light, and air (Taylor,
1946).
Seed separation and conditioning were followed by germination and emergence
tests. The germination procedures were modified from the standard germination test of
AOSA (1983), according to Jorge and Ray (2005). Emergence tests were performed
using plastic trays filled with a substrate composed of a mix of 65% potting soil and 35%
sand in an acclimatized greenhouse. This proportion was shown to give the highest
emergence in previous experiments. Trays were watered once a day and, if needed, twice
a day to keep the substrate properly moistened for optimum emergence. High and low
day and night temperatures were recorded every day during the emergence period. The
average low and high temperatures during the emergence period were, respectively, 9 oC
and 15 oC for days (average of 11oC), and 33 oC and 39 oC for nights (average of 35oC).
The fresh weights of seedlings were taken after emergence percentage and rate were
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calculated. The germination and emergence data were analyzed by a Tukey test at 5%
probability using JMP IN 4.0 (Academic Statistical Software, Belmont, CA 94002).
Due to its viability and vigor characteristics, no germination test can accurately
predict planting quality, but it can be very informative when considered with other tests
focusing on quality, such as vigor tests (Chandra and Bucks, 1986b). In this study,
germination and emergence rates (GR and ER, respectively) were measured by the
following formula from Maguirre (1962):
GR or ER = (E1/D1 + E2/D2 + … + Ef/Df); where E1, E2, …, Ef are the number
of germinated seeds or emerged seedlings in the first, second, …, and final day of
counting, and D1, D2, …, Df are the days after planting date in the first, second, …, and
final day of counting.
RESULTS AND DISCUSSION
The color grades after the initial separation were gray, opaque black, and bright
black, and the color property readings of Hue, Value and Chroma from the Chroma meter
were, respectively: gray 3.2Y, 4.1/, and 1.5; opaque black 3.4, 3.6/, and 1.2; and bright
black 3.2, 3.4/, and 1.4.
X-ray-analysis (Table B1) showed that the presence of internal structures, filled
seed, varied for each seed lot. The number of filled seeds were higher (P value= 0.05) for
AZ-3 than for AZ-101 and N9-3, and no difference was observed for partially filled seeds
among lines even though there was a tendency for AZ-3 and N9-3 to have a higher
number of filled and partially filled seed than AZ-101.
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Germination varied among lines (Table B2). Germination rate index and
germination percentages (4 DAP) were higher for N9-3 than AZ-3, and AZ-3 was higher
than AZ-101. Germination rates and germination percentages at 10 DAP were higher for
N9-3 than the other two lines, AZ-3 and AZ-101, which were not different from each
other. This pattern correlates well with the results from the x-ray analysis (Table B1).
Jorge and Ray (2005) also showed that a greater percentage of filled seed provided
greater germination percentages and rates. This comparison shows that the lines behaved
according to their seed quality, and because of this treatments were compared separately
within each line.
There were no differences in germination percentage, index, and rate among the
nine treatments at both 4 and 10 DAP, except for AZ-101 T9, which was lower than the
other treatments for germination percentage at 10 DAP. No differences were found
among treatments for emergence percentage at 4, 10, and 16 DAP, and rate (Table B3).
Some treatments tended towards higher values for emergence rate (T2, T3, T4, T7, and
T9), and germination percentage at 16 DAP (T1, T3, T4, and T7), but no statistical
differences were found.
The results for emergence were the same as for the germination tests discussed
above. Therefore, the results for both the germination and emergence tests can best be
predicted by knowing the seed quality, as demonstrated by the x-ray data (Table B1). In
summary, treatments had no effect on germination and emergence, and seed lot quality
explained observed differences among lines.
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There were no differences for fresh weight among treatments, although T2, T5,
T6, and T9 tended to show greater values (Table B4). Among lines, AZ-101 was
significantly different from AZ-3 and N9-3.
In these studies dormancy was not considered a limiting factor since the seed used
was from seed lots older than 2 years (McGinnies, 1975). In all tests and for all
treatments the number of germinated seed and emerged seedlings were proportionally
very close to the number of filled seed (Table B1). Another factor is that once the seed
were prepared for germination and emergence tests, water, light, and favorable
temperature were given to all the treatments as part of the procedures whether the seed
were conditioned or not. These three elements could be responsible for breaking any
remaining dormancy that could exist (AOSA, 1983).
According to Fangmeier et al. (1984), the best seed treatment depends upon the
particular seed lot. Each seed lot expresses different attributes and consequently
variations in viability and vigor. Some lots will respond positively to specific
conditioning, and others will be stressed by the same treatment. In the case of AZ-3 and
N9-3, the tendency for higher germination and emergence values, as well as for seedling
fresh weight, correlated with seed lot quality. It was observed during the germination
experiments that T9 (Peg + KNO3 + GA3 + Thiram) always was first to germinate.
However, the other treatments were able to catch up and, and thus no differences were
observed.
CONCLUSION
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In these studies, none of the treatments increased germination or emergence
percentage over the control. There were differences noted among the three lines, but
these were due to differences in the quality of each original seed lot as determined by
x-ray analysis. Initial seed quality was found in these studies to be the determining
factor in whether or not seed germinated or emerged, rather than the different seed
conditioning treatments. Determination of why seeds fill diferentially in guayule is
the next important area to be investigated, but until this is understood, seed lots
should be regularly tested to predict the number of seed necessary for acceptable
stand establishment. Simplified conditioning treatments should continue to be used to
allow seed to completely express their viability and vigor.
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Table B1
Percentage of filled, partially filled, and unfilled guayule seed, as determined by
x-ray analysis for three germplasm lines.
Filled
Partially
Unfilled
Germplasm line (%)
filled (%) (%)
a
AZ-101
38 b
4a
58 a
AZ-3
65 a
6a
29 b
N9-3
48 b
5a
47 a
a
Numbers within columns followed by the same letter are
not different at the 0.05 level of probability.
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Table B2
Germination rate and germination percentage of guayule seed for eight conditioning
treatments and a non-treated control for three germplasm lines.

a

Line –
Treatment
AZ-101-T1a
AZ-101-T2
AZ-101-T3
AZ-101-T4
AZ-101-T5
AZ-101-T6
AZ-101-T7
AZ-101-T8
AZ-101-T9
AZ-3-T1
AZ-3-T2
AZ-3-T3
AZ-3-T4
AZ-3-T5
AZ-3-T6
AZ-3-T7
AZ-3-T8
AZ-3-T9
N9-3-T1
N9-3-T2
N9-3-T3
N9-3-T4
N9-3-T5
N9-3-T6
N9-3-T7
N9-3-T8
N9-3-T9

Germination
rate indexb
5.91
ad
6.20
a
7.04
a
4.80
a
5.53
a Cc
8.44
a
4.96
a
6.15
a
5.56
a
5.54
a
5.46
a
6.81
a
8.29
a
9.10
a B
7.30
a
7.78
a
5.42
a
9.19
a
8.31
a
9.00
a
8.35
a
7.01
a
7.61
a A
8.85
a
8.41
a
8.63
a
10.19 a

4 DAP
24
36
43
25
32
47
24
35
33
21
28
40
55
53
33
49
28
55
55
53
52
43
48
57
55
51
60

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

C

B

A

10 DAP
53
43
51
37
40
64
40
48
33
53
47
45
64
63
64
55
43
57
67
67
55
51
59
69
59
61
64

a
a
a
a
a
a
a
a
b
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

B

B

A

Treatments (T): T1 – no conditioning; T2 - soaking in water for 5-6 hrs; T3 – 2.5% sodium
hypochlorite (NaOCl) wash for 2.5 minutes, followed by a water rinse; T4 - soaking in water for 5-6
hrs followed by 2.5% NaOCl wash for 2.5 minutes, followed by a water rinse; T5 - soaking in a
solution containing 0.0450 grams (g) of giberellin (GA3) for 5-6 hrs; T6 - soaking in a solution
containing 0.6499 g of KNO3 for 5-6 hrs; T7 - soaking in a solution containing 0.0450 g of GA3 and
0.6499 g of KNO3 for 5-6 hrs; T8 - soaking in a solution containing 0.0060 g of Captan for 5-6 hrs;
and T9 - soaking in a solution containing 25% by weight PEG 8000, 0.5 mg/ml KNO3, 10-4M GA3,
and 0.1% Thiram for 4 days.
b

Germination rate (GR) was measured as following: GR = (E1/D1 + E2/D2 + … + Ef/Df); where E1,
E2, …, Ef are the number of germinated seeds in the first, second, …, and final day of counting, and
D1, D2, …, Df are the days after planting date in the first, second, …, and final day of counting.
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c

Values within a column followed by a common uppercase letter, and for each variety,

d

values within a column followed by a common lowercase letter, do not differ significantly at the 0.05
probability level.

.
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Table B3
Emergence percentage and rate of guayule seed after treatment for three germplasm lines.
Variety
AZ101-T1a
AZ-101-T2
AZ-101-T3
AZ-101-T4
AZ-101-T5
AZ-101-T6
AZ-101-T7
AZ-101-T8
AZ-101-T9
AZ-3-T1
AZ-3-T2
AZ-3-T3
AZ-3-T4
AZ-3-T5
AZ-3-T6
AZ-3-T7
AZ-3-T8
AZ-3-T9
N9-3-T1
N9-3-T2
N9-3-T3
N9-3-T4
N9-3-T5
N9-3-T6
N9-3-T7
N9-3-T8
N9-3-T9

Emergence
rate indexb
4 DAP
d
1.82 A
7
2.12 a
7
0.77 a
0
1.51 a
0
c
A
0.62 a
4
0.67 a
0
1.17 a
0
1.28 a
4
7
2.14 a
0.75 a
0
0.96 a
0
2.38 a
3
1.97 a
0
A
1.57 a
0
1.57 a
0
1.44 a
0
1.47 a
5
1.97 a
3
1.26 a
3
1.10 a
0
2.45 a
3
3.15 a
3
A
1.34 a
3
1.47 a
0
2.72 a
6
1.10 a
0
2.43 a
11

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

A

A

A

10 DAP
19
11
11
22
7
15
15
11
22
8
10
26
26
26
21
21
13
15
19
17
31
42
22
22
33
14
28

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

B

A

A

a

16 DAP
26
19
15
26
7
15
26
15
22
18
18
44
36
31
28
31
28
28
22
22
44
56
22
25
36
22
31

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

Treatments (T): T1 – no conditioning; T2 - soaking in water for 5-6 hrs; T3 – 2.5% sodium hypochlorite
(NaOCl) wash for 2.5 minutes, followed by a water rinse; T4 - soaking in water for 5-6 hrs followed by
2.5% NaOCl wash for 2.5 minutes, followed by a water rinse; T5 - soaking in a solution containing 0.0450
grams (g) of giberellin (GA3) for 5-6 hrs; T6 - soaking in a solution containing 0.6499 g of KNO3 for 5-6
hrs; T7 - soaking in a solution containing 0.0450 g of GA3 and 0.6499 g of KNO3 for 5-6 hrs; T8 - soaking
in a solution containing 0.0060 g of Captan for 5-6 hrs; and T9 - soaking in a solution containing 25% by
weight PEG 8000, 0.5 mg/ml KNO3, 10-4M GA3, and 0.1% Thiram for 4 days. bEmergence rate (ER) was
measured as following: ER = (E1/D1 + E2/D2 + … + Ef/Df); where E1, E2, …, Ef are the number of
emerged seedlings in the first, second, …, and final day of counting, and D1, D2, …, Df are the days after
planting date in the first, second, …, and final day of counting.
c

Values within a column followed by a common uppercase letter, and for each line,

B

A

A
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d

values within a column followed by a common lowercase letter, do not differ significantly at the 0.05
probability level.
.
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Table B4
Fresh weight (fr. w.) of guayule seedlings from emergence tests performed under
greenhouse conditions in Tucson, Arizona, in 2005.
fr. w. /
Line
seedl.
Line
fr. w. / seedl.
Line
fr. w. / seedl.
AZ-101-T1a 0.0048 ac
AZ-3-T1 0.0111
a
N9-3-T1 0.0257
a
AZ-101-T2
0.0071 a
AZ-3-T2 0.0253
a
N9-3-T2 0.0178
a
AZ-101-T3
0.0011 a
AZ-3-T3 0.0225
a
N9-3-T3 0.0139
a
AZ-101-T4
0.0184 a
AZ-3-T4 0.0231
a
N9-3-T4 0.0173
a
b
AZ-101-T5
0.0193 a B AZ-3-T5 0.0162
a A N9-3-T5 0.0074
a A
AZ-101-T6
0.0240 a
AZ-3-T6 0.0232
a
N9-3-T6 0.0056
a
AZ-101-T7
0.0087 a
AZ-3-T7 0.0063
a
N9-3-T7 0.0171
a
AZ-101-T8
0.0033 a
AZ-3-T8 0.0231
a
N9-3-T8 0.0035
b
AZ-3-T9 0.0267
a
N9-3-T9 0.0192
a
AZ-101-T9
0.0012 a
a
Treatments (T): T1 – no conditioning; T2 - soaking in water for 5-6 hrs; T3 – 2.5% sodium hypochlorite
(NaOCl) wash for 2.5 minutes, followed by a water rinse; T4 - soaking in water for 5-6 hrs followed by
2.5% NaOCl wash for 2.5 minutes, followed by a water rinse; T5 - soaking in a solution containing 0.0450
grams (g) of giberellin (GA3) for 5-6 hrs; T6 - soaking in a solution containing 0.6499 g of KNO3 for 5-6
hrs; T7 - soaking in a solution containing 0.0450 g of GA3 and 0.6499 g of KNO3 for 5-6 hrs; T8 - soaking
in a solution containing 0.0060 g of Captan for 5-6 hrs; and T9 - soaking in a solution containing 25% by
weight PEG 8000, 0.5 mg/ml KNO3, 10-4M GA3, and 0.1% Thiram for 4 days.
b
c

Values within a row followed by a common uppercase letter, for each line, and

values within a column followed by a common lowercase letter, do not differ significantly at the 0.05
probability level.
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QUALITY OF GUAYULE SEED SEPARATED BY PHYSICAL ATTRIBUTES
Marçal H. A. Jorge and Dennis T. Ray
Abstract
Guayule (Parthenium argentatum Gray) is being developed as a new commercial
crop for arid and semi-arid regions. Stand establishment is an important factor in any
crop and at the present time direct-seeding is being evaluated as an alternative to
establishment by means of transplants for guayule. Seed quality is essential for the
success of stand establishment by direct-seeding, and it has been found that germination
differs greatly among and within different seed lots. Different observed physical
attributes of guayule seed among different seed lots include size (diameter), color and
weight. In order to determine the importance of each of these attributes to seed quality,
the objectives of this study was to separate guayule seed from different seed lots by size
and color and determine seed quality by germination percentage and rate. X-ray analysis
was used to separate seed as to whether they were filled or unfilled, and this was
correlated with the germination data. Six guayule breeding lines were used in this study
11591, N565, AZ-2, AZ-3, AZ-4, and AZ-5, and each were separated by size, color, and
weight. The highest quality seed were heavier in weight, darker (opaque black and gray
color grades) in color, and medium to small in size. The highest germination percentages
and rates were obtained with separation first by color then by weight. Seed selected in
this manner provide a uniform seed lot that will result in better direct-seeded stands.
Keywords: Guayule; New crops; Seed quality; Seed size, Seed color; Direct seeding;
Parthenium argentatum Gray; X-ray analysis.
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INTRODUCTION
Guayule (Parthenium argentaum Gray) has been an alternative rubber producing
crop since 1888 when the New York Belting and Packing Company fist extracted and
used guayule rubber for their products (McGinnies, 1978). In 1910 guayule rubber
production reached its maximum of 24% of the total rubber used in the U.S. (Bonner,
1991). The Great Depression forced guayule rubber production to cease until the
Emergency Rubber Project of World War II, when substantial amounts of rubber were
again needed (Nix, 1986). Guayule production has experienced significant ups and
downs, and is presently on an up swing because of high import costs of natural rubber
and latex allergy to Hevea latex (Ray and Thompson, 1989; Ray et al., 2005; Cornish et
al., 2005).
Guayule is being developed for cultivation in arid and semi-arid regions due to its
natural adaptations to these environments, and thus is becoming an alternative crop in the
northern area of Mexico and southwestern area of the U.S. Presently guayule stands are
established using seedlings developed in nurseries or greenhouses (Whitworth and
Whitehead, 1991; Foster and Coffelt, 2005), however, in order to reduce costs and make
guayule production more economical, efforts are being made to establish fields by direct
seeding (Foster and Moore, 1992; Foster and Coffelt, 2005).
A major problem in field establishment by direct-seeding is poor quality of
different seed lots. Several authors have suggested that guayule seed germinates poorly
due to inner seed coat and/or embryo dormancy (McCallum, 1926; Benedict and
Robinson, 1946; Naqvi, 1985; Chandra and Bucks, 1986). However, seed dormancy in
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guayule seems to be broken naturally in about six weeks (McCallum, 1926), or
artificially by treating seed with light (Emparan and Tysdal, 1957; Hammod, 1959),
threshing (Naqvi and Hanson, 1982), and/or by washing with water and sodium
hypochloride (NaOCl) (Chandra and Bucks, 1986).
Guayule seed are small, with a very large number produced by an individual plant
(Stewart and Hendersen, 1986), but on average only 25% to 30% of the seed are collected
because of the indeterminate flowering pattern found in guayule (McGinnies and Mills,
1980). Guayule seed vary significantly in size, color, and weight, which may explain the
observed differences in seed viability and vigor found within and between different seed
lots. In 1946, Benedict and Robinson found that guayule seed weight increased in relation
to percentage filled seed, and this trend was confirmed by Jorge and Ray (2005). Jorge
and Ray (2005) separated seed by color and weight, used x-ray to determine whether or
not seed were filled, partially filled, or unfilled, and found that heavier and darker seed
were predominately filled, and had the highest germination percentages. Mitchell et al.
(1944) found that larger seeds showed the highest germination percentage, the smallest
size showed the lowest germination percentage, and medium size an intermediate
percentage.
McDonald and Copeland (1997) stated that seed germination is one of the few
measures of the physiological quality of seed in a seed lot, and is directly affected by
seed viability and vigor. Stewart et al. (1986) stated that an increase in guayule seed
quality and seedling vigor are needed to reduce inputs for field establishment, and that
germination studies are essential to this research. In this study, germination percentage
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and rate tests were determined for seed lots separated by size and color attributes, and xray analysis was used to correlate these attributes with whether or not the seed are filled.
MATERIALS AND METHODS
The study was carried out in Tucson, AZ, at the University of Arizona, Campus
Agricultural Center, using seed provided by the U.S. Water Conservation Laboratory,
USDA-ARS, in Phoenix, AZ. Six guayule lines were chosen, 11591, N565, AZ-2, AZ-3,
AZ-4, and AZ-5, and for each line seeds were separated by size and color (Table C1). All
lines were harvested during the spring of the respective year of harvest. Each size and
color category was analyzed for germination percentage, rate, and x-ray image pattern.
Seed were first pre-cleaned using a Clipper Cleaner, with additional cleaning
performed using hand screens. The separation by size classes was done using seven
different round holed screens (2.8, 1.8, 1.6, 1.4, 1.3, 1.1 and 1.0 mm in diameter). The
2.8-mm-size class was characterized by seeds that passed through 2.8-mm sieve and held
by 1.8-mm sieve; the 1.8-mm-size class was characterized by seeds that passed through
1.8-mm sieve and held by 1.6-mm sieve; the 1.6-mm-size class was characterized by
seeds that passed through 1.6-mm sieve and held by 1.4-mm sieve; the 1.4-mm-size class
was characterized by seeds that passed through 1.4-mm sieve and held by 1.3-mm sieve;
the 1.3-mm-size class was characterized by seeds that passed through 1.3-mm sieve and
held by 1.1-mm sieve; and the 1.1-mm-size class was characterized by seeds that passed
through 1.1-mm sieve and held by the bottom tray. The separation by color was
performed visually and seed were separated into four grades (bright-black, opaque-black,
gray, and yellow) using a magnifying scope equipped with lights. For accurate color
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separation, a chroma meter (Model CR-200, Minivolta Camera Company, Ltd., Osaka
541, Japan) was used to discriminate the color properties (Hue, Value, and Chroma) of
the different colors. This device was calibrated based on the Munsell Color Chart
(Chamberlin and Chamberlin, 1980). The color property readings of Hue, Value, and
Chroma for each color grade were, respectively: yellow 1.4Y, 5.4/, and 2.8; gray 3.2Y,
4.1/, and 1.5; opaque black 3.4, 3.6/, and 1.2; and bright black 3.2, 3.4/, and 1.4. Weight
measurements were executed using a precision balance.
Within each separation class, 100 seed were selected for further evaluation,
divided into four 25 seed replications, and x-rayed using a Specimen x-ray machine
(Model MX-20, Faxitron X-Ray Corporation, Wheeling, Illinois 60090). After being xrayed, germination percentage and rate tests were performed. The germination procedures
were modified from the standard germination test of AOSA (1983), as described in Jorge
and Ray (2005). Germination rate (GR) was determined by the following formula from
Maguirre (1962):
GR = (E1/D1 + E2/D2 + … + Ef/Df)
where E1, E2, …, Ef are the number of germinated seeds in the first, second, …, and
final day of counting, and D1, D2, …, Df are the days after planting, for “f” days.
The germination data were analyzed by mean separation comparisons (Tukey test,
5% probability), using JMP 5.1 (Academic Statistical Software, Belmont, CA 94002).
Germination data were compared to the x-ray image pattern to find relationships between
germination percentage and rate and whether or not the seed are filled.
RESULTS AND DISCUSSION
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The fewest seed were found in the extreme seed size classes for all seed lots
(Table C1). We did not find 100 seed in the 2.8-mm-size class for AZ-2 and AZ-3, in the
1.1-mm-size class for 11591, AZ-2, AZ-3, and AZ-5, and the 1.0-mm-size class for all
lines (Table C1). It appeared that for these extreme classes most of the weight was
represented by floral parts that were difficult to separate in the pre-cleaning process. The
number of seed in each of the classes was counted and color separation performed. The
1.6 and 1.4 mm size classes had the highest percentage of seed, and largest number of
darker seeds.
The number of seed in each size class was separated by color grade (Table C2).
Except for AZ-2 and AZ-3, all lines showed greater amount of opaque-black seeds in the
medium and smaller size seeds. The same trend was observed for gray seeds for N565,
11591, AZ-3, and AZ-5. Yellow seeds were present in greater numbers in the larger size
classes. There were not many bright-black seed observed, but there were greater numbers
of these in the 1.4 and 1.3 mm classes for lines AZ-3, AZ-4, and AZ-5. These results
showed that in a seed lot separated first by size, the proportion of darker seeds is
significantly higher for medium and small sized seed.
Benedict and Robinson (1946) found that seed weight increased in relation to
percentage filled seed and suggested that filled and unfilled seed weighed 0.0022g and
0.0014g respectively, under their experimental conditions. In this study larger seed were
generally heavier than smaller seed, but often the smaller seed classes weighed more
because they had a greater proportion of filled seed (Table C3). There were observed
differences in mean seed weight among lines, with N565 and 11591 having a higher
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mean seed weight than AZ-2 (Table C3). In each size class the greatest number of seed
was found to be unfilled. The number of filled seed was shown to be significantly greater
in the smaller seed sizes (Table C2) and agrees with a previous study (Jorge and Ray,
2005), in which smaller, darker (opaque black and gray color grades), but heavier seed
were found to be predominately filled. The number of partially filled seed was not
significantly different between the three lines. Guayule seed filing can be influenced by
genetic irregularities, the reproductive process, and climate during seed development
(Taylor, 1946). In Arizona, high temperatures can cause injury to the pollen preventing
seed filling (D. T. Ray, unpublished data). Whitehead and Mitchell (1943) reported that
increased seed weight was associated with soil fertility, and heavier seed have a higher
percentage containing mature embryos.
Germination percentages were different among lines at four and eight days after
planting (Table C4). N565 and AZ-5 had the highest germination percentages for both
dates, especially for 1.4, 1.3, and 1.1 mm size classes; 11591, AZ-3, and AZ-4 had
intermediate percentages; and AZ-2 the lowest germination percentages. For germination
rate, N565 germinated at the fastest rate, followed by AZ-5; with 11591, AZ-3, and AZ-4
intermediate in rate; and AZ-2 had the lowest germination rate. The 2.8 and 1.8 mm size
classes tended to have lower germination percentages and rates in N565, 11591, and AZ4 (Table C4). Mitchell et al. (1944) found that the largest guayule seed in their study had
the highest germination percentage, medium-sized seed an intermediate percentage, and
the smallest seed the lowest germination percentage. Our study (Tables C2, C3, and C4)
matched very well with the largest sized seed having the greatest proportion of yellow
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and unfilled seeds, and lower germination percentages. Results (Tables C2, C3, and C4)
showed that heavier, darker (opaque black and gray color grades), and medium to small
size seed are of better quality, and separation for only the largest size seed may not be
indicative of the entire seed lot.
Seed were next separated by color first, then evaluated for weight, size and
whether or not they were filled (Tables C5 and C6), to evaluate whether color is a better
separator for quality than size. Gray and opaque-black seed were heavier than yellow
and bright-black seed for all lines, and gray and opaque-black seed had a higher
proportion of filled seed than for the yellow and bright-black seed (Table C5). Lines
11591 and AZ-5 had significantly heavier seed. These data (Table C5) support the results
presented in Tables C2, C3 and C4, in which heavier seed are characterized by well
developed internal structures responsible for greater seed weight, and as was found by
Jorge and Ray (2005). The number of unfilled seed was significantly higher for yellow
and bright black seeds, and internal structures in these seed were not well developed
(Table C5). However, it appears that separating by color first gave a higher proportion of
filled seed than when separation was first by size. It can be seen (Tables C2, C3, and C4)
that good quality seed are present in most of the size classes, but mainly in the 1.6, 1.4,
1.3, and 1.1 mm size classes. It appears that separation by seed color (Tables C5 and C6)
is a much better means to separate good quality filled seed from unfilled seed.
Germination percentage, at four and eight days after planting, and germination
rate showed that gray and opaque-black seed are of better quality than yellow or brightblack seed (Table C6), and these results correspond with what was seen in Table C5.
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Jorge and Ray (2005) found that better quality seed are predominately filled, and
consequently had greater germination percentage and rates. In addition, there were
differences among lines for germination percentage at four and eight days after planting,
and for germination rates (Table C6).
Both seed color and shape need to be considered when evaluating the quality of a
seed lot. However, higher germination percentages and rates were obtained with
separation first by color and then by size. Color was a more efficient separator for seed
quality, and then within the opaque-black and gray color grades the best quality seed
were the heavier seed. This separation sequence will provide a more uniform seed lot,
allowing for better uniformity if used in direct seeding.
CONCLUSION
A satisfactory relationship was found between heavier and filled seeds, showing
higher germination percentages and rates. As demonstrated in Jorge and Ray (2005), xray analysis is a powerful tool to help determine the quality of guayule seed lots. In
general, medium and smaller seed sizes were characterized by greater amount of gray and
opaque black seeds, and these sizes showed greater amounts of filled seeds, and
consequently better germination percentages and rates. Seed quality plays an important
role in obtaining better stands, and seed color and weight are the most important
separators.
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Table C1
Percentage of pre-cleaned seed separated by size from each guayule seed lot.
_____________________________________________________
Linesa and location collected
_____________________________________________________
N565
11591
AZ-2
AZ-3
AZ-4
AZ-5
b
MAC 99
MAC 98 MAC 99 MAC 02 MAC 99 MAC 99
__________________________________________________________________
Size classes (mm)
__________________________________________________________________
2.8
1.4
4.6
1.1
1.6
3.7
2.4
1.8
10.3
14.5
11.8
5.4
15.2
19.1
1.6
38.5
53.4
50.0
55.8
33.2
54.6
1.4
26.8
18.3
23.6
23.3
19.3
13.1
1.3
12.8
6.1
8.1
8.5
14.3
6.4
1.1
6.7
2.3
3.8
3.9
13.8
3.2
1.0
3.5
0.8
1.6
1.5
0.5
1.2
__________________________________________________________________
a

Seeds were pre-cleaned at the USDA-ARS Water Conservation Laboratory in Phoenix, AZ.

b

Location, MAC, Maricopa Agricultural Center, and year collected.
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Table C2
Number of guayule seeds in each color grade per size class (100 seeds).
BrightOpaqueSize classes (mm)
black
black
Gray
Yellow
2.8
0 a Ca
9 cB
6 cB
85 a A
1.8
0 aC
8 cB
7 cB
85 a A
1.6
0 aC
26 b B
12 b B
62 b A
N565
1.4
0 aC
14 b B
19 b B
67 a A
1.3
0 aC
29 b B
46 a A
25 c B
1.1
0 aC
61 a A
15 b B
24 c B
2.8
0 aB
1 cB
2 cB
97 a A
1.8
1 aC
7 cB
12 b B
81 b A
1.6
0 aC
19 b B
22 a B
59 c A
11591
1.4
0 aD
57 a A
11 bc C
32 d B
1.3
0 aD
62 a A
13 ab C
25 d B
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
1.8
0 aD
8 aC
34 a B
58 b A
1.6
1 aC
4 ab C
32 a B
63 ab A
AZ-2
1.4
0 aC
3 ab C
29 a B
68 ab A
1.3
1 aC
1 bC
24 a B
74 a A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
1.8
2 ab B
5 aB
43 ab A
50 a A
1.6
4 ab C
5 aC
36 ab B
55 a A
AZ-3
1.4
1 bD
11 a C
33 b B
55 a A
1.3
9 aC
10 a C
51 a A
30 a B
N/A
N/A
N/A
N/A
N/A
2.8
0 cD
7 bC
15 a B
78 a A
1.8
3 cC
4 bC
21 a B
72 a A
1.6
3 cC
8 bC
21 a B
68 ab A
AZ-4
1.4
33 b A
14 ab B
14 a B
39 bc A
1.3
63 a A
12 ab B
15 a B
10 c B
1.1
8 cC
21 a B
15 a B
56 ab A
2.8
0 bC
4 bc C
26 bc B
70 ab A
1.8
0 bC
0 cC
20 c B
80 a A
1.6
0 bC
9 abc B
44 ab A
47 bc A
AZ-5
1.4
5 aD
11 ab CD
54 a A
30 c B
1.3
1 bD
15 a C
55 a A
29 c B
N/A
N/A
N/A
N/A
N/A
a
Values within a row followed by a common uppercase letter, and for each line, values within
Lines

a column followed by a common lowercase letter, do not differ significantly at the 0.05
probability level.
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Table C3
Weight (g) of 100 seed and the number of filled, partially filled, and unfilled guayule seeds in each size class.
Lines

N565

0.0524 aa

11591

0.0807 a

AZ-2

0.0394 c

AZ-3

0.0472 bc

AZ-4

AZ-5

a

Mean weight (g) per line

0.0389 abc

0.0580 ab

Size classes (mm)
2.8
1.8
1.6
1.4
1.3
1.1
2.8
1.8
1.6
1.4
1.3
N/A
1.8
1.6
1.4
1.3
N/A
1.8
1.6
1.4
1.3
2.8
1.8
1.6
1.4
1.3
1.1
2.8
1.8
1.6
1.4
1.3

Weight (g) per size class
0.0564 a
0.0578 a
0.0550 a
0.0481 b
0.0542 a
0.0431 b
0.0860 d
0.0924 a
0.0832 ab
0.0758 bc
0.0662 c
N/A
0.0499 a
0.0422 ab
0.0354 b
0.0301 b
N/A
0.0560 a
0.0453 ab
0.0437 b
0.0440 b
0.0453 ab
0.0495 a
0.0413 abc
0.0348 bc
0.0314 c
0.0316 c
0.0560 ab
0.0557 ab
0.0641 a
0.0601 ab
0.0543 b

Filled
8c
5c
26 b
24 b
65 a
59 a
2c
15 c
36 b
57 a
60 a
N/A
8 bc
6c
12 ab
14 a
N/A
44 a
25 b
27 b
43 a
2c
8 bc
14 abc
19 abc
21 ab
32 a
19 b
8b
42 a
54 a
44 a

Partially filled
4a
2a
2a
5a
6a
9a
3b
1b
8a
7a
6 ab
N/A
18 a
8 bc
11 ab
2c
N/A
8a
7a
4a
7a
9 ab
14 ab
12 ab
11 ab
7b
22 a
5a
8a
7a
7a
12 a

Unfilled
88 ab
93 a
72 b
71 b
29 c
32 c
95 a
84 a
56 b
36 c
34 c
N/A
74 a
86 a
77 a
84 a
N/A
48 b
68 a
69 a
50 b
89 a
78 a
74 a
70 a
72 a
46 b
76 a
84 a
51 b
39 b
44 b

values within a column followed by a common lowercase letter, do not differ significantly at the 0.05 probability level.
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Table C4
Germination percentages of guayule seed at 4 and 8 days after planting (DAP) and rates
for each size class.
Lines

N565

11591

AZ-2

AZ-3

AZ-4

AZ-5

a

Size classes (mm)
2.8
1.8
1.6
1.4
1.3
1.1
2.8
1.8
1.6
1.4
1.3
N/A
1.8
1.6
1.4
1.3
N/A
1.8
1.6
1.4
1.3
2.8
1.8
1.6
1.4
1.3
1.1
2.8
1.8
1.6
1.4
1.3
N/A

4 DAP

8 DAP

Germination ratea

9
5
22
30
66
52
0
9
27
39
31
N/A
12
16
15
13
N/A
42
17
24
34
6
12
16
17
16
31
22
12
43
40
42
N/A

13
5
23
30
69
54
0
12
27
46
37
N/A
13
18
17
15
N/A
46
23
28
41
7
13
21
22
22
43
22
13
43
55
43
N/A

1.94
0.96
4.67
7.13
15.44
12.46
0.00
2.06
4.71
6.17
5.31
N/A
1.94
3.05
2.46
2.03
N/A
6.21
3.01
3.84
4.98
1.25
2.43
3.06
2.93
3.01
5.48
4.21
2.67
8.15
10.02
8.05
N/A

Mean germination rate

7.10 ab

3.65 bc

1.90 c

3.61 bc

3.03 bc

6.62 ab

Germination rate GR was calculated as following: GR = (E1/D1 + E2/D2 + … + Ef/Df); where E1, E2,
…, Ef are the number of germinated seeds in the first, second, …, and final day of counting, and D1, D2,
…, Df are the days after planting date in the first, second, …, and final day of counting.
b

Values within a column followed by a common lowercase letter do not differ significantly at the 0.05
probability level.
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Table C5
Weight (g) of 100 guayule seeds and percentage of filled, partially filled, and unfilled seeds for each color grade.
Lines
N565

11591

AZ-2

AZ-3

AZ-4

AZ-5
a

Mean weight (g)
per line
0.0536 aba

0.0851 a

0.0456 ab

0.0495 ab

0.0444 b

0.0636 a

Color grades
Yellow
Gray
Opaque-black
Bright-black
Yellow
Gray
Opaque-black
Bright-black
Yellow
Gray
Opaque-black
Bright-black
Yellow
Gray
Opaque-black
Bright-black
Yellow
Gray
Opaque-black
Bright-black
Yellow
Gray
Opaque-black
Bright-black

Filled
1 c
90 a
85 a
25 b
0 b
89 a
89 a
0 b
0 c
22 b
51 a
4 bc
0 c
49 a
53 a
12 b
0 b
31 a
28 a
34 a
0 c
65 a
81 a
20 b

Partially filled
1 a
3 a
4 a
4 a
0 b
7 ab
9 a
0 b
0 c
24 a
21 ab
14 b
0 b
17 a
15 a
13 a
1 c
22 b
36 a
14 b
0 b
13 a
8 ab
15 a

Unfilled
98 a
7 c
11 c
71 b
100 a
4 b
2 b
0 b
100 a
54 b
28 c
82 a
100 a
34 c
32 c
75 b
99 a
47 bc
36 c
52 b
100 a
22 c
11 c
65 b

values within a column followed by a common lowercase letter, do not differ significantly at the 0.05

probability level.
N/A

Weight of 100 seed (g) per
color
0.0408 b
0.0639 a
0.0624 a
0.0476 b
0.0698 b
0.0941 a
0.0915 a
N/A
0.0359 b
0.0508 a
0.0574 a
0.0384 b
0.0328 c
0.0598 ab
0.0607 a
0.0448 bc
0.0399 ab
0.0482 ab
0.0530 a
0.0368 b
0.0464 b
0.0765 a
0.0787 a
0.0528 b

no seeds to work with in this category.
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Table C6
Germination percentages of guayule seed at 4 and 8 days after planting (DAP) and rates
for each color grade.
Lines
N565

11591

AZ-2

AZ-3

AZ-4

AZ-5
a

Color grades
Yellow
Gray
Opaque- black
Bright-black
Yellow
Gray
Opaque- black
Bright-black
Yellow
Gray
Opaque- black
Bright-black
Yellow
Gray
Opaque- black
Bright-black
Yellow
Gray
Opaque- black
Bright-black
Yellow
Gray
Opaque- black
Bright-black

4 DAP
0
74
78
19
0
55
61
0
0
36
51
3
0
47
49
9
0
31
48
31
0
59
72
20

8 DAP
0
82
82
22
0
63
69
0
0
36
55
6
0
57
53
9
0
35
55
31
0
71
73
23

Germination ratea
0.00
15.16
15.49
3.52
0.00
7.93
8.57
0.00
0.00
4.09
6.59
0.45
0.00
5.59
5.52
1.01
0.00
4.33
6.17
3.46
0.00
7.55
9.44
2.72

Mean germination rate
8.54 ab

4.12 ab

2.78 b

3.03 b

3.49 b

4.93 ab

Germination rate was as following: GR = (E1/D1 + E2/D2 + … + Ef/Df); where E1, E2, …, Ef are the
number of germinated seeds in the first, second, …, and final day of counting, and D1, D2, …, Df are the
days after planting date in the first, second, …, and final day of counting.
b
Values within a column followed by a common uppercase letter do not differ significantly at the 0.05
probability level.

