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ABSTRACT

Salinity usually reduces plant growth in terms of height and biomass, but can 

increase secondary metabolite production. This frequently reported observation in 

guayule (Parthenium argentatum Gray, Asteraceae) was investigated for possible 

mechanisms.

Osmotic and specific ion effects of four chloride salts (CaCl2, MgCl2, KCl, and 

NaCl) on leaf anatomical and plant physiological parameters were studied. One-year-old 

plants of guayule line AZ 2 were grown under two salt concentrations (750 ppm and 

1500 ppm) for each salt type (plus a control) in sand culture (semi-hydroponic) for eight 

weeks under controlled greenhouse conditions in Tucson, Arizona.

Growth in height decreased with increasing salt concentration. Shoot dry weight, 

rubber, and resin contents, however, showed no significant differences between 

treatments, indicating no effect from either salt concentration or salt type. There was a 

trend for increasing rubber content with increasing salt concentration, although not 

statistically significant. At the same time, net CO2 gas exchange rates decreased 

significantly with increasing salinity.

With increasing salt concentration, guayule showed osmotic effects in terms of 

height, indicating a lower hydraulic conductivity. Although plants of higher salt 

concentrations utilized significantly less water, they had the same shoot dry weights, 

rubber, and resin contents. Salt-stressed plants therefore achieved higher water use 

efficiencies. The diurnal net CO2 gas exchange rates and the leaf temperatures were 
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significantly reduced with increasing salinity; the nocturnal net CO2 gas exchange rates 

showed no significant difference between the treatments.

Anatomically, it was found that the stomata were raised or elevated above the 

epidermis, and supported by upwardly curving cells. When guayule was grown under salt 

treatments, the trichomes were found to include deposits of material. Trichomes might act 

as a detoxification repository for excess ions. Although the physiological significance of 

raised stomata is unknown, it is hypothesized that the unique combination of raised 

stomata, indumentum, and multiple layers of palisade parenchyma allows for an overall 

high photosynthetic capacity and performance. During stress conditions such as salinity 

or drought, guayule might activate an internal CO2 concentrating mechanism, i.e., 

bicarbonate/CO2 pump, internal CO2 recycling, or PEP carboxylation activity.
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1. A PRELUDE TO GUAYULE

1.1. Early use of guayule

Native Americans of present-day north central Mexico and the southwestern USA

have known of guayule (Parthenium argentatum Gray, Asteraceae) and its rubber-

producing potential for several centuries , and perhaps thousands of years. According to 

historical and ethnobotanical accounts, the exact derivation of the common name 

‘guayule’ is not exactly determined and thus remains rather speculative, most likely 

derived from the Aztec language. The name ‘guayule’ may have come from ‘quauh-olli’

meaning ‘wild rubber’ (Seler 1905 cited in Endlich 1907) or ‘huah-qui-olli’ meaning ‘dry 

rubber’ (Endlich 1905). 

Similar speculations surround the possible uses of guayule by Native Americans. 

There are no medicinal applications or edible uses for guayule reported in traditional 

accounts (Castetter and Opler 1936) and ethnobotanical literature (Moerman 1998). The 

fresh leaves of a close relative to guayule—mariola (P. incanum Kunth, Asteraceae)—is 

documented as an ingredient for the preparation of a coffee beverage (Moerman 1998).

Native Americans of northern Mexico and the southwestern USA are known to 

have played games with small rubber balls, probably made from guayule (Jumelle 1903

cited in Lloyd 1911). The bark of wild-crafted guayule was chewed to crush the cells 

until coagulated rubber was formed (McIntyre et al. 2001, Ross 1908). Lloyd reports that 

two balls of rubber were excavated in 1909 from prehistoric Salt River Valley ruins at an 

archaeological site near Sasco, Arizona. Barnes (1960) places the former railroad town of 
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Sasco near Red Rock, which is located in the Santa Cruz Valley. It was speculated that 

the rubber for these balls originated from guayule; this has not been tested, however.

In his 1911 publication of the Carnegie Institution of Washington, Lloyd 

describes the early use of guayule as “primitive” and in “out of the way places”. He calls 

the people “the country peon of Mexico”. Although Lloyd libels people, habitat, and 

plant uses of guayule in Mexico, he recognizes at the same time a “great deal of 

resourcefulness in the use of many plants” and an overall altruistic lifestyle of “the 

country peon of Mexico” that provided later European-American generations with a

resource of natural rubber. While Native Americans enjoyed this unique desert resource 

for leisure activities, natural rubber has today become an important industrial resource for 

aircraft tire production, non-allergenic latex products (Cornish 1996), and many more 

applications (Nakayama 2005). 

 

1.2. Ecophysiology

The Chihuahuan Desert is the native habitat of guayule. This North American 

desert covers a total area of approximately 500,000 km2 in northern Mexico and the

southwestern United States, ranging in elevations between 600 and 2000 meters (Mares 

1999). The Chihuahuan Desert, where temperatures can exceed 40oC and drop below 

0oC, receives its mean annual precipitation of 200 to 300 mm predominantly during the 

summer months. In this region, eighty percent of the geologic and resulting edaphic 

composition is limestone which was secreted by marine organisms millions of years ago, 

forming highly calcareous soils. Caliche, a layer of hardened calcium carbonate, is 
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commonly found in the alluvial, often saline or alkaline soils of playas. The predominant 

topography is the ‘Basin and Range Formation’—NNW to SSE oriented fault-block

ranges separating wide, alluvial valleys. Colloquially known as ‘sky islands’, these 

mountain ranges resemble islands which appear to have been lifted up from the wide 

desert floor (Crowley and Link 1989, Imhoff 2003). This particular landform is 

characteristic of the lack of external drainage in the valleys, which results in landforms 

such as playas (shallow saline lakes) and bolsons (basins or flat valleys with no outlet).

While Ross (1908) estimated the scattered occurrence of guayule on only 75,000 

km2 of the Chihuahuan Desert, the survey of the Emergency Guayule Research Project 

during World War II reported the occurrence of guayule in patches on 330,000 km2

(Office of Arid Lands Studies 1975). The latter, however, might have been an 

overestimation due to the taxonomic confusion of guayule with its close relative mariola.

An updated ecological assessment of guayule in its native habitat might be an urgently 

needed task in the 21st century to determine the present distribution and fitness of native 

stands (Figure 1.1).

The most influential factors controlling occurrence, distribution, and fitness of 

guayule are temperature, geology, soils, and geography. Guayule is a perennial 

xerophytic shrub associated with calcium-rich, coarse, loose, permeable soils growing on 

bajadas and hillsides and in soils with distinct aridity and high content of limestone (Ross 

1908). Guayule also grows in rock outcrops and crevices, while it cannot be found in

plains and basins which usually show both high and low temperature extremes and are 

prone to inundation during summer rains. Interestingly, Lloyd (1911) observes that 
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Figure 1.1. Distribution of native guayule in Mexico and the USA. (After Jenkins 
1946, cited by West et al. 1991; also see Foster et al. 1991).
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mariola grows abundantly on playas in the Chihuahuan Desert, while guayule avoids 

areas with excessive soil water, acidity, and salinity. The avoidance of plains and basins 

might also be due to temperature extremes usually found in playas. According to Ross 

(1908), the altitudinal limitations of guayule range between 900 and 1700 meters, with 

guayule being absent above 1900 meters due to freezing winter temperatures (Endlich 

1905). Hammond (1948), however, reports seed collections of native guayule from 2050 

meters. Overall, these peculiar ecological preferences might explain the irregular and 

disconnected distribution area of guayule in its native habitat (Figure 1.1). At the same 

time, this disjunct distribution may provide for a high number of subspecies and genetic 

variation from which to select potential cultivars.

1.3. Etymology and nomenclature of Parthenium argentatum Gray

In 1753, Carl von Linné based his choice of Parthenium for the genus name on 

two plant collections (Figure 1.2): Parthenium hysterophorus from Jamaica and P. 

integrifolium from Virginia (Linné 1753). Reasons for his particular word choice are

unreported. Etymological research on this genus appears not to have been attempted. 

Plant names often illuminate characteristics or peculiarities of a specimen. We can only 

speculate about Linné’s word choice.

Etymologically, the word ‘Parthenium’ is derived from the Greek word 

’η παρθένα’ (modern Greek) or ’η παρθένος’ (ancient Greek) meaning ‘virgin’ (Pons 

1997). The word also has a geographic origin. An abrupt and steep promontory named 

Cape Fiolente exists on the southwest end of the Crimea peninsula in the Ukraine. In 
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Figure 1.2. Parthenium hysterophorus L. (left) and P. integrifolium L. (right). The 
two species on which Carl von Linné based the genus name in 1753. (Line 
drawings from Britton and Brown 1913).
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ancient times, this geographic feature was named Parthenium because the temple of 

Artemis—the Parthenium—crowned this promontory. Artemis, the daughter of Zeus and 

Leto, was revered as the virgin goddess. She was depicted in artworks as the virgin 

huntress, the power of nature, and the ideal of austere maiden beauty (Wikipedia 2004). 

The temple was built for her worship and reverence. Both promontory and temple were 

named ‘Parthenium’.

There are two possible reasons that Carl von Linné might have chosen the genus 

name of ‘Parthenium’. Parthenium may be derived from the Greek word for ‘virgin’, 

perhaps in reference to apomixis, the development of seeds without fertilization, which is 

present in many species of this genus. The name Parthenium may also refer to the temple 

towering a steep promontory in reference to the appearance of flower stalks as the 

prominent or protuberant parts of many species of this genus.

According to the pertinent literature, apomixis was not known in 1753 when 

Linné named this genus. In fact, apomixis was first observed in 1839 at the Botanical 

Garden in London (Becker 1993) when a dioecious euphorbia Alchornea ilicifolia (Js. 

Sm.) Müll. Arg. from Australia produced seeds, although only female plants were 

brought to England (Smith 1841 cited in Asker and Jerling 1992). In spite of Linné’s 

rather prescient and expressive word choice for the genus Parthenium, it was another 

hundred years before apomixis was detected in guayule. The discovery was made during 

the Emergency Guayule Research Project in the 1940s when apomixis was determined to 

be the reason for the lack of new variations from breeding experiments (Powers 1945). 

Guayule and other species of the genus Parthenium are actually able to facultatively 



23

produce seeds without fertilization, thereby producing a generation genetically identical 

to the mother plant. This propagation phenomenon is now known in more than 400 plant 

species belonging to 40 plant families (Asker and Jerling 1992).

That Linné chose the word at random appears highly unlikely, as scientific names 

have almost always been chosen to refer to Greek and Latin words describing plant 

characteristics, collectors’ names, locations, mountain ranges, inter alia. The species 

name of guayule illustrates such a reference particularly well. The specific epithet 

‘argentatum’ is based upon the leaf color. Professor Asa Gray, in fact, based his word 

choice specifically on the leaf pubescence . Gray’s word choice for the species name 

given in 1859 (Gray Herbarium 2004) refers to the silvery shine of guayule leaves, which 

is the result of a dense trichome cover. Hence, the word ‘argentat-um’ is derived from 

Latin translating into ‘plated with silver’. Both the Latin noun ‘argentum’ and the Greek 

noun ’ο αργύρος’ mean ‘silver’.

1.4. Type collection of Parthenium argentatum Gray

Guayule was first collected as a herbarium specimen (Figure 1.3) by the physician 

J. Milton Bigelow in Texas “near Escondada Creek, September 1852” (Gray Herbarium 

2004). Bigelow was part of the United States and Mexican Boundary Survey, which was 

led by U.S. Army Major William Hemsley Emory, from 1852 to 1854 (United States 

Department of the Interior 1857). 
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Figure 1.3. The type specimen of Parthenium argentatum Gray. Deposited at the Gray 
Herbarium, Harvard University (Lloyd 1911).
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1.5. Historical review of guayule crop research

In 1876, guayule stimulated interest in the USA after an exhibition was sent from 

Durango, Mexico to the Centennial Exposition at Philadelphia (Lloyd 1911). 

Subsequently, 50 pounds of crude rubber were shipped from Mexico to the United States 

where part of this commodity was purchased by the Manhattan Rubber Company of New 

York. Until 1910, all processed guayule was collected from wild stands in Mexico, which 

led to a decline of guayule in its natural habitat. Halting of the exploitation of native 

stands and the development of successful rubber extraction methods at the beginning of 

the 20th century finally stimulated guayule crop research (Lloyd 1911).

Over the past 100 years, guayule crop research has been interrupted several times 

due to political and economic circumstances. In the United States, three main 

commercialization attempts took place during the 20th century. The motivation behind 

each attempt differed according to prevailing sociological needs. The goals of the first 

attempt—when 3,200 hectares of guayule were planted by the Intercontinental Rubber 

Company in the Salinas Valley in California in the 1920s (Bonner and Galston 1947)—

were monetarily, economically, and possibly ecologically based. The intent was to 

develop a new profitable industrial crop for arid lands, monopolize the North American 

guayule industry under U.S. capital and auspices (Endlich 1907), and counteract the 

decline of guayule in its natural habitat. The depression in the 1930s ended this first 

attempt.

During WWII, geopolitical reasons revived the interest in guayule, this time 

initiated by the United States Government. The situation was serious. In the early 1940s, 
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Japan had cut-off the supply of natural rubber from Southeast Asia, where the rubber tree 

(Hevea brasiliensis (Willd. Ex A. Juss) Müll. Arg., Euphorbiaceae)—the only worldwide 

source for natural rubber—supplied the USA with this unique natural resource. Solutions 

had to be found and the U.S. Government thus initiated the ‘Emergency Guayule 

Research Project’ to develop a domestic rubber resource (Hammond and Polhamus 

1965). After rubber from Southeast Asia became available again in 1945, this second 

cultivation attempt was abandoned.

The third and current phase of guayule crop research started in the 1970s due to 

high fossil fuel prices and, since the 1980s, for rising health issues. Humans have become 

increasingly allergic to Hevea rubber products; e.g., condoms, surgery gloves, catheter 

tips, inter alia. Due to a different protein pattern in guayule latex, these allergy symptoms 

are absent with the use of guayule rubber products (Cornish 1996). Revived guayule 

research has thus been focused on the potential of developing an arid lands crop which 

produces non-allergenic natural rubber.

Worldwide, scientists have worked on various aspects of guayule crop 

development and commercialization—mainly in countries with arid and semiarid lands, 

such as Argentina, Australia, Chile, India, Iraq, Israel, Libya, Mexico, New Zealand, 

Pakistan, South Africa, the former Soviet Union, and the USA. During these research 

efforts, rubber yields have been increased from 300 to 1,000 kg/ha (Estilai and Ray 1991, 

Ray et al. 1992, Ray et al. 1999 ), harvesting methods improved (Coates 1991), and 

chemical extraction methods developed (Schloman and Wagner 1991). In comparison to 

Hevea rubber, however, guayule rubber is still uneconomic for wide scale production 
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(Wright et al. 1991). Problems include low germination rates with direct seeding, cost-

intensive plantings of seedlings, controversial reports on salt tolerance, expensive rubber 

extraction methods, inter alia and have made large scale guayule cultivation problematic. 

In order to develop large scale and economic production, these and similar agronomic 

problems must be solved. This dissertation, in part, will address one major issue: salt 

tolerance in guayule with respect to salinity effects on leaf anatomy and physiology.
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2. LITERATURE REVIEW AND RESEARCH PROBLEM

2.1. Introduction to the dissertation research

It is fascinating that over six billion people are supplied by crops grown on only 

10% of the land surface with the use of only 0.6% of water resources available on earth. 

In other words, 90% of the land surface is considered unsuitable for crop production due 

to various environmental limitations (Table 2.1) and 99.4% of the world’s water 

resources is unsuitable for crop production because of salinity or frozen state (Table 2.2). 

One important factor decreasing land and water resources for agricultural purposes is 

salinity.

In order to make use of salt-affected lands and saline waters, alternatives have 

been sought with limited success. Salt-water agriculture was suggested and tried in the 

1960s by Elisabeth and Hugo Boyko (Boyko 1966). Some consider it practicable along 

coasts (Yensen et al. 1995, Glenn et al. 1998). S altland agronomy has been successfully 

developed for some areas in Australia (NDSP 2001), using salt-tolerant and halophytic 

species to revegetate and reclaim salt-affected soils (Yensen 2000, Yensen 2001). 

Nowadays, many private, industrial, and governmental research institutes and agencies 

collaborate worldwide to develop sustainable agricultural systems using saline and low-

quality water for crop cultivation. For example, the International Center for Biosaline 

Agriculture (ICBA 2005) in the UAE has established the Global Biosaline Network—a 

global platform for information and research on biosaline agriculture.
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Table 2.1. Total world land surface subject to environmental limitations. These 
limitations severely restrict the available land for agricultural crop 
production. (After Dudal 1976).

Environmental limitation Area (%)
Drought 27.9
Shallow soil depth 24.5
Mineral stress 22.2
Water excess 12.2
Miscellaneous (i.e., permafrost) 3.1
No serious limitations 10.1
Total 100.0
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Table 2.2. Total world water resource. (After Brimblecombe 1986). 
 

Water reservoir Content (%)
Oceans 97.636
Ice and snow 1.804
Groundwater and soil humidity 0.545
Lakes and rivers 0.014
Atmospheric water 0.001
Total 100.000
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Worldwide, salt-affected lands occur naturally (primary salinization) and 

secondarily as human induced. Primary salinization occurs on every continent and in 

every climate (Figure 2.1), accounting for roughly 10% of the total land surface and 

harboring a minimum of 1500 (Aronson 1989) to 6000 (Le Houérou 1986) halophyte 

species with many uses yet to explore (Yensen 2005). For example, a halophyte 

screening and evaluation project based on Aronson’s publication has been initiated by the 

ICBA (2005). The extent of human-induced salt-affected lands in comparison to naturally 

salt-affected lands is minor (Waisel 1972); however within the agricultural sector, 

human-induced salinization is significant and results in an annual decrease of 1-2% of 

cropland worldwide (FAO 2004). 

The predominant occurrence of human-induced salt-affected soils in arid and 

semiarid lands is striking. In fact, 25% of cropland in arid and semiarid lands has become 

salt-affected (Yensen 2004). Ecological disasters including severe and far-reaching 

human consequences due to secondary soil salinization have been reported; i.e. the Aral 

Sea region in Kazakhstan and Uzbekistan (Glantz 1999); the Salton Sea in the Imperial 

Valley in California, USA (Myers 1999, Lorey 2003); the Murray-Darling Basin in 

Australia (Pengelly and Fishburn 2002). Such human-induced, secondary soil salinization 

in arid and semiarid lands has been unequivocally caused by inappropriate desert 

agricultural methods. For example, some desert agriculture involves clearing native deep-

rooted perennials and replacing them with monocultures consisting of annual crops. 

Irrigation with salt-rich waters has increased the natural salt load of the caliche prone 

desert soils. Insufficient drainage systems and reduced evapotranspiration have caused 
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Figure 2.1. Global distribution of salt-affected soils. (a) After Chapman (1975). (b) 
After Szabolcs (1987).

(a)

(b)
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groundwater levels to rise and soils to become water-logged. Other agricultural 

techniques such as the use of non-adapted crops in desert agriculture have also 

contributed to the increased salt-buildup in soils, resulting in the abandonment of vast 

areas of cropland.

Although recently irrigation efficiency and drainage management have been 

improved in arid and semiarid lands (Sanchez and Silvertooth 1996), a re-evaluation of 

suitable and adapted crops urgently needs to be addressed to determine if secondary soil 

salinization in arid and semiarid lands can be halted or reduced. Achieving sustainability 

in desert agriculture should become the long-term goal of the highest priority in order to 

meet the “needs of the present generations without compromising the ability of future 

generations to meet their own needs” (Pereira 1996). Sustainable alternatives, such as 

saltland agronomy in Australia, have been developed to remediate human-induced, salt-

affected soils and to put naturally salt-affected soils under sustainable economic 

cultivation (Yensen 2002). Both halophytes and glycophytes can offer many useful plant 

species with varying degrees of salt tolerance and soil remediation capacity.

Sustainable desert agriculture utilizes plants which are adapted to arid lands, 

produces crops with low input requirements, and yields industrial or medicinal products 

of high value (Yensen et al. 1981, McLaughlin 1985). If crops are drought resistant, salt 

tolerant, and perennial, they are considered ideally adapted to sustainable agriculture in 

arid lands (Yensen 1988). Low input requirements relate to low water consumption, low 

nutrient requirements, and an overall low susceptibility to herbivory and diseases. Staple 

crops can be produced in humid climates where water is relatively abundant; while 
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optimal desert agriculture might focus on specialty crops; e.g., industrial raw material 

such as fiber (McLaughlin 2000), natural rubber (Nakayama 2005), herbs and ornamental 

crops (ICBA 2005), medicinal plants, horticultural crops (Sanchez and Silvertooth 1996), 

and secondary metabolites for medicinal or industrial applications such as ‘biocides’ 

(Gunatilaka 2005). The potentials of many arid lands plants and halophytes have yet to be 

discovered.

One potential candidate for sustainable desert agriculture is guayule (Parthenium 

argentatum Gray, Asteraceae). This new arid lands crop has been under investigation for 

over a century. Guayule complies completely with the set of preconditions required to 

qualify as a sustainable arid lands crop for desert agriculture. This desert native, perennial 

xeromorphic shrub requires low water and nutrient input and major detrimental diseases 

or pests have not been reported (Mihail et al. 1991). Guayule produces a natural rubber —

a cis-1,4-polyisoprene—which is comparable in quality to the sole commercial natural 

rubber source worldwide, Hevea brasiliensis (Willd. Ex A. Juss) Müll. Arg. which is 

grown in the tropics (Eagle 1981). The physical and chemical properties (such as high 

resilience, elasticity, and low heat-buildup) make natural rubber a unique, high-valued 

product, for which synthetic rubber cannot be substituted for certain products; most 

significantly airplane tires (Morris 1984, Detwiler 1984).

Recently it has been found that the protein pattern of guayule rubber distinguishes 

it from Hevea rubber (Siler and Cornish 1994, Cornish and Siler 1996), so that guayule 

rubber has the potential of opening up a new market for non-allergenic latex products 
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(Cornish 1996, Stumpf et al. 2001). For guayule to fully classify as a suitable arid lands 

crop however, it should withstand some degree of soil salinity.

In its native habitat, guayule has never been reported in salt-affected soils. 

Guayule has been examined for its salt tolerance in experimental growth studies, 

however, and according to these studies, the salt tolerance of guayule ranges from low to 

highly tolerant (i.e., Hoffman et al. 1988, Miyamoto and Bucks 1985, François 1986, 

inter alia). Based on the existing literature, it is not possible to make a conclusive 

assessment about the salt tolerance of guayule. It seems as if inconsistencies of published 

results are due to differences in plant material and environment. For example, most salt 

tolerance studies have been conducted in the field, where defined or undefined salt 

compositions and salt concentrations interact with soil characteristics. The pertinent 

literature referring to guayule and its salt tolerance is summarized in the following 

section.

2.2. Literature review of guayule and salt tolerance

2.2.1. Leaf anatomy

Leaf morpho-anatomical studies of guayule are meager. A few descriptive studies 

are available from the early 1900s (Fron and François 1901, Endlich 1905, Endlich 1907, 

Dominikus 1908, and Lloyd 1911). Ernst Artschwager (1943) published a set of plant 

anatomical descriptions during the Emergency Guayule Research Project. Another series 

of plant anatomical publications was launched after the revival of guayule research in the 
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1980s and dealt mostly with the formation and location of rubber on the ultra structural 

level (Backhaus and Walsh 1983, Gilliland and van Staden 1986, Macrae et al. 1986).

The only comparative study on leaf structure which included growth conditions 

was provided by Lloyd (1911). The originality and to-date uniqueness of this study and 

its results are remarkable. Lloyd compares the leaf anatomical structure of guayule grown 

in shade, under irrigation, drought conditions, and in strongly saline soil (Table 2.3). The 

most significant observation in this study is that the spongy parenchyma is present in 

shade and irrigation leaves, yet missing in drought and saline soil leaves.

Today, it is well-established that the increased development of palisade 

parenchyma is a true xeromorphic adaptation (Fahn 1990). Shields (1950) identifies high 

light intensity and high resistance to intercellular water vapor flow as a stimulant to the 

development of palisade parenchyma at the expense of spongy parenchyma. This peculiar 

xeromorphic leaf adaptation has an important physiological implication. It increases 

photosynthetic efficiency while simultaneously reducing water loss through transpiration. 

This is because the elongated shape of the palisade cells allows for an arrangement of 

chloroplasts for maximum light utilization. Concurrently, the slight attachment between 

palisade cells provides a large free surface area for CO2 diffusion, while the small 

individual volumes in the intercellular spaces reduce gas exchange rate and increase 

resistance to water vapor loss—an important aspect for the survival of arid lands plants.

It is certainly interesting that leaves of both drought and saline soil treatments in 

Lloyd’s study were lacking spongy parenchyma. Unfortunately, Lloyd neither provides
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Table 2.3. Anatomical observations by Lloyd (1911) in guayule leaves. (Summarized 
from drawings by Lloyd; pp. 154-155).

Habitat Leaf 
thickness

Spongy 
parenchyma

Intercellular 
spaces

Resin canal
1. number
2. diameter

Stomata Trichome

Shade thin broad cells, 
dumbbell-

shaped with 
one space

some visible    1. few
   2. small

no special 
adaptations

not 
applicable

Irrigation thick columnar 
cells with 

two spaces

extensively 
visible

  1. medium
  2. medium

no special 
adaptations

not as dense 
as in 

drought

Drought medium missing not visible   1. medium
  2. large

no special 
adaptations

dense

Strongly 
saline
soil

medium missing not visible   1. many
  2. medium

no special 
adaptations

not 
applicable
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salt composition of the saline soil nor does he indicate the exposure duration to the saline 

soil. With respect to the objectives of this present investigation, his study can be 

considered an excellent preliminary study and allows for speculations and inferences. 

According to Munns (1993), NaCl initially simulates a status of water deficiency in 

plants, defined as osmotic effects; while only with increasing time do specific ion effects 

become visible.

A few remarkable, though unmentioned, details can be found in the depictions of 

leaves made by both Lloyd (1911) and Artschwager (1943). Lloyd’s illustration of an 

abaxial stoma of a leaf grown in strongly saline soil seems to show a stoma with the 

guard cells slightly raised above the epidermis (Figure 2.2). In the text, Lloyd does not 

make any mention in regards to this; on the contrary, he describes the stomata of guayule 

as showing “no special so-called adaptive features” (Lloyd 1911, p. 126). Also, 

Artschwager (1943) does not observe any peculiarities in regards to the stomata of 

guayule and describes them “of the common type, somewhat depressed below the level of 

the epidermis” (Artschwager 1943, p. 30). Artschwager provides a quite outstanding 

illustration of a huge substomatal chamber below the guard cells of a stoma without any 

mention, however, of this detail in his description (Figure 2.3).

In regards to the epidermal cells, Lloyd depicts them with undulate edges (Figure 

2.4.a), while Artschwager illustrates them as only slightly sinuate (Figure 2.4.b). Lloyd 

and Artschwager clearly used different plant material for their leaf anatomical 

examinations. These unmentioned details in their illustrations have physiological 

implications and significance and will be discussed further in Chapters 4.1 and 5.3.
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Figure 2.2. Slightly raised stoma on abaxial guayule leaf. Guayule (Parthenium 
argentatum Gray) was grown in strongly saline soil. Illustrated by Lloyd 
(1911); p. 155.
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Figure 2.3. Substomatal chamber of a guayule stoma. Part of a transverse section of a 
guayule leaf (Parthenium argentatum Gray) depicts the enormous size of 
the substomatal chamber. The substomatal chamber is surrounded by 
densely packed palisade parenchyma cells. Illustrated by Artschwager 
(1943); p. 30.
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(a)     (b)

Figure 2.4. Stomata surrounded by epidermal cells.
(a) The illustration by Lloyd (1911) shows undulate epidermal cells (p. 

153).
(b) The illustration by Artschwager (1943) shows slightly sinuate

epidermal cells (p. 30).
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2.2.2. Plant physiology

The available guayule plant physiological literature in general is even more 

meager than the available literature on plant anatomy. In regards to salt tolerance in 

guayule, studies have been more numerous; however, these studies are partly incomplete 

and contradictory.

The published studies note increased rubber percentages with increasing salinities 

without an explanation for this phenomenon (Retzer and Mogen 1946, Miyamoto et al. 

1984, Miyamoto and Bucks 1985, François 1986, Maas et al. 1988, Miyamoto et al.

1990). Published studies focus on growth parameters (e.g., height, fresh weight, and dry

weight) and secondary metabolite production (e.g., rubber and resin percentage per dry 

weight). For various reasons, some published studies lack control treatments, description 

of the ion content of the irrigation water, and/or soil analyses. Important physiological 

parameters, such as CO2 gas exchange or transpiration, in relation to salinity are not 

reported.

Initial salt tolerance studies were conducted in the greenhouse during the 

Emergency Guayule Research Project. Magistad (1943) found that many crop plants—

including guayule—were affected in their growth simply because of the osmotic pressure 

caused by saline soil. In contrast, Wadleigh and Gauch (1944) observed ion selectivity in 

their guayule growth experiments, in that each salt had a different effect. According to 

Wadleigh and Gauch, an increase of CaCl2 from 4100 ppm to 5800 ppm in the irrigation 

water decreased the dry weight of guayule by approximately 30%. Guayule died when 

the MgCl2 concentration was increased from 700 ppm to 2100 ppm (Figure 2.5). Growth 
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Figure 2.5. Guayule plants after four months of CaCl2 and MgCl2 treatments. This 
experiment was conducted by Wadleigh and Gauch (1944). The guayule 
line under investigation was not reported. Salt concentrations were given 
as osmotic pressure in atmospheres.

Conversions into ppm; the numbers are rounded (from own calculations):

  CaCl2 MgCl2

0.5 atm   830 ppm   710 ppm
1.5 atm 2480 ppm 2140 ppm
2.5 atm 4130 ppm 3560 ppm
3.5 atm 5790 ppm 4990 ppm
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reduction (measured as dry weight) induced by NaCl at 2200 ppm was 50%; while CaCl2

showed no growth reduction up to 2500 ppm and a 10% reduction at 4100 ppm.

From the plant physiological standpoint, the observation of ion selectivity in 

guayule is remarkable and raises the question about the definition for the commonly used 

term ‘salinity’ with regards to plants. Lloyd (1911) did not provide a definition for the 

growing condition which he termed ‘salty soil’, and throughout the literature a definition 

for ‘salinity’ is missing in many salt studies. Often when studies refer to ‘salinity’, they 

do not describe the chemical composition of the salts, salt types, or salt concentrations 

involved. This is potentially the most important aspect when studying salt tolerance in 

plants, because at different times many different salts at various possible concentrations 

and combinations can be present in the soil solution. Ion selectivity should be an 

important consideration when assessing plants for their salt tolerance, and it is potentially 

the most difficult aspect of salt tolerance research.

It is important to remind ourselves that when speaking about ‘salinity’ in general, 

we have not considered the salt types or their relative concentrations. Wadleigh and 

Gauch (1944) conclude correctly in their study that without knowing the exact ionic 

composition of the soil solution, few conclusions about the salt tolerance of plants are

relevant, because we will be unable to determine which salt at which concentration 

caused the effects. Also, results from growth experiments conducted in the field 

commonly differ from greenhouse studies due to various factors: soil, light intensity, 

wind, humidity, predation, and buffers.
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The first field studies of salt tolerance in guayule were conducted by Retzer and 

Mogen in 1946. These researchers investigated guayule plantings grown in various salt-

affected soils in the San Joaquin Valley of California, USA. While rubber percentages 

increased with increasing salt concentrations, dry weight of harvested, defoliated shrub 

decreased significantly, resulting in decreased rubber yields. Retzer and Mogen estimated 

that ‘uneconomic’ returns can be expected at salt concentrations exceeding 0.3%. 

Because ion sensitivity to magnesium or sodium was not found during these field 

experiments, Retzer and Mogen concluded that these salts are not directly responsible for 

the growth depression, but that salts in the soil solution create a soil moisture stress for 

the plant due to high osmotic pressure which reduces guayule’s growth. Retzer and 

Mogen provide no explanation for the increased rubber production with increasing 

salinity.

More field investigations were conducted by others in the 1980s. When guayule 

was direct-seeded, Miyamoto et al. (1985) observed high germination up to ECW

23 dS*m-1 followed by a poor seedling emergence above ECW 4.5 dS*m-1, due to 

hypocotyl mortality caused by salts on the soil surface. When guayule was transplanted 

into the field, higher salt sensitivities were recorded in summer compared to spring 

plantings (Miyamoto et al. 1984). Overall, these studies have shown that established 

guayule transplants withstand higher levels of salinities. A high mortality rate after 

clipping was observed above ECW 7.0 dS*m-1.

Miyamoto et al. (1984) also found that rubber production generally increased with 

increasing salinity, while shrub yields decreased. For example, to produce one gram of 
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dry shrub 1.6 liters of water at ECW 4.6 dS*m-1 or 1.9 liters of water at ECW 7.2 dS*m-1 

was used. According to Miyamoto and Bucks (1985), an economic rubber yield can be 

expected at salinities up to 4.0 dS*m-1 in sandy soil. Similarly, Miyamoto et al. (1984) 

found economic yields in loamy sand at up to 4.6 dS*m-1, while in silty clay Hoffman et 

al. (1988) found the limit at 7.5 dS*m-1. When applying equal weights of NaCl and CaCl2

to the irrigation water, François (1986) reported an economic rubber yield with salinity 

levels up to ECW 12.0 dS*m-1 and Maas et al. (1988) observed a productivity threshold of 

ECe 8.7 dS*m-1. In the field studies reviewed, no significant increases in resin yields were 

found with increasing salinities (Miyamoto et al. 1984, Miyamoto and Bucks 1 985, 

François 1986).

Analyses of leaf mineral composition in relation to salinity were conducted in two 

studies. Miyamoto et al. (1984) analyzed leaf ion content of dry weight and found 

calcium contents to be highest (>50 g*kg-1) and sodium lowest (0.13-0.20 g*kg-1), while 

chloride (7.5-8.5 g*kg-1) and magnesium (3.2-4.8 g*kg-1) ranked in between. Maas et al.

(1988) found that sodium was excluded from the leaf below ECW 6 dSm-1 and was 

accumulated in the leaf above this threshold with significantly less leaf potassium levels. 

In contrast to the greenhouse study done by Wadleigh and Gauch (1944) where plants 

showed a high sensitivity to magnesium, Miyamoto et al. (1984) identified guayule as 

being most sensitive to sodium rather than to magnesium or chloride. According to 

Miyamoto and Bucks (1985), sodium appears to be responsible for the growth reduction. 

They did not speculate as to why this may be the case.
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In 1990, Miyamoto et al. suggested that, compared to other crops, guayule shows 

different salt tolerance levels at different development stages. In fact, guayule has low 

salt-tolerance during emergence and seedling stage, and medium to high salt-tolerance 

when plants became established in the field.

Overall, the literature indicates that significantly increased rubber concentrations 

may be obtained with increasing salinity, regrowth after clipping results in high mortality 

rates under salinity, and resin concentration may increase with salinity, but these 

increases remain statistically insignificant. 

2.3. Research problem and objective of this dissertation

The basis for this research study was three-fold: first, the lack of physiological 

studies with guayule in general; second, the controversy about salts causing osmotic 

effects or specific ion effects in guayule; and third, the lack of hypotheses behind the 

phenomenon of decreasing biomass and increasing rubber content when guayule was 

grown under salt-stress.

The success of a crop in general is determined by its quality and quantity of 

growth; i.e., size of cells or size of plants, economic yield, inter alia. These agronomic 

parameters are controlled by hereditary potentials of the plant and by environmental 

conditions, operating through physiological processes. It is well-established that 

environmental conditions such as light or humidity can modify internal leaf structures 

which subsequently might alter the physiological performance of a plant and thus quality 

and quantity of growth. Clearly, leaf anatomy and its physiological performance are 
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interdependent. Studies in guayule relating to the interaction of leaf anatomical 

development, photosynthesis, and secondary metabolite production in response to salinity 

have not been published.

Do different salts alter leaf anatomy in guayule and are there specific ion effects? 

Do salts influence rubber content and biomass growth and are there specific ion effects? 

The purpose of this research is to study the effects of salinity on leaf structure and 

physiology in guayule. Because the literature tends to use the term ‘salinity’ as a more or 

less unidentified term, ‘salinity’ is defined in this study as a salt solution containing a 

known salt concentration. Because the literature generously identifies salt responses as 

‘osmotic effects’, single chloride-salt solutions were given to experimental plants in the 

greenhouse to study osmotic and specific ion effects. In fact, leaf anatomical, 

physiological, and biochemical studies with guayule were set up as a semi-hydroponic 

growth experiment in the greenhouse, in which one-year old experimental plants of 

guayule were grown with single-chloride-salt solutions in two concentrations for eight 

weeks.

Above and beyond all, understanding leaf anatomy is fundamental for 

understanding physiological leaf measurements. Therefore, the main objectives of this 

study were to study the leaf structure of guayule and evaluate its physiological 

significance as related to the environmental factor salinity. Through monitoring the 

circadian course of gas exchange parameters, determining growth rates, and analyzing 

rubber and resin contents for guayule grown under different salt treatments, specific ion 

effects, if any, were studied.
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For an arid lands crop to be successful, economic, and sustainable, it must be able 

to cope with salts and this study is an attempt to investigate and evaluate guayule’s 

suitability as a sustainable arid lands crop by determining osmotic and/or specific ion 

effects. Results of this study might have important implications on the geographic, 

climatic, and edaphic selection of guayule crop cultivation in the future.
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3. MATERIALS AND METHODS

3.1. Greenhouse and laboratories

Greenhouse studies took place in the east greenhouse of the Southwest Center for 

Natural Products Research and Commercialization (N 32o07’57”, W 110o57’54”), Office 

of Arid Lands Studies, The University of Arizona, located at 250 E. Valencia Road, 

Tucson, Arizona. During the preliminary studies, the greenhouse environment was 

monitored daily from February 2002 until November 2004. Temperature, humidity, light 

conditions, and CO2 concentration were measured daily during the final growth study 

from December 2003 through February 2004 (Table 3.1). The drying and grinding room 

for the preparation of harvested plant samples was also located at the Southwest Center 

for Natural Products Research and Commercialization.

The extraction of rubber and resin from harvested, dried, and ground guayule 

samples was conducted in the laboratory of Dr. Dennis Ray in February 2004.

Microscopic leaf anatomical examinations took place principally under the auspices of 

Dr. Ramin Yadegari in February 2004 and in other laboratories within the Department of 

Plant Sciences. The extraction of shoot ion contents was conducted by Atasi Ray-Maitra 

of the Soil, Water, and Plant Analysis Laboratory, Department of Soil, Water, and 

Environmental Sciences, The University of Arizona.
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Table 3.1. Range of environmental conditions in the greenhouse. Measured between 
December 6, 2003 and February 5, 2004. The numbers indicate the 
minimum and maximum values observed.

Ecological parameter Measurement

Temperature

    Daytime maximum

    Nighttime minimum

31.1oC

11.1oC

Relative humidity (24-hour) 25-45%

PAR 0800-1600 hours 100-600 µmol*m-2*s-1 

Ambient CO2 concentration

Daytime minimum

Nighttime maximum

370 ppm

550 ppm
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3.2. Plant material

Guayule germplasm line AZ 2 (Reg. no. GP-9, PI 599675) was used in all studies. 

AZ 2 is characterized by early vigor, uniformity, high dry weights, and high resin and 

rubber yields (Ray et al. 1999). Seeds were provided by Dr. Dennis T. Ray. 

On January 14, 2003, seeds were sown in 30x30 cm trays filled with a 1:1:1 sand-

peat moss-vermiculite mixture, placed on benches in the greenhouse, and irrigated with 

an automated misting system utilizing tap water (100-250 ppm salt concentration) for five 

months. The automated irrigation system was programmed to run twice for three minutes 

daily at 0900 and 1400 hours.

On June 14, 2003, five-month-old seedlings were transplanted into 4.5-inch 

square pots filled with kiln-dried sand. These seedlings were given two grams of NPK-

slow release-fertilizer per pot on June 15, 2003 and August 31, 2003. After seedling 

transfer into 4.5-inch square pots, the plants were irrigated with an automated misting 

system for another 5.5 months. The irrigation was programmed for five minutes daily at 

1000 hours.

On November 21, 2003, sixty-six plants (10-months old) were transplanted into 

6.5-inch square pots filled with kiln-dried sand. These plants were irrigated for two 

weeks with ¼ strength Hoagland’s solution (Hoagland and Arnon 1950).

On December 6, 2003, three plants were randomly selected to determine the 

baseline measurement for the population. Table 3.2 summarizes growth, rubber content, 

and resin contents for this population.
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Table 3.2. Baseline population. Measured on December 6, 2003 before treatments 
started. Means are based on a sample size of n = 3.

Morphological parameter Mean ± SE

Height (cm) 35.7 ± 4.3

Fresh weight (g)

Shoot

    Root

42.6 ± 6.5

63.2 ± 9.0

Dry weight (g)

Shoot

    Root

14.7 ± 2.9

14.0 ± 2.9

Root-Shoot Ratio (based on dry weight) 0.98 ± 0.20

Water content (% of shoot fresh weight) 65.8 ± 1.8

Rubber content (% of shoot dry weight)

Resin content (% of shoot dry weight)

1.2 ± 0.1

6.9 ± 0.3
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Figure 3.1 describes baseline relationships among the circadian cycles of CO2 gas 

exchange, transpiration, stomatal conductance, intercellular CO2, photosynthetically 

active radiation (PAR), and leaf temperature of the AZ 2 population. The remaining 

sixty-three plants were utilized in the salt treatments.

3.3. Experimental design and irrigation system

This study was set up as a three-factorial, multivariate experiment. The three 

factors were duration, salt, and concentration. The factor ‘duration’ was represented by

the time of salt exposure (i.e., weekly/monthly for growth parameters, biweekly for gas 

exchange parameters). The factor ‘salt’ was represented by the salt type (CaCl2, MgCl2, 

KCl, NaCl). The factor ‘concentration’ was represented by salt concentration (750 and 

1500 ppm). The resultant variables recorded may be grouped into the categories of leaf 

anatomy, CO2 gas exchange, and growth. Depending on the variable, there were three to 

nine replications. Each factor and combination was compared with each other. 

Additionally, there was one control which represented the control treatment for each salt 

and concentration combination, resulting in eight treatments and one control.

One experimental tub was used per treatment and consisted of a 40x60 cm 

polyethylene tub, 1.5 meter black tubing, a non-transparent container with a lid, and a 

submersible pump. Each tub was connected via the tubing to the container. Each 

container held 20 liters of irrigation solution. Through manual operation of the pumps, 

the tubs were flood-and-siphon-irrigated daily at 0830 hours.
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Figure 3.1. Baseline relationship between circadian gas exchange parameters. 
Measured in guayule, Parthenium argentatum Gray, line AZ 2. Symbols 
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For the preparation of the irrigation treatment solutions, distilled water was 

purchased from a local water purification store (Pure Water Nature’s Way Inc., 2956 N. 

Campbell Avenue, Tucson, AZ 85719). The control and the salt treatments consisted of 

¼ strength Hoagland’s solution (Hoagland and Arnon 1950) and the eight salt treatments 

were: four salts (CaCl2, MgCl2, KCl, or NaCl) x two concentrations (750 ppm and 1500 

ppm). The preparation of the salt solutions was based on a weight per liter basis.

The nine tubs (T1 through T9) representing the nine treatments (control and eight 

salt treatments) were placed on a bench in the greenhouse and randomly assigned a salt 

treatment (Figure 3.2). According to the results from preliminary growth studies, the 

optimal arrangement of the greenhouse bench was determined to be parallel to the 

cooling unit, allowing for equal temperature and humidity among the experimental units.

Starting on December 6, 2004, seven plants were placed in each tub and received 

treatments until February 5, 2004 (eight weeks). The control and salt treatments were 

randomly assigned for each tub and each container was filled with 20 liters of the 

assigned solution. The containers were checked and recorded daily for their water levels

and, if required, refilled to the 20-liter level with the respective salt solution. After two

weeks, the containers were completely emptied and refilled.

An additional tub containing seven pots filled with sand was added as a blank 

control to check growth medium sterility and to measure the evaporation rate from the 

tub during the eight weeks of treatment. The baseline evaporation rate on the blank 

control was determined to be 8.47 liters per tub for eight weeks, meaning 1.21 liters per 
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Figure 3.2. Layout of experimental units in the greenhouse. The salt treatments were 
randomly assigned to the experimental units (T1 through T9). The blank 
control is an experimental unit which was set up to measure evaporation 
rates.
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plant or 22 milliliters per plant per day. Thus, based on the amounts of refill water per 

container, the evaporation and transpiration rates per treatment could be determined.

3.4. Data acquisition

Leaf characteristics and plant physiological parameters vary greatly depending on 

leaf age (Karpilova et al. 1982) and the duration of salt exposure. For example, leaf 

thickness gradually increases with increasing leaf age; or a mature leaf contributes more 

to carbon fixation than a young or an old leaf; inter alia. It was therefore imperative to 

utilize leaves at the same stage of development in order for comparisons to be valid. In 

order to determine this particular leaf stage, the development of guayule leaves was 

monitored for 30 days (Figure 3.3.a.), with the CO2 gas exchange rate serving to 

determine the maturity of the leaf. On the basis of CO2 gas exchange, the maximum rates 

were achieved after 16 days when leaves reached full maturity (Figure 3.3.b). Thus, the 

optimum leaf level for anatomical and physiological comparisons was determined to be 

leaves taken from the fourth and fifth nodes from the plant apex. Data were collected at 

time intervals for eight consecutive weeks.

3.4.1. Leaf anatomy

One plant from each treatment was labeled for anatomical observations and 

measurements. Leaf histology was described; leaf area, mesophyll and indumentum 

thickness, palisade parenchyma cell layers, and palisade parenchyma cell dimensions 

were measured.
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Leaf area was determined biweekly by copying the outline of the harvested leaf 

onto millimeter-ruled graph paper to determine the total number of square millimeters 

within the outline. This leaf was weighed and dried at 40oC until a constant weight was 

obtained to determine leaf fresh weight, dry weight, and resulting leaf water content.

Mesophyll and indumentum thicknesses were measured at the beginning and at 

the end of the salt treatments. Fresh leaf cross-sections were cut perpendicular to the mid 

vein from the center of the leaf blade between insertion of petiole and leaf apex. These 

sections were placed in a buffer solution (pH 7.2, 0.4 mol sorbit) on a glass slide and 

examined with an Olympus microscope (Olympus SZX 12) with a camera (Olympus 

PM10 SP). Mesophyll cell volume, intercellular volume, and mesophyll cell surface area 

were computed by assuming that palisade cells were cylindrical. Observations were made 

of epidermal cells, trichomes, and stomata included shape, dimensions, frequency, and 

additional comments.

3.4.2. Salt uptake

Salt uptake rates and salt uptake quantities were determined for each chloride salt 

and salt concentration. Transpired water was measured per plant for each salt type and 

salt concentration, and the harvested shoot dry matter was analyzed for ion content after 

eight weeks of salt treatment. Because three salt concentrations (0, 750, and 1500 ppm) 

were applied, it was possible to estimate the potential and actual salt load in shoot dry 

matter of guayule, as well as the passively excluded, actively excluded, and included salt 

percentages per plant.
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3.4.3. Gas exchange parameters

Three plants for each treatment were labeled for biweekly circadian 

measurements of gas exchange parameters. Three leaves were selected from the 4th node 

from the plant apex. A circadian measurement series was taken biweekly, every two 

hours from 0600 until 1800 hours and every three hours from 1800 until 0600 hours. 

Because salinity and salt tolerance are not static conditions and instantaneous 

measurements can only give the current status, circadian measurements were made to 

estimate physiological processes over the entire duration of salt exposure.

An LI-6200 Portable Photosynthesis System (LI-COR, Lincoln, Nebraska) 

including an LI-6250 gas analyzer provided by the United States Department of 

Agriculture in Phoenix, Arizona was used to measure CO2 concentration (ppm), flow 

rate, air and leaf temperatures (oC), vapor pressure (mb), relative humidity (%), and 

ambient CO2 concentration (ppm). PAR (µmol*m-2*s-1) was measured with a photon-

sensor attached to the chamber. The LI-6200 then computed on the basis of these 

measurements net CO2 gas exchange rate (µmol*m-2*s-1), transpiration rate

(mol*m-2*s-1), stomatal conductance based on water vapor (mol*m-2*s-1), and 

intercellular CO2 concentration (ppm). Readings were stored, downloaded to a laptop on-

site, and later transferred to a desktop for further processing. All LI-COR measurements 

were based on leaf area. Due to the significant differences in leaf thickness measurements 

between the treatments, leaf-area-based data were recomputed based on leaf volume for 

each treatment in order to obtain valid comparisons between the treatments.
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The LI-6200 System was calibrated before the start of circadian measurements 

and every six hours during measurements. The calibration took place on-site—in the 

greenhouse—with a span gas cylinder containing 480 ppm CO2 in standard air (Praxair, 

Tucson, Arizona). This CO2 concentration was chosen to be slightly above the 

greenhouse ambient CO2 concentration in order to achieve the highest accuracy 

(electronic communication with Brent Claassen, LI-COR, 2003). Every two weeks, the 

desiccant [Mg(ClO4)2, magnesium perchlorate], filter paper discs in the desiccant tubes, 

and foam gaskets in the leaf chamber were replaced, and the chamber was cleaned. 

During measurements, the desiccant tube was shaken every 15 minutes and the flow 

meter was zeroed every 30 minutes. All recommended maintenance procedures were 

carefully followed (LI-COR 1989).

3.4.4. Growth

Four plants of each treatment were monitored weekly for height (cm). The 

development of shoot and root fresh and dry weights (grams per plant), and root-shoot 

ratio (gram per gram based on dry weight) were measured at the beginning, after four 

weeks, and after eight weeks of treatment. For these measurements, three plants of each 

treatment were harvested at each time; roots and shoots were separated and weighed for 

fresh weight determination, packed and labeled in paper bags, oven-dried at 65oC for 48 

hours, and re-weighed for dry weight determination.
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3.4.5. Resin and rubber analyses

Resin and rubber production (percentage of shoot dry weight) was determined at 

the beginning, after four weeks, and after eight weeks of treatment. Oven-dried shoots 

from the growth measurement samples (Chapter 3.4.4) were ground in a Wiley mill (two-

mm), packed in airtight plastic bags, labeled, and stored in the refrigerator for rubber and 

resin extraction. Extraction guidelines developed by Dr. Ray and coworkers were 

followed (personal communications Dennis T. Ray and Valerie Teetor, 2004). Resin was 

extracted with acetone; while rubber was extracted with cyclohexane.

3.4.6. Shoot ion content

After resin and rubber extraction, shoot samples were stored in airtight vials at 

4oC. Ions (percentage of Ca2+, Mg2+, K+, Na+, and Cl- per shoot dry weight) were 

analyzed with atomic absorption spectro-photometry by the Soil, Water and Plant 

Analysis Laboratory. The Ca2+, Mg2+, K+, and Na+ contents were determined with an 

ICP-OES Optima 5300 DV, Perkin Elmer; Cl- contents were determined with an ICS-

1000, Dionex. The results from the ion contents of the respective treatments were 

subtracted from the gross dry weights in order to determine ion-free shoot dry weight,

rubber and resin percentages, and absolute weights of rubber and resin.

3.5. Statistical methods

SPSS 12.0 for Windows was utilized for data analysis (SPSS 2004). Univariate, 

multivariate, and repeated measures ANOVAs were used, depending on the dataset. 



64

Means and standard errors were estimated. Multiple comparison tests and range tests, 

such as the Tukey’s honestly significant difference Test, Duncan’s multiple range Test, 

and Dunnett’s multiple comparison Test, were applied to determine differing means.

Graphs were prepared with Microsoft Excel (Excel 2004). Box plots were prepared with

SPSS 12.0 (SPSS 2004). The complete data sets of this study are archived on compact 

disc with Dr. Dennis Ray, Department of Plant Sciences, The University of Arizona, 

Tucson AZ 85721, USA.
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4. RESULTS AND DISCUSSION

4.1. Guayule leaf anatomy

Leaves of line AZ 2 consisted histologically of epidermis including indumentum 

and raised stomata on both adaxial and abaxial surfaces, dense mesophyll consisting of 

palisade parenchyma only, and pronounced veins accompanied by resin canals (Figure 

4.1.a and 4.1.b). Within the midvein, vascular bundles were arranged in a U-shape and 

embedded in sclerenchymatic, parenchymatic, and collenchymatic tissues (Figure 4.2.a). 

Each vascular bundle was accompanied by two resin canals (Figure 4.2.b and 4.2.c), 

indicating a possible relation between resin secretion and vascular bundles. A 

hypothetical approach to this morpho-anatomical combination of vascular tissue and resin 

canals is discussed in Chapter 5.4. Support and protection from water loss appears to be 

provided by a well-developed collenchyma which is located on both adaxial and abaxial 

sides of the midvein (Figure 4.2.d). This histological structural relationship of a guayule 

leaf remained the same among all salt treatments; significant differences, however, were 

observed with regard to leaf thickness (see Chapter 4.2) and at the cell morphological 

level, such as cell dimensions, number, and shape.

Petiole. The petiole contains a dense network of vascular bundles. All salt 

treatments, except for the MgCl2 750 ppm treatment, increased their number of vascular 

bundles (Figure 4.3). The MgCl2 750 ppm treatment had a decreased number of vascular 

bundles. There were no differences in the dimensions of vascular bundles between 

treatments; plants grown under the NaCl treatments, however, possessed larger-lumen 
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a)

(b) 

Figure 4.1. Transverse section through a mature guayule leaf. Parthenium argentatum
Gray, line AZ 2.
(a) Central vein and lamina in black. Indumentum is indicated as a black 

line covering the entire leaf. Lamina is slightly U-shaped.
(b) Veinlet surrounded by dense mesophyll consisting of densely arranged 

palisade parenchyma cells. Indumentum covers equally both adaxial 
and abaxial sides.
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(a)     (b) 

(c)     (d) 

Figure 4.2. Transverse section through a midvein of guayule. Parthenium argentatum
Gray, line AZ 2.
(a) U-shaped arrangement of five vascular bundles bordered by 

sclerenchyma and embedded in parenchyma. Each vascular bundle is 
accompanied by two resin canals. Protective collenchyma is visible 
along the abaxial side of midvein. Stained with toluidine blue.

(b) Resin canal with epithelial cells. Stained with toluidine blue.
(c) Midvein with three vascular bundles and two resin canals 

accompanying each bundle (dark points). Lamina insertion on both 
sides visible with strongly developed mesophyll. Broken line indicates 
well-developed collenchyma. Dotted line indicates the outline of the 
indumentum. 

(d) Collenchyma on adaxial side of the midvein. Thickened cell walls 
have angular shapes. Stained with toluidine blue.
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Figure 4.3. Effect of salinity on petiole morphology of guayule. Parthenium 
argentatum Gray, line AZ 2, after ten weeks of salt treatment. Tangential 
sections of petiole were taken 1 cm from leaf base of a mature leaf (4th leaf 
node) for each chloride-salt. Numbers behind salt type indicate salt 
concentration in ppm.

Control CaCl2 750 CaCl2 1500 

MgCl2 750 MgCl2 1500 

KCl 750 KCl 1500 

NaCl 750 NaCl 1500 
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vessels compared to all other salt treatments. All lower salt concentrations showed small 

and less-developed resin canals, while resin canals of plants treated with higher salt 

concentrations developed larger diameter canals. The petiole shape was rounded in the 

MgCl2 1500 ppm, the KCl 750, and the KCl 1500 ppm treatments, while it was angular in 

the CaCl2 750 ppm and the NaCl 1500 ppm treatments. The indumentum around the 

petiole was thinner in the CaCl2 and the NaCl treatments, and thicker in the KCl 

treatment, relative to the control.

Epidermis. The epidermis of the lamina consisted of a single layer of compact 

cells. Epidermal cells were devoid of chloroplasts and were connected with each other 

through undulated cell walls (Figure 4.4.a). Undulation is a common feature in leaf 

epidermal cells, allowing for high strength and elasticity of the lamina (Kandeler 1991). 

It was noticed in the greenhouse that guayule plants grown under the KCl treatments 

developed brittle leaves compared to all other treatments. Under magnification, it was 

found, in these leaves, that the undulate edges of leaf epidermal cells had disappeared and 

that epidermal cells contained compound globoid inclusions (Figure 4.4.b). One 

explanation for this is that potassium, when available in excess, is continuously taken up 

by plants and accumulated in cell vacuoles, which might have led to enlarged cells in 

guayule (discussed in Chapter 4.2). Excessive potassium uptake and accumulation might 

reduce the protective and strengthening function of epidermal cells and physically impair 

the proper functioning of stomata due to space limitations (Figure 4.4.b).

Trichomes. Guayule is a xeromorphic plant species possessing strongly pubescent 

leaves. These trichomes are epidermal appendages, and under magnification, 
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 (a)

(b) 

Figure 4.4. Epidermis of lamina in guayule. Parthenium argentatum Gray, line AZ 2.
(a) Epidermal cells with undulate cell walls. Bar measures 30 µm.
(b) In the KCl treatment group, the undulation of epidermal cells 

disappears due to excessive potassium uptake. Compound globoid 
inclusions within the epidermal cells become visible. After ten weeks 
of treatment.
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approximately thirty percent of epidermal cells formed the base cells for the two types of

trichomes: many T-shaped trichomes (Figure 4.5.a) and few multi-cellular trichomes 

(Figure 4.5.b). The significance of multi-cellular trichomes is unknown; however, their 

existence might be of interest in studies of evolutionary relationships. T-shaped trichomes 

appeared to be air-filled in guayule (Figure 4.5.c), forming a thick protective indumentum 

on both leaf surfaces. The indumentum may increase the ‘leaf thickness’ in guayule by 

60% and therefore the diffusion boundary layer several fold. Differences in indumentum 

thickness between treatments are discussed in Chapter 4.2.2.

Indumentum. A thick indumentum tends to correlate with increased aridity and 

should have physiological significance. The indumentum might have some effect on the 

resistance to water loss, as shown in Encelia farinosa Gray (Ehleringer and Cook 1990). 

It is speculated, however, that the importance of an indumentum might lie in the 

protection of the leaf from climatic variations and particularly the extremes commonly 

found in arid environments and deserts which are characterized by high solar radiation, 

variability of rainfall, extreme temperature fluctuations, and high wind exposure and 

wind speeds (Mares 1999). Leaf pubescence protects the leaf not only against excessive 

solar radiation, but also against desiccation during extended drought periods when the 

stomata are closed by reducing cuticular water loss (Hygen Curve, unpublished results, 

Poscher and Ray 2003) and against nocturnal temperature extremes by maintaining an 

insulating layer of warm air around the leaf. Another important physiological effect of a 

thick indumentum is to provide a layer of still air which not only increases the leaf 

boundary layer but also increases the diffusivity ratio of CO2 to water vapor as compared 
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(a)        (b)

(c) 

Figure 4.5. Trichomes as epidermal appendages of a guayule leaf. Parthenium 
argentatum Gray, line AZ 2.
(a) T-shaped trichome with unicellular base.
(b) Multicellular trichome.
(c) The indumentum as seen from above consisting of empty or air-filled 

trichomes.
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to turbulent air (Gradmann 1923). This, in turn, should increase water use efficiency, 

even in C3 plants.

Trichome inclusions. Trichomes of the control treatment were empty or air-filled 

(Figure 4.5); trichomes of certain salt treatments, however, contained precipitated 

inclusions or deposits, particularly developed in CaCl2 (Figure 4.6.a) and MgCl2 (Figure 

4.6.b), and to a lesser extent in NaCl (Figure 4.6.c). This observation raises the  question

as to whether trichomes in guayule are capable of functioning as detoxification 

compartments or waste repositories. As such, the indumentum might serve an additional 

physiological role: detoxifying the plants from undesirable ions by storing them in the 

trichomes. Hypothetically, salts as trichome contents might increase reflectivity of the 

leaf surface and if so, guayule may reduce its expenditure invested in trichome 

construction. Peterson and Vermeer (1984) report plants possessing trichomes in which 

calcium and magnesium are stored as oxalate crystals shaped as druses or raphides or 

other precipitated compounds; however, the physiological significance behind this has 

only been speculative.

Stomata. Leaves of guayule line AZ 2 were amphistomatous with raised stomata 

irregularly scattered between the base cells of the trichomes (Figure 4.7.a). The 

occurrence of stomata on both leaf surfaces correlates with increasing aridity and is 

assumed to be related to an increased leaf conductance to CO2 (Parkhurst 1978). Stomatal 

frequency of guayule leaves indicated an approximate count of 69 pores per mm2 on the 

adaxial surface and 75 pores per mm2 on the abaxial surface. Stomata consisted of two 

kidney-shaped guard cells, each measuring 50-55 µm in length and 18-20 µm in width 
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 (a)   (b)

(c) 

Figure 4.6. Trichomes with inclusions when grown under salt treatments. Parthenium 
argentatum Gray, line AZ 2, after ten weeks of salt treatment.
(a) CaCl2 treatment: trichomes are filled with crystals shaped as druses.
(b) MgCl2 treatment: trichomes are filled with crystals shaped as druses.
(c) NaCl treatment: arrows indicate compound inclusions.
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 (a)    (b) 

(c)      (d)  

Figure 4.7. Stomata of a guayule leaf. Parthenium argentatum Gray, line AZ 2. 
Adaxial side of leaf, viewed from above.
(a) Scattered, irregular distribution of stomata.
(b) Guard cells contain chloroplasts. Bar measures 25 µm.
(c) Stomatal pore is rectangular when fully open.
(d) Stomata are raised above the epidermis and are protected by the 

indumentum.
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and containing chloroplasts (Figure 4.7.b). In comparison to other xerophytes (Fahn and 

Cutler 1992), guayule showed fewer stomata per unit leaf area. The dimensions of the 

guard cells in guayule, however, were larger. Both stomatal characteristics would imply

higher CO2 gas movement and increased water loss (Sundberg 1986). One theory behind 

this is that the increased water loss through large pores might be reduced by opting for a 

particular pore shape. In guayule, the stomatal pore when fully opened was rectangular 

and measured approximately 28 µm in length and 10 µm in width (Figure 4.7.c). It is 

obvious to suggest that the adaptive value of rectangular pores (versus circular stomatal 

pores) lies in the increased resistance to water loss.

Water loss might also be decreased in guayule by the raised positioning of its 

guard cells (Figure 4.7.d), which appears unusual for xerophytes. Interestingly, raised 

stomata are, in fact, not unusual for plants in general; e.g., Pomaderis phylicifolia

(Tchirch 1881) and many other ferns, Cucurbita pepo L. (Haberlandt 1896), inter alia. 

Raised stomata are found in some xerophytes; e.g., Echinopus spinosus (Volkens 1887) 

from the Egyptian-Arabian Desert, Larrea tridentata (Setsé & Moc. ex DC.) Coville 

(Walter 1931, Ashby 1932) from the Sonoran Desert, Loricaria ferruginea (Ruiz & Pav.) 

Wedd. (Spinner 1936) from the Peruvian Andes, Pfaffia gnaphalioides (Vahl.) Mart. 

(Handro 1967) from the Cerrados in Brazil, Acacia undosa R.S. Cowan & Maslin 

(Cowan and Maslin 1995) from Western Australian deserts, Hinterhubera imbricata

Cuatrec. & Aristeg. (Roth 1995) from mountain regions in Venezuela, inter alia.

Although raised stomata have been reported in xerophytes, their physiological 

significance has not been established. In fact, Gradmann (1923) might have been the only 
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scientist to date who addressed this topic. In his simulation models, he found that raised 

stomata decrease the ratio of transpiration to CO2 assimilation by providing wind-

protection. Still air differs from turbulent air with a higher diffusivity ratio of CO2 to

water vapor.

In guayule, raised stomata—as observed in the plant material of this present 

study—have been unreported. Neither Lloyd (1911) nor Artschwager (1943) reported and 

illustrated peculiarities with stomata of the plant material which they investigated. 

However, when examining their anatomical illustrations closely, one will notice that 

Lloyd depicted slightly elevated stomata in his illustrations without any mention in the 

text (see Figure 2.2 in Chapter 2.2.1) and Artschwager depicted an enormously 

pronounced substomatal chamber (see Figure 2.3 in Chapter 2.2.1). When combining 

these two characteristics, it becomes apparent that the volume of the substomatal 

chamber with a tube leading up to the guard cells forms a ‘bottleneck’. Theoretically,

through the development of the narrow, elongated opening, the substomatal chamber 

might act as a trap for water vapor and also for CO2.

Another important stomatal aspect is that both stomata and subsidiary cells can 

differ in shape, size, number, and elevation within the same leaf. The plant material in 

this study showed that subsidiary cells of the stomata were elongated and curved upwards 

(Figure 4.7.c), lifting the stoma above the epidermis but still protected by trichomes 

(Figure 4.7.d). In plants subjected to salt treatments, different elevated types of stomata 

and shapes of subsidiary cells were noted. This observation suggests that salinity can 

influence stomatal anatomy. For example, guard cells appeared to be ‘belt buckle’ shaped 
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under calcium chloride treatments (Figure 4.8.a) or ‘keystone’ shaped under magnesium 

chloride treatments (Figure 4.8.b). Guard cells were stalked, sitting atop of a ‘pedestal’ 

under sodium chloride treatments (Figure 4.8.c). 

Generally, subsidiary cells are specialized epidermis cells and their physiological 

significance in assisting the functioning of guard cells has been reported (Weyers and 

Meidner 1990). Because of the raised position of the guard cells, it is highly probable 

that, depending on prevailing environmental conditions, subsidiary cells in guayule can 

extend and retract the guard cells, through turgor changes.

Guayule stomata when grown under the potassium chloride treatment showed 

unique effects among all chloride salt-stressed plants. The proper functioning of guard 

cells was, in fact, reduced or even restricted due to the continuous uptake of potassium 

and the physical limitations of the surrounding epidermal cells (Figure 4.8.d and Figure 

4.4.b).

Mesophyll. The mesophyll, which acts as the main photosynthetic tissue, was 

well-developed in guayule line AZ 2. It consisted of five layers of densely packed 

palisade parenchyma cells. The spongy parenchyma was absent (Figure 4.1.b). Plants 

subjected to salt treatments were all lacking spongy parenchyma.

The absence of spongy parenchyma in guayule was previously reported by 

Gilliland et al. (1985) and Gilliland and van Staden (1986). Overall, the absence of 

spongy parenchyma in a leaf represents a true xeromorphic adaptation. In fact, by 

restricting the mesophyll to palisade cells, the photosynthetically active surface of the 

leaf is considerably increased, therefore providing maximal surface for maximum CO2
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   (a)         (b) 

(c)     (d) 

Figure 4.8. Effect of salinity on raised stomata morphology of guayule. Parthenium 
argentatum Gray, line AZ 2, after ten weeks of treatment.
(a) CaCl2 treatment: ‘belt buckle ’ shaped guard cells
(b) MgCl2 treatment: ‘keystone’ shaped guard cells
(c) NaCl treatment: stalked or raised guard cells
(d) KCl treatment: space-restricted stoma due to volume increase of 

surrounding epidermal cells
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diffusion. At the same time, small volumes of individual intercellular spaces considerably 

increase the resistance to water vapor diffusion (Figures 4.9.a and 4.9.b). 

Another benefit derived from the lack of spongy parenchyma is that a greater 

amount of photosynthetically active radiation can be transmitted through a leaf due to the 

parallel arrangement of palisade cells (Figure 4.10). Therefore, chloroplasts may be 

optimized in their alignment. As a result, even abaxial palisade cells can receive a 

reasonable amount of light, possibly contributing significantly to the total leaf 

assimilation rates, which might therefore amount to unusually high values. 

4.2. Leaf parameters

4.2.1. Adaxial surface area

Plants of all salt treatments, except for sodium chloride, increased in leaf surface 

area, relative to the control (Figure 4.11). A highly significant increase in leaf area 

relative to the control was recorded with leaves of 1500 ppm magnesium chloride

(p < 0.001, Dunnett’s larger-than-the-control Test) and 1500 ppm potassium chloride

(p = 0.014, Dunnett’s larger-than-the-control Test). A low significant increase of leaf area 

relative to the control was recorded with leaves of 750 ppm potassium chloride

(p = 0.034, Dunnett’s larger-than-the-control Test) (for means and SEs refer to Table 4.3

in the Appendix).

There was a slightly significant difference between salt type (p = 0.036) and 

between salt concentration (p = 0.046). There was no interaction between salt type and 

salt concentration (p = 0.058). 
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         (a)     (b)

Figure 4.9. Paradermal section through palisade parenchyma of a guayule leaf.
Parthenium argentatum Gray, line AZ 2.
(a) Densely packed palisade parenchyma cells with chloroplasts aligned 

along cell walls. Bar represents 25 µm.
(b) Photosynthetic capacity of a palisade parenchyma: the contact area 

between palisade cells and the individual volumes of intercellular 
spaces are minimized, while internal free surface area is maximized.
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Figure 4.10. Reflection, interception, and transmission of light through a leaf.
(a) Mesomorphic leaf.
(b) A ‘guayule-like’ xeromorphic leaf.
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Figure 4.11. Effect of salinity on surface area of mature guayule leaf. Parthenium 
argentatum Gray, line AZ 2. The leaf area represents one leaf side 
measured during eight weeks of salt treatment. Each data point represents 
the mean of sample size n = 9. Means are connected with trend lines. Bars 
indicate SE of mean. Asterisk indicates a significant difference from the 
control (0 ppm) at the 0.05 level (Dunnett’s larger-than-the-control 
multiple comparison test) (see Table 4.3 in the Appendix) .
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The increase of the leaf surface area induced by certain chloride salts could be 

based on the role of certain cations as essential macro-nutrients. Magnesium might have 

stimulated and increased chlorophyll contents in leaves; while potassium might have 

increased leaf area due to its excessive accumulation in the cell vacuoles.

The literature reports that greater leaf areas in plants are usually observed in shade 

leaves (Hanson 1917, Jackson 1967, Berry 1975), leaves of humid environments (Walter 

1973), or with increased potassium supply (O’Toole et al. 1980). In regards to the latter, 

O’Toole et al. noticed that mesophyll cells enlarged and  leaf thickness increased in two 

varieties of Phaseolus vulgaris L. when potassium supply was increased. On the other 

hand, when potassium was deficient, leaf area remained small, leaf thickness was 

reduced, and mesophyll cells were comparatively small. In guayule, larger leaf areas in 

salt treatments might have been an overall growth compensation effect, counteracting the 

reduced height increase when salt-stressed.

4.2.2. Mesophyll and indumentum thickness

Differences in mesophyll thickness were highly significant between treatments

(Figure 4.12). Both 750 and 1500 ppm potassium chloride treatments increased leaf 

thickness by 60% (p < 0.001, Dunnett’s two-sided Test). Magnesium chloride decreased 

significantly the mesophyll thickness at 750 ppm (p < 0.001, Dunnett’s two-sided Test) 

and also increased significantly the mesophyll thickness at 1500 ppm (p < 0.001, 

Dunnett’s two-sided Test). Similarly, sodium chloride decreased mesophyll thickness by 

40% at 750 ppm (p < 0.001, Dunnett’s two-sided Test); while at 1500 ppm sodium 



85

NaCl

KCl

MgCl2

CaCl2

150

200

250

300

350

400

450

500

550

0 750 1500
Salt concentration (ppm)

M
es

op
hy

ll 
th

ic
kn

es
s 

(m
ic

ro
m

et
er

) 
l

Figure 4.12. Effects of salinity on mesophyll thickness in guayule. Parthenium 
argentatum Gray, line AZ 2, measured after eight weeks of salt treatment. 
Each data point represents the mean of sample size n = 4. Means are 
connected with trend lines. Bars indicate SE of mean. All treatments are 
significantly different from the control (0 ppm) at the 0.05 level, except 
for 1500 ppm NaCl (Dunnett’s two- sided test) (see Table 4.4 in the 
Appendix).
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chloride, the mesophyll measured the same thickness as the control (p = 1.000, Dunnett’s 

two-sided Test). Calcium chloride, on the other hand, significantly decreased the 

mesophyll thickness of both 750 ppm and 1500 ppm treatments (both p < 0.001, 

Dunnett’s two-sided Test) (for means and SEs refer to Table 4.4 in the Appendix).

The indumentum thickness, overall, was less affected by salinity than mesophyll 

thickness (Figure 4.13). There was a significant reduction of indumentum thickness in 

plants grown at 750 ppm magnesium chloride (p = 0.018, Dunnett’s two-sided Test) and 

750 ppm sodium chloride (p < 0.001, Dunnett’s two-sided Test). All other treatments 

were not significantly different from the control (for means and SEs refer to Table 4.5 in 

the Appendix).

Differences in mesophyll and indumentum thicknesses between salt type and 

between salt concentration were highly significant (both p < 0.001). There also was a 

significant interaction between salt type and salt concentration (p < 0.001 for mesophyll 

thickness and p = 0.008 for indumentum thickness).

While potassium chloride increased leaf thickness, calcium chloride reduced leaf 

thickness, relative to the control. The continuous accumulation of potassium ions within 

cell vacuoles might have caused the significant increase in leaf thickness. O’Toole et al.

(1980) observed similar results with potassium applications in Phaseolus vulgaris L., as 

previously discussed in Chapter 4.2.1. The decrease in leaf thickness with calcium 

chloride might relate to the role of calcium within the plant. As a macronutrient, calcium 

is a major constituent of the middle space of cell walls and in the exterior of the 

plasmalemma. In this function, calcium regulates the permeability and strength of the cell 
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Figure 4.13. Effect of salinity on indumentum thickness in guayule. Parthenium 
argentatum Gray, line AZ 2, measured after eight weeks of salt treatment. 
Each data point represents the mean of sample size n = 4. Means are 
connected with trend lines. Bars indicate SE of mean. Asterisks indicate 
significant differences from the control (0 ppm) at the 0.05 level 
(Dunnett’s two-sided multiple comparison test) (see Table 4.5 in the 
Appendix).
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walls. It has been reported that cell walls possess higher permeability under calcium 

deficiency, and vice versa (Napp-Zinn 1984, Marschner 1995). If calcium is applied in 

excess, plants show symptoms of desiccation, leading to possible plant mortality due to 

the total cell wall permeability. This critical state, however, was not reached in guayule

when grown under 750 and 1500 ppm calcium chloride concentrations. 

An opposite response of mesophyll thickness, depending on the applied salt 

concentration, as observed in magnesium chloride and sodium chloride, might indicate 

the potential tolerance thresholds to these salts. Cell membranes might have been

effective at lower concentrations but were then overstrained at higher concentrations. In 

fact, when salt concentrations surpassed tolerable magnesium and sodium chloride 

concentrations, cell membranes might have leaked and been damaged.

Relatively little is known about the proper compartmentalization of magnesium 

within plants. One source mentioned its incorporation into cell walls (Napp-Zinn 1984); 

another source emphasized its accumulation in the cytoplasm where magnesium tends to 

form complexes with water and therefore controls against cytoplasm swelling (Benbi and 

Nieder 2003). Sodium, on the other hand, is generally known to be poorly 

compartmentalized within a plant, with the possible exception of halophytes. Therefore, 

sodium has been observed to accumulate in the cytoplasm, disrupting plant metabolic 

processes when surpassing a certain plant-specific concentration (Marschner 1995).

How far chloride ions exacerbate leaf parameters is speculative. The impact might 

be quite significant due to the function of chloride as a balance charge to excess cations. 
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Thicker leaves might have been caused by the combined effect of both excessive cation 

and anion accumulation.

Possible salt deposits in the trichomes might have caused a reduced indumentum 

thickness. Crystal-like trichome inclusions increase reflectivity of the leaf surface and 

therefore decrease the ‘need’ for thick indumenta. A reduced trichome cover decreases

the metabolic costs for its construction. The salt transport into the trichomes, however,

might require significant metabolic expenditure. Schneider (1935) studied the influence 

of certain ions on the trichome density in several plant species and found that a high ratio 

of potassium and magnesium to calcium ions in soil solution increased trichome density, 

and vice versa. Schneider does not provide any explanation for his findings; interestingly, 

his findings run parallel to the results of this study.

4.3. Water and salt uptake

4.3.1. Water use

During eight weeks, all treatments reduced their water use significantly compared 

to the control (p < 0.001, Dunnett’s smaller-than-the-control Test) (for means and SEs 

refer to Table 4.6 in the Appendix). A control plant used 7.6 liters of water (Figure 4.14). 

The water use decreased from 6.7 liters to 5.2 liters when calcium chloride concentration 

increased from 750 to 1500 ppm, from 6.1 to 5.5 liters in magnesium chloride, from 5.3 

to 4.6 in potassium chloride, and from 5.4 to 5.0 liters in sodium chloride treatments.

Differences in total amount of water use per plant during eight weeks were highly 
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Figure 4.14. Effect of salinity on water amount used per plant in guayule. Parthenium 
argentatum Gray, line AZ 2, measured during eight weeks of salt 
treatment. Each data point represents means of sample size n = 3. Means 
are connected with trend lines. Bars indicate SE of mean. All treatments 
are significantly different from the control (0 ppm) at the 0.05 level 
(Dunnett’s smaller-than-the-control multiple comparison test) (see Table 
4.6 in the Appendix).
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significant between salt type and between salt concentration (both p < 0.001). There was 

also a highly significant interaction between salt type and salt concentration (p < 0.001).

Higher salt concentrations in soil solution require a plant to apply an increasingly 

negative osmotic pressure in order to retrieve water from the soil. If a plant is unable to 

apply this increased pressure, the water uptake is reduced.

Guayule when grown under calcium chloride decreased its water uptake by 10% 

when the salt concentration was increased from 0 to 750 ppm and reduced its water 

uptake by another 20% when salt concentration rose from 750 to 1500 ppm. Magnesium 

chloride, in soil solution, decreased the water uptake of guayule by 20% when the salt 

concentration was increased from 0 to 750 and then reduced the water uptake by another 

10% when the salt concentration doubled from 750 to 1500 ppm. The presence of 

potassium chloride in soil solution decreased the water uptake of guayule by 30% when 

the salt concentration increased from 0 to 750 ppm and then another 10% when the salt 

concentration rose from 750 to 1500 ppm. Guayule when grown under sodium chloride 

used 30% less water when the salt concentration increased from 0 to 750 ppm. When the 

salt concentration rose from 750 to 1500 ppm, guayule decreased its water use by only 

another 5%, which might imply that cell membranes had been damaged and salt-laden 

water leaked through plant membranes.

4.3.2. Salt uptake

Most water which is taken up by a plant is transpired. Only 5% of the total water

uptake is actually used by a plant (Kramer and Boyer 1995). The ions which are taken up 
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by a plant remain in the plant tissues ‘indefinitely’. Membranes play an important role in 

excluding ions which are not needed by the plant, or could potentially harm the plant. A 

full exclusion of undesirable ions is never achieved. Once excess ions are in the cell, 

plants may compartmentalize these ions in the vacuoles in order to reduce potentially

adverse ion effects on metabolic functions, or organic solutes may be synthesized in the 

cytoplasm in order to balance the osmotic potential of the cytoplasm and/or vacuole.

The results of this study show that ion uptake rates were slower during the first 

four weeks than during the second four weeks, which paralleled the growth rate of the 

shoots (Figure 4.15 depicts the control; for means and SEs of salt treatments refer to 

Table 4.7 in the Appendix). The same observation was true for the calcium chloride and 

the magnesium chloride treatments. These salt treatments showed insignificant increases 

of the respective cations in the shoot dry matter during the first four weeks, while 

significant increases of the respective cation emerged between the fourth and eighth week

(see box plots of Ca2+ and Mg2+ contents after four and eight weeks in the Appendix: 

Figure 4.47 for Ca2+ and Figure 4.48. for Mg2+). Plants, when grown with 750 and 1500 

ppm potassium chloride, showed a significant increase of potassium ions at both four and 

eight weeks (see box plots of K+ contents after four and eight weeks in the Appendix: 

Figure 4.49). Interestingly, sodium chloride was successfully excluded from the shoot dry 

matter when applied at 750 ppm salt concentration, and this was particularly apparent 

after eight weeks (see box plots of Na+ contents after four and eight weeks in the 

Appendix: Figure 4.50). When sodium chloride was applied at 1500 ppm salt 
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concentration level, the Na+ content in the harvested shoot dry matter increased 13-fold 

compared to the control.

The uptake of the chloride anion differed significantly between treatments at both 

four and eight weeks of salt treatment (see box plots of anion contents after four and eight 

weeks in the Appendix: Figure 4.51 for Cl-). After four weeks, differences between salt 

type (p = 0.005) and between salt concentration (p = 0.001) were highly significant; there 

was no interaction between salt type and salt concentration (p = 0.648). After eight weeks

however, both these factors and interaction were highly significant (all p < 0.001). The 

significant interaction effect resulted from the doubling of chloride ion uptake with 

monovalent cations, compared to the divalent cations. 

The final salt contents of the harvested shoot dry matter after eight weeks are 

illustrated in Figure 4.16. The calcium contents increased proportionally with the applied 

salt concentrations (Figure 4.16.a); a similar development was observed with potassium 

chloride (Figure 4.16.c). There was no significant difference in the magnesium contents 

between 750 and 1500 ppm magnesium chloride (Figure 4.16.b). Sodium ions were 

successfully excluded from the shoot dry matter  at the 750 ppm sodium chloride

concentration level, while the sodium content in the shoot dry matter sharply increased 

when the salt concentration was doubled from 750 to 1500 ppm (Figure 4.16.d). Chloride 

ions were taken up as a charge balance proportionally to the respective cation.



95

(a)

Ca2+

Cl-

0

0.5

1

1.5

2

2.5

3

0 750 1500

Salt concentration (ppm)

C
aC

l 2 
co

nt
en

t (
%

 o
f s

ho
ot

 d
ry

 w
ei

gh
t)

     (b)

Mg2+

Cl-

0

0.5

1

1.5

2

2.5

3

0 750 1500

Salt concentration (ppm)

M
gC

l 2 
co

nt
en

t (
%

 o
f s

ho
ot

 d
ry

 w
ei

gh
t)

(c)

Cl-

0

1

2

3

4

5

6

0 750 1500

Salt concentration (ppm)

K
C

l c
on

te
nt

 (
%

 o
f s

ho
ot

 d
ry

 w
ei

gh
t)

K+

     (d)

Cl-

0

1

2

3

4

5

6

0 750 1500

Salt concentration (ppm)

N
aC

l c
on

te
nt

 (
%

 o
f s

ho
ot

 d
ry

 w
ei

gh
t)

Na+

Figure 4.16. Effect of salinity on cation and anion contents. Parthenium argentatum
Gray, line AZ 2. The ion contents are percentages of harvested shoot dry 
weight. For the treatments: (a) CaCl2, (b) MgCl2, (c) KCl, and (d) NaCl, 
measured after eight weeks of salt treatment. Each data point represents a 
sample size of n = 3. Means are connected with trend lines. Bars indicate 
SE of mean. The mean difference is significant at the 0.05 level (for 
means and SEs refer to Table 4.7 in the Appendix).
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4.3.3. Potential nutrient imbalances

Nutrient imbalances in plants can occur when certain salts are present in soil 

solution. Although the applied salt concentrations of this study were low, specific trends 

of nutrient imbalances became visible.

For example, the application of 1500 ppm calcium chloride significantly reduced 

the uptake of sodium, while all other ions remaining unchanged at both 750 and 1500 

ppm salt concentration (Figure 4.17). Magnesium chloride caused a significantly reduced 

uptake of sodium at 750 ppm and a significantly reduced uptake of potassium at 1500 

ppm magnesium chloride (Figure 4.18). All other ions remained in balance. The 

application of potassium chloride increased the uptake of sodium significantly, while all 

other ions showed no significant differences in ion contents (Figure 4.19). Finally, 

sodium chloride caused a reduced uptake of both calcium and magnesium ions and an 

increased uptake of potassium ions at the 750 ppm salt concentration (Figure 4.20). 

4.4. Gas exchange parameters

Krenzer et al. (1975) determined guayule to be a  C3 plant based on leaf anatomy, 

CO2 compensation point, and photosynthesis and photorespiration. Most drought and 

winter-deciduous perennial shrubs in North American deserts have been observed to be

C3 plants, according to a classification in which plant growth habits were grouped by 

their photosynthetic pathways (Ehleringer 1994).

Average maximum ‘photosynthetic rates’ of agricultural C3 plants have been 

reported from 20 to 40 mg CO2*dm-2*hr-1 under optimal conditions; while average 
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Figure 4.17. Nutrient imbalances with CaCl2. The application of CaCl2 causing 
possible nutrient imbalances in guayule, Parthenium argentatum Gray, 
line AZ 2, when applied at various salt concentrations, after eight weeks of 
salt treatment. Data points represent the means of sample size n = 3. 
Means are connected with trend lines. Bars indicate SE of the mean. The 
mean difference is significant at the 0.05 level (for means and SEs refer to 
Table 4.7 in the Appendix).
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Figure 4.18. Nutrient imbalances with MgCl2. The application of MgCl2 causing 
possible nutrient imbalances in guayule, Parthenium argentatum Gray, 
line AZ 2, when applied at various salt concentrations, after eight weeks of 
salt treatment. Data points represent the means of sample size n = 3. 
Means are connected with trend lines. Bars indicate SE of the mean. The 
mean difference is significant at the 0.05 level (for means and SEs refer to 
Table 4.7 in the Appendix).
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Figure 4.19. Nutrient imbalances with KCl. The application of KCl causing possible 
nutrient imbalances in guayule, Parthenium argentatum Gray, line AZ 2, 
when applied at various salt concentrations, after eight weeks of salt 
treatment. Data points represent the means of sample size n = 3. Means are 
connected with trend lines. Bars indicate SE of the mean. The mean 
difference is significant at the 0.05 level (for means and SEs refer to Table 
4.7 in the Appendix).
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Figure 4.20. Nutrient imbalances with NaCl. The application of NaCl causing possible 
nutrient imbalances in guayule, Parthenium argentatum Gray, line AZ 2, 
when applied at various salt concentrations, after eight weeks of salt 
treatment. Data points represent the means of sample size n = 3. Means are 
connected with trend lines. Bars indicate SE of the mean. The mean
difference is significant at the 0.05 level (for means and SEs refer to Table 
4.7 in the Appendix).
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maximum rates of desert C3 plants are reported between 4 and 12 mg CO2*dm-2*hr-1 

(Larcher 1980). Researchers have, however, shown that some drought-deciduous desert 

shrubs possess rather high photosynthetic capacities. For example, well-watered Encelia 

farinosa A. Gray—a Sonoran Desert shrub—has a photosynthetic capacity of 60 to 69 

mg CO2*dm-2*hr-1 (Cunningham and Strain 1969). It has been shown by Ehleringer and

Björkman (1978) that high Rubisco content combined with high stomatal conductance 

rates allow for such high photosynthetic capacities. In the Mohave Desert shrub,

Bamberg et al. (1975) measured Ambrosia dumosa (A. Gray) W.W. Payne with a 

photosynthetic capacity exceeding 47 mg CO2*dm-2*hr-1. Ambrosia deltoidea (Torr.) 

W.W. Payne and Hyptis emoryi Torr. showed photosynthetic capacities of 23 to 40 mg 

CO2*dm-2*hr-1 (Nobel 1976).

These high photosynthetic capacities in desert perennials approximate, or in some 

cases do even compete with, average photosynthetic capacities measured in C4 plants. 

This is certainly remarkable considering the fact that these plants are apparently all C3

plants—a photosynthetic pathway in which photorespiration limits photosynthetic 

capacity.

It was noticed during preliminary net CO2 gas exchange measurements of this 

study that guayule also showed high net CO2 gas exchange rates with maximum values 

reaching beyond 41 mg CO2*dm-2*hr-1. Raised CO2 concentrations of a greenhouse 

environment might have contributed to this high photosynthetic capacity; it is 

remarkable, however. In comparison, Rao and Rajendrudu (1989) measured in guayule 

an instantaneous ‘net photosynthetic rate’ of 25.7 mg CO2*dm-2*hr-1.
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4.4.1. Circadian net CO2 gas exchange and CO2 compensation point

Figure 4.21 depicts the circadian net CO2 gas exchange rates of the control during 

eight weeks (for means and SEs refer to Table 4.8 in the Appendix). Net CO2 gas 

exchange rates were positive between 0700 and 1600 hours. The midday depression sets

in at 1000 hours with a midday-low. After eight weeks, the control plants showed an 

overall increase of net CO2 gas exchange rates; the midday depression had gradually 

become less pronounced with progressing weeks. The controlling factors responsible for 

increasing assimilation over respiration rates were, first, the rise of PAR above 65 

µmol*m-2*s-1 and, second, the rise of the leaf temperature above 14.5oC (see dotted lines 

in Figures 4.39 through 4.46).

At the point, at which assimilation and respiration rates were equal, the CO2

compensation point was reached with a reading of approximately 10 ppm (Figure 4.22). 

In other words, when the gradient between ambient CO2 and intercellular CO2

concentration rose from 0 to 10 ppm, the enzyme Rubisco was activated. Beyond 10 ppm 

CO2 concentration gradient, there was a linear response of assimilation with increasing 

gradient. This can be approximated by A = k*[(Cc)-Γ] (Farquhar and Sharkey 1982), 

where A is the assimilation rate, Cc is proportional to the maximum Rubisco activity in 

the leaf, and k is the ‘carboxylation efficiency’ (Ku and Edwards 1977), and Γ is the CO2

compensation point. The difference between ca (which is the CO2 concentration of 

ambient air) and ci (which is the intercellular CO2 concentration) can be an estimator for 

Cc, resulting in the slope of this function being proportional to the amount of Rubisco 

(Farquhar and Sharkey 1982). The regeneration of Rubisco became limiting with
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Figure 4.21. Circadian net CO2 gas exchange rates of the control group. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks.
Light-gray surfaces are positive net CO2 gas exchange rates; dark-gray 
surfaces indicate negative net CO2 gas exchange rates. Each data point 
represents the mean of sample size n = 9 (see Table 4.8 in the Appendix).
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Figure 4.22. CO2 compensation point and Rubisco activity of the control group. Net 
CO2 gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Measurements were taken from one-year old plants of the control.  The 
intercept through the abscissa equals Γ (the CO2 compensation point). The 
arrow indicates the point at which the capacity to regenerate RuBP
becomes limiting. Each data point represents the mean of sample size n = 
9. The equation of the assimilation rate (A) is taken from Farquhar and 
Sharkey (1982), whereas Cc was replaced by (ca-ci). (For the complete 
dataset refer to the archived compact disc, see Chapter 3.5).
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increasing CO2 gradient, indicating that RuBP oxygenase activity set in, slowing down or 

limiting CO2 assimilation. Maintaining an optimal (continuously low) CO2 gradient 

between ambient air and intercellular CO2 concentration allows maximum carboxylation 

efficiency.

Overall, a CO2 compensation point of 10 ppm is exceptionally low for a C3 plant 

and according to the literature, only C4 plants reach these low values of 10 to 20 ppm. C3

plants usually show compensation points between 50 and 100 ppm. No explanation can 

be provided for this finding with this research; however, this could be an important focus 

of future physiological investigations.

Rubisco activity is not only dependent on the ratio between CO2 and O2

concentration within the leaf but it is also dependent on temperature. A maximum 

Rubisco carboxylation activity in guayule was found as long as leaf temperature stayed 

below 23.5oC and PAR remained below 550 µmol*m-2*s-1. At 1000 hours, the 

intercellular CO2 had dropped to a minimum of 310 ppm, while O2 concentration had

presumably, in turn, increased (see dotted lines in Figures 4.39 through 4.46). At this 

point, net CO2 gas exchange rates decreased (Figure 4.21), causing the phenomenon of 

the ‘midday depression’ (Collatz et al. 1991). Increased photorespiration rate s might be 

responsible for this development; however, overall, the cause of this phenomenon of the 

midday depression is still highly unresolved. Because the intercellular CO2 concentration 

subsequently increased, some type of respiration had set in and therefore caused an 

evolution of CO2. Post-midday measurements of net CO2 gas exchange rates increased 
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again; however, they never reached the maximum net CO2 gas exchange rates of pre-

midday measurements.

Once PAR decreased to 35 µmol*m-2*s-1 at 1600 hours, net CO2 gas exchange 

rates became negative and CO2 respiration exceeded CO2 assimilation. Respiration rates 

between 1600 and 0700 hours were low; i.e., 2-3 mg CO2*cm-3*hr-1, and they were also 

uniform throughout the nocturnal part of the circadian course (see dotted lines in Figures 

4.39 through 4.46). 

In summary, for maximum CO2 assimilation to take place in guayule, leaf 

temperature, irradiance, and intercellular CO2 concentration have to be synchronized with 

each other in order to achieve maximum carboxylation capacity of Rubisco. Each of these 

parameters showed optimum ranges. The leaf temperature optimum for maximum 

Rubisco activity was between 15 and 23.5oC. The light compensation point was at 35 

µmol*m-2*s-1 and the light saturation point was at approximately 550 µmol*m-2*s-1. The 

CO2 compensation point was 10 ppm. Leaf temperature and the ratio of CO2 to O2 within 

the leaf determine the carboxylation or oxygenation activity of Rubisco.

If these parameters are held at the optimum levels, maximum CO2 assimilation 

rates can be achieved, particularly under the light of the leaf anatomical findings as 

described in Chapter 4.1. In fact, based on these leaf anatomical results, a high 

photosynthetic capacity for guayule is certainly feasible. The absence of spongy 

parenchyma and the presence of thick indumenta might in fact be tuned with stomatal 

characteristics, such as number, shape, and position, to keep leaf temperature, irradiance, 

and CO2 partial pressure at an optimum level for a continuous Rubisco activity and 
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electron transport capacity. The raised stomata might in this respect be of pivotal 

significance—not only for guayule but also for many other xerophytes in general. Raised 

stomata in combination with trichomes and significant volumes of substomatal chambers 

might assist in trapping both water vapor and CO2 within the leaf. With these anatomical 

structures in place, it is speculated that guayule may be able to trap the CO2 which 

evolves from photorespiration and other respiratory processes within the leaf, 

subsequently concentrating and internally recycling it. This mechanism of CO2

concentration in photosynthetic organisms is known from Moricandia sp. (Thole and 

Rawsthorne 2003); however, the biochemical essentials and processes are uncertain 

(Baker and Long 1986).

It appears as if many leaf anatomical characteristics contribute and interact with 

physiological features to achieve a high maximum performance of a plant which is 

adapted to an arid environment. In order to investigate this further, it will be important to 

compare the results of this greenhouse study with the photosynthetic capacity of guayule 

in its native habitat and in the field, enhancing our understanding of the physiological 

capacities of xerophytes in general. In further sequence, it will be important to investigate 

whether physiological adjustments may increase the productivity of guayule as an arid 

lands crop.

4.4.2. Circadian net CO2 gas exchange in salt-stressed guayule

Figures 4.23 through 4.30 depict the circadian net CO2 gas exchange rates of the 

salt treatments during eight weeks (for means and SEs refer to Tables 4.9 through 4.12 in 
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Figure 4.23. Circadian net CO2 gas exchange rates of 750 ppm CaCl2. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.9 in the Appendix).



109

0:
00

-3
:0

0

3:
00

-6
:0

0

6:
00

-8
:0

0

8:
00

-1
0:

00

10
:0

0-
12

:0
0

12
:0

0-
14

:0
0

14
:0

0-
16

:0
0

16
:0

0-
18

:0
0

18
:0

0-
21

:0
0

21
:0

0-
24

:0
0 2

4
6

8

-15

-10

-5

0

5

10

15

20

25

Net CO2 gas 
exchange

(mg*cm-3*2hr-1)

Circadian course (hour)

Duration of 
salt 

exposure 
(week)

Figure 4.24. Circadian net CO2 gas exchange rates of 1500 ppm CaCl2. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.9 in the Appendix).
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Figure 4.25. Circadian net CO2 gas exchange rates of 750 ppm MgCl2. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.10 in the 
Appendix).
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Figure 4.26. Circadian net CO2 gas exchange rates of 1500 ppm MgCl2. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.10 in the 
Appendix).
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Figure 4.27. Circadian net CO2 gas exchange rates of 750 ppm KCl. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment.  Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.11 in the 
Appendix).
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Figure 4.28. Circadian net CO2 gas exchange rates of 1500 ppm KCl. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.11 in the 
Appendix).
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Figure 4.29. Circadian net CO2 gas exchange rates of 750 ppm NaCl. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.12 in the 
Appendix).
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Figure 4.30. Circadian net CO2 gas exchange rates of 1500 ppm NaCl. Parthenium 
argentatum Gray, line AZ 2, measured during 24-hours and eight weeks of 
treatment. Each data point represents the mean of sample size n = 9 (see 
means and SEs for circadian measurements in Table 4.12 in the 
Appendix).
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the Appendix). Salinity had overall no effect on nocturnal net CO2 gas exchange rates; 

however, it reduced diurnal net CO2 gas exchange rates. The most significant reductions 

of diurnal net CO2 gas exchange rates in the salt treatments relative to the control were 

recorded at 1000 hours for all salt treatments except for 750 ppm calcium chloride (see 

results of the Dunnett’s two- sided multiple comparison test in Table 4.13 in the 

Appendix). 

The most significant and immediate reduction in diurnal net CO2 gas exchange 

rates, relative to the control, was recorded in plants grown at 750 (Figure 4.27) and 1500 

ppm (Figure 4.28) potassium chloride (for means and SEs refer to Table 4.11 in the 

Appendix). These reductions might be related to the significant increase of mesophyll 

cells, which impaired the proper functioning of the guard cells (discussed in Chapter 4.1).

A significant but gradual reduction with progressing weeks in diurnal net CO2 gas 

exchange rates, relative to the control, was recorded in plants grown at 1500 ppm sodium 

chloride (Figure 4.30) (for means and SEs refer to Table 4.12 in the Appendix). This 

reduction might be related to the pronounced increase in the uptake of sodium chloride 

with increasing duration of salt exposure (for shoot ion contents refer to Table 4.7 in the 

Appendix; also see Figure 4.16.d in Chapter 4.3.2), resulting in a considerable salt 

accumulation within the shoots. The leaf tissues and therefore the photosynthetic 

apparatus might have been significantly affected by this salt accumulation.

Slightly significant reductions of diurnal net CO2 gas exchange rates, relative to 

the control, were recorded in plants grown at 750 (Figure 4.25) and 1500 ppm (Figure 

4.26) magnesium chloride (for means and SEs refer to Table 4.10 in the Appendix). 
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These differences occurred solely between 0800 and 1200 hours (refer to Table 4.13 in 

the Appendix). It appeared that with progressing weeks of salt exposure, the plants of the 

magnesium chloride treatments gradually adjusted to the imposed salt stress (Figure 4.25 

for 750 ppm MgCl2 and Figure 4.26 for 1500 ppm MgCl2). Magnesium plays an 

important role as the central atom of the chlorophyll molecule. This important function 

might have reduced the negative impact of the salt as a stress factor.

A moderately significant reduction of diurnal net CO2 gas exchange rates, relative 

to the control, was recorded in plants grown at 1500 ppm calcium chloride (Figure 4.24) 

(for means and SEs refer to Table 4.9 in the Appendix). Increasingly thinner leaves with 

increasing salt concentrations might have reduced chloroplast counts. Also, an 

insignificant increase in calcium ions within the shoots with progressing salt exposure 

when viewed in proportion to the applied salt concentrations (for shoot ion contents refer 

to Table 4.7 in the Appendix) might have caused an increased energy investment directed 

into ion exclusion.

Finally, no significant differences in diurnal net CO2 gas exchange rates, relative 

to the control, were recorded in plants grown at 750 ppm calcium chloride (Figure 4.23) 

and 750 ppm sodium chloride (Figure 4.29) (for means and SEs refer to Table 4.9 for 750 

ppm calcium chloride and Table 4.12 for 750 ppm sodium chloride in the Appendix).

In summary, a decrease in diurnal net CO2 gas exchange rates in salt-stressed 

plants might have been caused by a decrease in CO2 carboxylation rates or an increase in 

photorespiration. Another possible scenario is that both the CO2 carboxylation rate and 

the photorespiration rates have increased. Dark respiration processes remained clearly 
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unaffected by chloride salts. In the available literature, high ion composition of the soil 

solution has been reported to influence assimilation rates by reducing the capacity for 

electron transport and therefore reducing the activity of Rubisco (Kaiser et al. 1981).

4.4.3. Rubisco activity in salt-stressed guayule

As previously described in Chapter 4.4.2, the slope of the equation A = k*[(ca-ci)-

Γ] can be used for an estimate of the amount of Rubisco or the maximum activity of 

Rubisco in a plant (Farquhar and Sharkey 1982). For each salt treatment, net CO2 gas 

exchange rates were plotted as a function of CO2 gradient and compared to the control 

(Figure 4.31 through 4.38). These graphs show that, based on the measurements, none of 

the salt-stressed plants achieved similarly high CO2 gradients between ambient air and 

intercellular CO2 concentrations as the control. Therefore, the maximum activity of 

Rubisco was significantly lower in salt-stressed plants than in the control. This, however, 

can only be viewed as an estimate; future biochemical analyses of leaf enzyme activities 

will be needed.

The CO2 compensation point was similar to the control in the 750 ppm

magnesium chloride (Figure 4.33), the 1500 ppm magnesium chloride (Figure 4.34), and 

the 750 ppm potassium chloride (Figure 4.35) treatments. The CO2 compensation point 

slightly increased in 750 ppm calcium chloride (Figure 4.31), 1500 ppm calcium chloride 

(Figure 4.32), 1500 ppm potassium chloride (Figure 4.36), 750 ppm sodium chloride 

(Figure 4.37), and 1500 ppm sodium chloride (Figure 4.38). A higher CO2 compensation 

point in salt-stressed plants can be interpreted as a longer activation period for Rubisco.
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Figure 4.31. CO2 compensation point and Rubisco activity of 750 ppm CaCl2. Net CO2

gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Calcium chloride 750 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.32. CO2 compensation point and Rubisco activity of 1500 ppm CaCl2. Net 
CO2 gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Calcium chloride 1500 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.33. CO2 compensation point and Rubisco activity of 750 ppm MgCl2. Net CO2

gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Magnesium chloride 750 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.34. CO2 compensation point and Rubisco activity of 1500 ppm MgCl2. Net 
CO2 gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Magnesium chloride 1500 ppm (solid line) and control group (dashed 
line). Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.35. CO2 compensation point and Rubisco activity of 750 ppm KCl. Net CO2

gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Potassium chloride 750 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.36. CO2 compensation point and Rubisco activity of 1500 ppm KCl. Net CO2

gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Potassium chloride 1500 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.37. CO2 compensation point and Rubisco activity of 750 ppm NaCl. Net CO2

gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Sodium chloride 1500 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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Figure 4.38. CO2 compensation point and Rubisco activity of 1500 ppm NaCl. Net CO2

gas exchange rate versus CO2 gradient between ambient air (ca) and 
intercellular CO2 (ci) in guayule, Parthenium argentatum Gray, line AZ 2. 
Sodium chloride 1500 ppm (solid line) and control group (dashed line). 
Measurements were taken after eight weeks of salt treatment. The 
intercept through the abscissa equals Γ (the CO2 compensation point). 
Each data point represents the mean of sample size n = 9. (For the 
complete dataset refer to the archived compact disc, see Chapter 3.5).
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It remains unclear whether the RuBP regeneration limited region had been 

reached in salt-stressed plants. Hypothetically, salt-stressed plants might still possess the 

potential for additional carboxylation or these plants were, in fact, carboxylating at much 

higher levels but other factors contributed to an increased CO2 evolution in the leaf, 

decreasing the CO2 gradient in salt-stressed plants. These results suggest a limited 

availability of Rubisco as one hypothetical explanation and the influence of other non-

enzymatic factors (i.e., stomatal limitations, leaf water potential, inter alia) might be 

another possible explanation. 

4.4.4. Relationship diagrams

Figures 4.39 through 4.46 depict the relationship between gas exchange 

parameters for each treatment measured after eight weeks of treatment (for means and 

SEs refer to Tables 4.14 through 4.21 in the Appendix). The gas exchange parameters

were plotted in relationship to one another in order to study their dependences and 

interactions. Each graph depicts a salt treatment and the control.

The most important observations derived from these relationship graphs are the 

two-peak circadian course of stomatal conductance throughout all treatments and the 

decrease of leaf temperature and increase of intercellular CO2 in salt-stressed guayule.

The results of Dunnett’s multiple comparison tests are summarized in Table 4.22 for 

stomatal conductance, Table 4.23 for intercellular CO2 concentration, and Table 4.24 for 

leaf temperature.
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Figure 4.39. Relationship between circadian cycles of gas exchange parameters in 750 
ppm CaCl2. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and CaCl2 750 ppm (solid line).
Hourly data points represent means of sample size n = 9. Vertical lines 
indicate SE of mean (see Table 4.14 in the Appendix).
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Figure 4.40. Relationship between circadian cycles of gas exchange parameters in 1500 
ppm CaCl2. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and CaCl2 1500 ppm (solid line).
Hourly data points represent means of sample size n = 9. Vertical lines 
indicate SE of mean (see Table 4.15 in the Appendix).
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Figure 4.41. Relationship between circadian cycles of gas exchange parameters in 750 
ppm MgCl2. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and MgCl2 750 ppm (solid line).
Hourly data points represent means of sample size n = 9. Vertical lines 
indicate SE of mean (see Table 4.16 in the Appendix).
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Figure 4.42. Relationship between circadian cycles of gas exchange parameters in 1500 
ppm MgCl2. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and MgCl2 1500 ppm (solid line).
Hourly data points represent means of sample size n = 9. Vertical lines 
indicate SE of mean (see Table 4.17 in the Appendix).
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Figure 4.43. Relationship between circadian cycles of gas exchange parameters in 750 
ppm KCl. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and KCl 750 ppm (solid line). Hourly 
data points represent means of sample size n = 9. Vertical lines indicate 
SE of mean (see Table 4.18 in the Appendix). 
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Figure 4.44. Relationship between circadian cycles of gas exchange parameters in 1500 
ppm KCl. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and KCl 1500 ppm (solid line). Hourly 
data points represent means of sample size n = 9. Vertical lines indicate 
SE of mean (see Table 4.19 in the Appendix).
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Figure 4.45. Relationship between circadian cycles of gas exchange parameters in 750 
ppm NaCl. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and NaCl 750 ppm (solid line). Hourly 
data points represent means of sample size n = 9. Vertical lines indicate 
SE of mean (see Table 4.20 in the Appendix).
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Figure 4.46. Relationship between circadian cycles of gas exchange parameters in 1500 
ppm NaCl. Parthenium argentatum Gray, line AZ 2, after eight weeks of 
salt treatment. Control (dotted line) and NaCl 1500 ppm (solid line).
Hourly data points represent means of sample size n = 9. Vertical lines 
indicate SE of mean (see Table 4.21 in the Appendix).
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The stomatal conductance of all salt treatments showed a distinct two-peak 

circadian course. A high stomatal conductance was recorded at 0600 and 1800 hours 

which means that guard cells had opened wider at these times than during the rest of the 

day. The morning peak of stomatal opening might have allowed the generation of a CO2

concentration gradient between the ambient air and the intercellular air. Once the CO2

concentration gradient rose, stomatal conductance decreased and remained on the same 

level during daytime. The evening peak of stomatal opening might have allowed the 

release of water vapor which in turn cooled the leaf. Stomatal opening is usually 

controlled by the water status of the plant, the CO2 partial pressure within the leaf, and 

the ion concentrations in the guard cells. This peculiar two-peak circadian course of 

stomatal conductance is unclear. It might be interpreted as an adaptive feature of an arid 

lands plant: guayule opened the guard cells wider at times when water loss was restricted 

to a minimum.

Another observation during a circadian course is the significant increase of 

intercellular CO2 concentration in the salt-stressed plants. On the basis of the 

measurements performed in this study, it cannot be determined whether this increase 

resulted from an increased respiration process or from an overall lower carboxylation 

rate. Future research will identify the sources of this higher CO2 concentration.

Physiologically highly significant was the observation of a decreased leaf 

temperature in all chloride salt treatments. One theory for this development is that the 

colligative properties of the cytoplasm can be changed with increasing salt contents in 

plants. It might be speculated that the salt contents in halophytes contribute to their 
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tolerance of high temperatures and the survival in environmental extremes such as salt 

flats and deserts. Another hypothesis is that light-induced respiration might cool leaves. 

Overall, plant physiological and biochemical processes should be affected by the

lowering of leaf temperatures, as all these processes usually have narrow temperature 

ranges within which optimum activities and efficiencies are achieved.

4.5. Growth parameters

After eight weeks of treatment, growth in terms of height was significantly

reduced with salt concentration (p = 0.003), while it remained statistically unaffected by 

salt type (p = 0.111). There was no interaction between salt type and salt concentration

(p = 0.151). Hence, the change in height increase appears to be a response to reduced 

water supply rather than salinity. Drought and salinity stresses may decrease hydraulic 

conductivity for water transport within the plant. While the plants at 1500 ppm calcium

chloride and 1500 ppm sodium chloride increased the least in height, the control and the 

plants at 750 ppm calcium chloride grew the tallest (Table 4.1) (for means, SEs, and 

results of Tukey HSD multiple comparison test of four and eight weeks refer to Table 

4.25 in the Appendix).

After eight weeks of treatment, growth in terms of shoot and root dry matter did 

not differ between the treatments (Table 4.1). There was no difference in shoot dry 

weight between salt concentration (p = 0.578) and between salt type (p = 0.288), and 

there was also no interaction between salt type and salt concentration (p = 0.571). Root 

dry weights showed no difference between salt concentration (p = 0.997) and between 
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Table 4.1. Effect of salinity on height increase and shoot dry weight. Parthenium 
argentatum Gray, line AZ 2, measured in centimeters for height and grams 
for shoot dry weight, after eight weeks of salt treatment. Data represent 
means ± SE with sample size n = 4 for height increase and n = 3 for shoot 
dry weight (for means and SEs of four and eight weeks refer to Table 4.25 
for height increase and Table 4.26 for shoot and root dry weights in the 
Appendix).

Treatment
(salt type, salt concentration)

Height increase 1,2

(cm)
Shoot dry weight 1,3

(g)

                Control, 0 6.8 ± 0.9 a 34.4 ± 2.1 a

                CaCl2, 750      5.3 ± 0.5 a,b 34.7 ± 2.9 a

                CaCl2, 1500      2.5 ± 0.5 c 28.0 ± 3.3 a

                MgCl2, 750      5.0 ± 0.7 a,b,c 27.2 ± 3.5 a

                MgCl2, 1500      3.8 ± 0.5 b,c 29.7 ± 2.5 a

                KCl, 750      4.0 ± 0.4 b,c 33.1 ± 1.4 a

                KCl, 1500      3.5 ± 0.3 b,c 35.0 ± 6.2 a

                NaCl 750      3.3 ± 0.5 b,c 28.8 ± 5.7 a

                NaCl 1500      2.8 ± 0.5 b,c 25.1 ± 4.0 a

1 Same letters indicate no difference at the significance level of 0.05.
2 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.063, subset

       b = 0.063, and subset c = 0.386.
3 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.661.
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salt type (p = 0.406). No interaction between salt type and salt concentration was 

recorded for the root dry weights (p = 0.223) (for means, SEs, and results of Tukey HSD 

multiple comparison test of four and eight weeks refer to Table 4.26 in the Appendix).

Although change in height was significantly decreased in the salt treatments, there 

was no significant difference in shoot dry matter. As these results illustrate, by only 

measuring plant height, many growth parameters could be dismissed or concealed, 

particularly in salt and also drought tolerance studies. Other growth-related processes 

were activated in order to compensate for the reduced height. For example, plants have 

shown an enhanced growth of secondary and tertiary shoots, an increase in stem 

diameter, differences in leaf thicknesses or leaf sizes, or increased resin and rubber 

concentrations. Therefore, when measuring only plant height as growth parameter, the 

relationship of these growth processes, which influence the shoot dry matter, remain 

unmentioned.

An excessive salt accumulation in the shoot dry matter suggests another 

speculation behind the insignificance of shoot dry weights between the treatments. Salt 

concentrations did indeed account for a considerable portion of shoot dry weight, as shoot 

ion analyses have shown (see Chapter 4.3); however, after subtracting the salt contents 

from the harvested shoot dry weights for each treatment, the corrected shoot dry weights 

were statistically not significantly different between the treatments, except for 1500 ppm 

sodium chloride. When corrected by salt contents, this particular treatment showed a 

significantly reduced shoot dry weight, relative to the control.
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4.6. Resin and rubber

After eight weeks of salt treatment, resin and rubber contents remained unchanged 

with regard to the salt treatments, relative to the control. There was no significant effect 

of salt type on resin content (p = 0.218) and rubber content (p = 0.220). There was also 

no significant effect of salt concentration on resin content (p = 0.972) and rubber content 

(p = 0.077). The interaction between salt type and salt concentration was insignificant

(p = 0.628 for resin; p = 0.942 for rubber). While the resin content was more affected by 

salt type than salt concentration, it was vice versa in regards to the rubber content.

After eight weeks, differences in resin and rubber contents between the treatments 

were statistically insignificant (Table 4.2) (for means, SEs, and results of Tukey HSD 

multiple comparison test of four and eight weeks refer to Table 4.27 in the Appendix). 

Plants grown at a concentration of 750 ppm potassium chloride showed the lowest resin 

content, while plants grown at 750 ppm calcium chloride and 1500 ppm magnesium 

chloride showed the highest resin content. Overall, plants grown at the 1500 ppm salt 

concentrations showed higher rubber contents than plants grown at the 750 ppm salt

concentrations. This trend might indicate the frequently reported observation of 

increasing rubber content with increasing salinity (see Chapter 2.2.2).
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Table 4.2. Effect of salinity on shoot dry weight, resin and rubber contents. 
Parthenium argentatum Gray, line AZ 2, measured in grams for shoot dry 
weight and percentages of shoot dry weight for resin and rubber contents, 
after eight weeks of salt treatment. Numbers represent means ± SE with 
sample size n = 3 (for means and SEs of four and eight weeks refer to 
Table 4.27 in the Appendix).

Treatment
(salt type and 
concentration)

Shoot dry weight 1,2

(g)
Resin content 1,3

(% of shoot dry 
weight)

Rubber content 1,4

(% of shoot dry 
weight)

            Control, 0 34.4 ± 2.1 a 7.4 ± 0.4  a 1.8 ± 0.1 a

            CaCl2, 750 34.7 ± 2.9 a 8.2 ± 0.3 a 2.4 ± 0.3 a

            CaCl2, 1500 28.0 ± 3.3 a 7.3 ± 0.3 a 2.3 ± 0.2 a

            MgCl2, 750 27.2 ± 3.5 a 7.4 ± 0.3 a 1.7 ± 0.1 a

            MgCl2, 1500 29.7 ± 2.5 a 8.4 ± 0.6 a 2.2 ± 0.3 a

            KCl, 750 33.1 ± 1.4 a 6.9 ± 0.1 a 1.9 ± 0.1 a

            KCl, 1500 35.0 ± 6.2 a 7.2 ± 0.4 a 2.3 ± 0.2 a

            NaCl 750 28.8 ± 5.7 a 7.5 ± 0.2 a 2.1 ± 0.2 a

            NaCl 1500 25.1 ± 4.0 a 7.3 ± 0.1  a 2.3 ± 0.2 a

1 Same letters indicate no difference at the significance level of 0.05.
2 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.661.
3 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.096.
4 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.277.
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5. DISCUSSION AND SYNTHESIS

5.1. Dosis facit venenum

Plants are sessile. Due to this lifestyle, they can neither run nor hide when stress 

factors are imposed on them. Therefore, plants have to structurally and physiologically 

deal with stress factors, such as salinity.

When salt concentrations in soil solutions increase, water gradually becomes less 

available to plants. Plants must then produce an even greater negative pressure to provide 

the necessary gradient for water uptake. If plants are unable to perform this, they wilt and 

die from desiccation although ‘water’ would have seemingly been aplenty. In a semi-

hydroponic setup in controlled conditions, guayule tolerated chloride salt treatments up to 

1500 ppm without growth reductions. The water uptake, however, was significantly 

reduced with increasing salt concentration, between 12 and 30% at 750 ppm and between 

30 and 40% at 1500 ppm chloride salt concentration, relative to the control. This implies 

that higher water use efficiencies can be achieved with relatively low salinity irrigation 

water.

A considerable salt load can potentially be transported into plant tissues. Ion 

uptake and ion uptake rates are, however, independent of transpiration rates. The ion 

uptake rate depends on the ion concentration of the soil or irrigation solution, the 

presence of available carriers for transport, and the availability of energy to perform the 

uptake. Ion flux into plants varies between plant species and is dependent on the 

absorption potential of the roots, the presence of potential ion selectivity or barriers, and 
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therefore the ability of roots to dump ions into the xylem. Once, excess ions are in the 

transpiration stream of the plant, they will remain within plant tissues as opposed to the 

95% of the water which is transpired, that is unless a plant possesses salt conducting or 

excreting structures. To reduce damage to plant tissues, cell organelles, and metabolic 

processes, excess ions need to be properly stored or compartmentalized within plant 

tissues in order to reduce their potentially negative impact. Guayule does not possess salt 

conducting or excreting structures; the results of this study have, however, shown that 

trichomes might act as detoxification repositories at higher salt concentrations. Calcium 

oxalate crystals, for example, have been found in trichomes of many plants (Peterson and 

Vermeer 1984). The adaptive value of calcium precipitation in trichomes is speculative. 

Sakai (1974) suggests that deposits in glandular trichomes absorb electrons and emit 

light. Biel and Yensen (2004) have developed the concept of photo-halosynthesis, which 

might allow plants to generate energy from ions stored in trichomes. Salts in trichomes 

should increase the reflectivity of the leaf surface.

Salinity at high concentrations inevitably causes a uniform outcome in 

glycophytes—plant mortality—simply due to the inability of a plant to provide the 

necessary negative pressure and/or due to the toxic accumulation of salts in the cytoplasm 

which results from leakage or the break-down of membranes. Theoretically, this final 

outcome would appear to be uniform. However, because ions differ chemically, ions 

move differently in the soil solution, and plants may possess effective barriers for one ion 

but not for another, every ion in excess might cause different responses in plants. Death 

from salinity can be caused by very different processes depending on the particular stress 
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factor (i.e., the salt type), the intensity of the particular stress factor (i.e., the salt 

concentration), and the duration of the particular stress factor (i.e., the exposure duration 

to salinity). In other words, the dose of the stress factor determines whether the imposed 

stress is detrimental or beneficial. With regard to the latter, low salt concentrations might 

enhance plant performance.

The present research was designed to study the plant physiological responses of 

guayule to low doses of different salt types. Four chloride salts were applied in single-salt 

solutions at 0, 750, and 1500 ppm salt concentrations for  eight weeks. Remarkably, the 

results show that low-chloride salt doses had no effect on biomass, resin, and rubber, 

while net CO2 gas exchange rates were at the same time significantly decreased, relative 

to the control. From the economic standpoint, salt-stressed guayule achieved a higher 

physiological efficiency than the control plants.

5.2. Activating CO2 concentrating mechanisms when salt-stressed

The first significant question addressing the paradoxical results of this study is 

how the salt-stressed guayule was able to produce the same yields while simultaneously 

significantly decreasing net CO2 gas exchange rates and water use. The overall low CO2

compensation point in guayule raises another important question. This study might infer

the presence of important physiological and biochemical processes taking place in C3-

plants when salt-stressed. It is speculated that photosynthesis can adapt to environmental 

factors, such as salinity, and that photorespiration plays an important key role in the 

survival of plants in arid and salt-affected areas.
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Due to the need to improve the carbon balance in environments with high 

temperatures and high light intensities, C4 plants have evolved rather recently from C3

plants. Despite the many benefits of the C4 photosynthetic pathway, it is expensive in its 

construction and maintenance. Therefore, it has been suggested that other—more 

inexpensive—types of CO2 concentrating mechanisms might be in place to improve the 

carbon balance of plants (Baker and Long 1986). Because C4 plants have particularly 

evolved in salt-affected environments, it is speculated that salinity induces the plants to 

perform some type of a CO2 concentrating mechanism.

One theory for decreased net CO2 gas exchange in salt-stressed guayule is the 

CO2 concentrating mechanism of internal CO2 recycling. This mechanism recycles CO2

which evolves from various sources of respiration. According to Baker and Long (1986), 

the occurrence of this mechanism in photosynthetic organisms is uncertain. Internal CO2

recycling, however, has meanwhile been shown to exist in Moricandia sp., a plant 

species from arid habitats of the Mediterranean region (Thole and Rawsthorne 2003). 

Interestingly, the gradient between ambient and intercellular CO2 concentrations was 

never as high in salt-stressed guayule as in the control plants. Was this based on a lower 

Rubisco activity? Or was it due to CO2 evolving from respiration, adding up to a 

decreased CO2 gradient? Or was it simply that not much stomatal CO2 diffusion occurred 

because most of the CO2 was internally recycled? If salt-stressed guayule increased its 

respiration processes, the evolving CO2 could have been theoretically fed back into the 

Benson-Calvin cycle.
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An increased carbonic anhydrase activity might be another hypothesis for the 

results of this study. The enzyme carbonic anhydrase converts CO2 into HCO3
- at the 

plasma membranes and vice versa in the chloroplast envelopes. The beneficial effect of 

these chemical reactions is that bicarbonate can penetrate a leaf more efficiently than 

CO2, creating high CO2 concentrations also in mesophyll cells of lower palisade cell 

layers. This CO2 concentrating mechanism is also known as a bicarbonate pump and it 

might be speculated that raised stomata play a key role in this process.

A further theory is that the PEP carboxylation reaction was activated in guayule.

It has been shown in many other C3 plants that this heterotrophic CO2 fixation is

activated by salinity (personal communication Karl Y. Biel, 2004). Future research will 

address this hypothesis by analyzing the enzyme composition and activities in guayule

leaves and the ratio of the two types of carboxylations. 

 

5.3. The physiological significance of raised stomata in xerophytes

Raised stomata in guayule have never been reported; it is unclear whether the 

humid and CO2 enriched conditions of a greenhouse have contributed to the development 

of this structural peculiarity. Many tropical plants possess raised stomata, presumably in 

order to surpass the boundary layer of large leaves in an almost constantly water-vapor 

saturated environment. Interestingly, raised stomata have been frequently reported in arid 

lands plants (see Chapter 4.1). They were first described in a xerophyte by Volkens in 

1887 when surveying the flora of the Egyptian- Arabian desert. Although raised stomata 

in xerophytes were described many times thereafter, the physiological significance of 
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raised stomata has only been addressed once (Gradmann 1923) (see Chapter 4.1) and is 

overall poorly understood, if at all. A few hypothetical approaches to the physiological 

significance of raised stomata in xerophytes are suggested in the following.

First, if guayule possesses an internal CO2 recycling mechanism when salt-

stressed or water-stressed, raised stomata with huge substomatal chambers might prove 

beneficial as a trap for CO2 both diffusing into the leaf from ambient air and attempting 

to escape after evolving from respiration. Second, high concentrations of carbonic 

anhydrase located in the plasmalemma of subsidiary cells could convert CO2 immediately 

into HCO3
- upon entrance into or at exit through the stomatal pore. Upon reaching 

chloroplasts, HCO3
- is then converted back into CO2 and as such fed into the Benson-

Calvin cycle. Third, water vapor loss is decreased to a minimum with raised stomata as 

long as the guard cells are still protected by a thick indumentum. An increased water 

vapor diffusion resistance is encountered by the long and narrow tube leading up to the 

guard cells. This thick boundary layer additionally provides a layer of still air in which 

the diffusivity ratio of CO2 to water vapor is lowered to 1.37 instead of 1.6 for turbulent 

air. Finally, another hypothesis for the occurrence of raised stomata in xerophytes is that 

when guard cells are raised, higher pressure can be imposed on the roots for water 

absorption.

If the CO2 released by photorespiration is fed back into the Benson-Calvin cycle, 

then photorespiration is a highly beneficial process for C3 xerophytes. It protects against 

photo-inhibition and photo-oxidation, lowers leaf temperature, consumes excess 

photosynthates and ATP, prevents tissue toxification with the oxygen species, contributes
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to the amino acid synthesis, and provides the required energy for the many secondary 

metabolites that can be particularly found in arid lands plants. It will be of interest and of 

value in the future to determine whether the humid greenhouse conditions during the

present study have contributed to the development of raised stomata, as this has also been 

reported in the literature (Aykin 1953).

5.4. Hypotheses on the role of resin and rubber in guayule

By synthesizing the available literature with the results of this study, this section

will present a theoretical approach to possible reasons for the presence of resin and 

rubber in guayule. Why plants produce rubber or resin is not well known. According to 

the literature, an adequate hypothesis for the peculiar functions of both resin and rubber 

in guayule has not yet been satisfactorily demonstrated. The manufacture of terpenoid 

secondary metabolites in plants requires a substantial amount of energy and nutrients. 

One gram of rubber, for example, requires 3.54 grams of glucose (Gershenzon 1994)—

twice as much as tannins require for their synthesis (Bazzaz et al. 1987). These various 

terpenoid compounds are assumed to serve important physiological and ecological roles 

in plants (Swain 1977, Cloudsley-Thompson 1996). 

Considering this enormous energy investment allocated for resin and rubber 

formation in guayule, the overall high rubber (8-26%) and resin (5-25%) concentrations 

on a dry weight basis (United States Academy of Sciences 1977), and the presence of 

complex secretory structures for resin, it appears unreasonable that resin and rubber 

would serve no functions in guayule or that they would be regarded as waste products. To 
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evaluate the possible physiological and ecological functions of resin and rubber in 

guayule, it is necessary to first understand the extreme climatic variations of temperature 

and precipitation in deserts. From this point, possible reasons for resin and rubber 

contents in guayule can be hypothesized.

Both the production and maintenance of secondary metabolites are associated 

with costs, which are of particular concern for plants in resource-limited environments. 

According to Bazzaz et al. (1987), low -nutrient and high-light environments such as arid 

and semiarid lands are the prime ecosystem for plant species which produce terpenes or 

phenolic compounds. From an economic standpoint, plant species in these environments 

must have strict allocations of carbon for producing biomass and secondary metabolites. 

Under native conditions, guayule develops its biomass mainly at moderate temperatures 

during spring, late summer, and autumn. As such, growth does not compete per se with 

secondary metabolite production, because resin is produced during the hot summer 

months and the rubber production occurs during the fall and winter months (Bonner 

1943).

The summer-produced resin is both secreted and stored in specialized resin 

canals. Rubber is formed and accumulated initially in the cytoplasm and in later stages it 

is stored in vacuoles (Backhaus and Walsh 1983). The lack of secretory structures for 

rubber means that no costs incur for the construction and maintenance of such specialized 

structures.

Some ecological roles of resin for plants have been frequently reported: anti-

herbivory, allelopathy, attractants for pollinators, inter alia; meanwhile physiological 
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roles have been suggested with limited evidence. For example, Transeau (1904) 

conducted a study with Rumex acetosella and observed increased resin production in 

epidermis cells and cells around veins under drought conditions. Fahn (1990) reports 

similar observations in Quercus and Pistacia which are common trees in the 

Mediterranean flora. Transeau concluded that resin slows down or hinders the passage of 

water, allowing the plant to withstand periods of water deficiency. If compared to other 

ecobiomes, arid and semiarid lands contain a disproportionally high number of resin-

producing plant species (Hoffmann et al. 1984), most frequently reported as possessing 

resin-covered leaves which limit water loss (Meinzer et al. 1990) and/or increase leaf 

reflectance (Dell 1977).

Guayule possesses resin canals which always accompany vascular bundles. This 

peculiar location suggests a relation between resin canals and vascular bundles. Because 

resin in guayule is produced predominantly during the hot summer months, a potential 

physiological role of resin to decrease water flow within the plant may be suggested. This 

is supported by the finding that resin production decreases when some resin-producing 

plants are placed under irrigated cultivation (e.g., Grindelia camporum, McLaughlin and 

Linker 1987). Research projects in the future should provide significant evidence for the 

hypothesis of resin as an anti-transpiring agent—an important constituent for xerophytes 

to decrease water flow within a plant and thus reduce water loss. 

Rubber in guayule, on the other hand, appears unrelated to aridity and limited 

water supplies. Few hypothetical ecological and physiological roles of rubber have been 

suggested in the literature. Spence and McCallum (1935) suggested that rubber serves as 
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a food reserve in guayule, but Prokofiev (1939, 1940) demonstrated that guayule does not 

re-utilize its rubber reserves when cultivated in nutrient-deficient conditions. Benedict 

(1949) re-verified Prokofiev’s findings, clearly stating that rubber is an end-product: once 

it is produced, it is not metabolized further. The suggestion that rubber acts as an energy 

reserve for guayule can most likely be discarded, although Healey et al. (1986) reported a 

rubber decline during the months of June and July.

What is the function of rubber in guayule then? Because guayule invests an 

enormous amount of energy in its rubber production, the suggestion that rubber has no 

function for the plant is nonsensical from the plant economic standpoint.

Important physiological implications behind the role of rubber might be revealed 

by examining the cyclic nature of rubber production and the spatial distribution of rubber 

accumulation. In fact, we find that rubber production in guayule is initiated when night 

temperatures drop below 7oC (Bonner 1943). Eighty percent of the rubber in a guayule 

plant is found in stems, particularly accumulating within the lower one to three 

centimeters of the stem (Backhaus and Walsh 1983); while roots contain up to 20% of the 

total rubber and leaves account for insignificant amounts (Estilai and Waines 1987). In 

other words, guayule initiates rubber production when temperatures drop, stores rubber in 

plant parts which would require high replacement costs, and accumulates the highest 

rubber concentration in those plant parts which are located at the immediate soil surface 

where deserts experience the most extreme fluctuations in air temperatures (Kurtz 1958). 

Guayule has the ability to drop its leaves under severe water shortages or lasting freezing 
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temperatures, simply replacing them when resources become available and suitable again 

in spring.

On the basis of these observations, a potential ecological relation between rubber 

production and low temperatures becomes evident. The freezing point of latex and 

natural rubber is not well studied. In discussions with N. P. Yensen, a hypothesis was 

developed that suggests rubber may act as an anti-freezing agent, protecting plant parts 

such as stems and roots which are necessary for plant survival and the protection of plant 

sections which experience the most extreme daily and seasonal temperature shifts in the 

desert. Many desert plants, in fact, have their leaves elevated above the soil level because 

of the extreme microclimatic conditions usually found at the immediate soil surface. This 

hypothesis of rubber as an anti-freezing agent is also supported by the particular season 

and temperature requirements for rubber initiation. Future research will be required to 

provide significant evidence for this hypothesis. If this hypothesis is verified, it will have 

important implications for the selection of geographic and climatic locations for guayule 

crop production.

5.5. Limitations of this study and future research directions

All growth studies were conducted in the greenhouse where temperature and 

humidity were regulated, CO2 concentration was elevated, and UV-light was absent. How 

far it is possible to compare the results of controlled conditions with field measurements 

will have to be determined. Also, the salt tolerance of guayule in this study was tested in 

a semi-hydroponic system. Because soils have an important capacity to buffer or reduce 
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salinity levels, the tested salinity levels in this study might be physiologically greater than 

when guayule is grown in the field at the same salinity levels. Guayule will thus show 

higher salt tolerance in the field and the precise salt tolerance level will depend on the

soil type.

On the basis of this study, future research directions with guayule are proposed in 

the following. First, anatomical investigations of guayule could provide the necessary 

details for understanding the physiological capacity of an arid lands plant and for 

maximizing crop yields of guayule. This research could be compiled in the form of a 

detailed and complete anatomy atlas with digital microscopic photographs. Second, the 

hypothesis of trichomes serving the function of detoxification repository could be 

addressed and its physiological significance analyzed. Also, the basic function(s) of the 

trichomes in guayule could be determined with the assistance of the Hygen Curves and 

further gas exchange measurements. Third, research with raised stomata in guayule—and 

xerophytes in general—could allow insight into the stomatal characteristics and the 

physiological significance of these peculiar structures. Fourth, leaf enzyme composition 

and activities will provide basic information on the leaf biochemistry and physiology. It 

is herewith suggested that these biochemical analyses should be done on control plants, 

salt-stressed, and water-stressed plants, which would allow elucidating whether CO2-

concentrating mechanisms are present or activated under these aforementioned 

conditions. Fifth, the circadian gas exchange parameters of field-grown and/or plants in 

the native habitat will have to be collected to compare with this present study. Finally, 

evidence for the hypothesis of rubber as an anti-freezing agent will require further growth 
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studies subjected to strict temperature treatments. These suggestions could contribute to 

the long-term perspective of increased crop productivity in guayule and to the selection 

of the best suited geographical crop areas worldwide.
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6. FINAL CONCLUSIONS

1. There were no differences in shoot dry weight, resin, and rubber content in 

guayule line AZ 2 when salt-challenged at 750 and 1500 ppm of calcium chloride, 

magnesium chloride, potassium chloride, and sodium chloride, relative to the 

control. Also, in preliminary studies, there was no difference in salt sensitivity

found between guayule lines (AZ 3, AZ 101, G1-16, G7-11#8, N13-1, and N565). 

These results in combination with the available literature suggest that guayule can 

be grown with relatively low-quality irrigation water without reducing 

productivity.

2. The salt sensitivity in guayule is dependent on the age of plants. In preliminary 

germination trials, guayule was more salt-tolerant during germination than during 

the seedling stage. According to literature references, guayule increases salt 

tolerance after six months to one year of age when plants are established. To 

optimize growth rate and productivity, the water quality should ideally be 

adjusted according to the growth stage of the plant.

3. Guayule leaves possess a unique combination of trichomes, raised stomata, and 

multiple palisade cell layers, allowing the plant to maintain an effective 

photosynthetic capacity and a high water use efficiency even under high light 
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intensity. Plant anatomy and eco-physiology offer important and promising 

research directions in the future.

4. Salt-stressed guayule used up to 40% less water than the control during the eight 

week trial but produced the same biomass and percentages of resin and rubber 

contents. Hence, salt-stressed guayule significantly increased its water use 

efficiency. It is speculated that salinity might activate CO2 concentrating 

mechanisms in guayule. Because the results show that growth effects were caused 

by the salt concentration rather than the salt type, it might be concluded that 

possible changes in CO2 fixation might be a response to an osmotically reduced 

water supply and not to salinity per se.

5. Leaves of salt-stressed guayule were between 1-3oC cooler than the control 

throughout a circadian course. This could indicate that the environmental factor of 

salinity allows plants to withstand and survive high temperatures (i.e., halophytes 

growing in salt flats). In observations during the preliminary studies, it was also 

found that previously salt-stressed guayule was subsequently able to recover from 

an extended drought period, while this treatment sequence of abundant irrigation 

followed by drought conditions was lethal for the control.

6. Raised stomata have not been described in guayule and their physiological 

significance is unknown. Although frequently described in xerophytes, the 
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question of ‘why raised stomata’ has not been adequately investigated with 

respect to their functional purpose(s). A few hypotheses have been suggested in 

this study. For example, the raised positioning of the guard cells might allow 

inducing a higher pressure on the roots for water uptake, restricting blockage of 

the stomatal pore by leaf-surface water, or playing a key role in trapping both CO2

and water within the substomatal chamber.

7. Because no differences in the growth of salt-challenged guayule were found, in 

spite of many significant differences in physiological and anatomical parameters 

(e.g., net CO2 gas exchange, mesophyll thickness, indumentum thickness, 

mesophyll cell size), it may be speculated that there are physiological key 

processes that, if adjusted, would result in higher productivities. It would

therefore be important to identify these key processes. 

8. Guayule complies with the set of preconditions required to qualify as a crop for 

sustainable desert agriculture (i.e., perennial, drought/salt tolerant, low input 

requirements, and specialty crop). Celebrating its 100-year anniversary of crop 

research in 2005, guayule is a novel and promising arid lands crop in the 

southwestern USA with 50,000 acres currently planted and a processing facility 

established (personal communication D. T. Ray, 2005). 
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* Treatment represents a combination of salt type and salt concentration (ppm):

1 = Control, 0
2 = CaCl2, 750
3 = CaCl2 1500
4 = MgCl2, 750
5 = MgCl2, 1500
6 = KCl, 750
7 = KCl, 1500
8 = NaCl, 750
9 = NaCl, 1500

Figure 4.47. Box plots of Ca2+ content in shoot dry matter. Parthenium argentatum
Gray, line AZ 2. Measurements were taken after four (left) and eight 
weeks (right). The ion content is expressed as percentage of harvested 
shoot dry weight. Each treatment represents a sample size of n = 3. 
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6 = KCl, 750
7 = KCl, 1500
8 = NaCl, 750
9 = NaCl, 1500

Figure 4.48. Box plots of Mg2+ content in shoot dry matter. Parthenium argentatum
Gray, line AZ 2. Measurements were taken after four (left) and eight 
weeks (right). The ion content is expressed as percentage of harvested 
shoot dry weight. Each treatment represents a sample size of n = 3. 
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* Treatment represents a combination of salt type and salt concentration (ppm):
1 = Control, 0
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3 = CaCl2 1500
4 = MgCl2, 750
5 = MgCl2, 1500
6 = KCl, 750
7 = KCl, 1500
8 = NaCl, 750
9 = NaCl, 1500

Figure 4.49. Box plots of K+ content in shoot dry matter. Parthenium argentatum Gray, 
line AZ 2. Measurements were taken after four (left) and eight weeks 
(right). The ion content is expressed as percentage of harvested shoot dry 
weight. Each treatment represents a sample size of n = 3. 
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3 = CaCl2 1500
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5 = MgCl2, 1500
6 = KCl, 750
7 = KCl, 1500
8 = NaCl, 750
9 = NaCl, 1500

Figure 4.50. Box plots of Na+ content in shoot dry matter. Parthenium argentatum
Gray, line AZ 2. Measurements were taken after four (left) and eight 
weeks (right). The ion content is expressed as percentage of harvested 
shoot dry weight. Each treatment represents a sample size of n = 3. 
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1 = Control, 0
2 = CaCl2, 750
3 = CaCl2 1500
4 = MgCl2, 750
5 = MgCl2, 1500
6 = KCl, 750
7 = KCl, 1500
8 = NaCl, 750
9 = NaCl, 1500

Figure 4.51. Box plots of Cl- content in shoot dry matter. Parthenium argentatum Gray, 
line AZ 2. Measurements were taken after four (left) and eight weeks 
(right). The ion content is expressed as percentage of harvested shoot dry 
weight. Each treatment represents a sample size of n = 3. 

* *
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Table 4.3. Effect of salinity on leaf surface area in guayule. Parthenium argentatum
Gray, line AZ 2, during eight weeks of salt treatment. Measurements are 
based on one leaf side. Data represent means ± SE with sample size n = 9.

Treatment
(salt, ppm)

Leaf Area
(mm2)

Tukey HSD 1, 2 Duncan 1, 3 Dunnett 4,5

Control, 0 953 ± 184 a a (control group)
CaCl2, 750      1165 ±   65 a,b a,b    0.334
CaCl2, 1500      1321 ± 122 a,b b,c    0.058
MgCl2, 750      1132 ±   73 a a,b    0.431
MgCl2, 1500      1638 ±   87 b c * 0.001
KCl, 750      1357 ±  76 a,b b,c * 0.034
KCl, 1500      1410 ± 145 a,b b,c * 0.014
NaCl, 750      1143 ±   65 a,b a,b    0.397
NaCl, 1500      1061 ± 113 a a,b    0.646

1 Same letters indicate no difference at the significance level of 0.05.
2 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.097
   and subset b = 0.053.
3  Duncan’s multiple range test. Significance of homogenous subset a = 0.233, subset b =
   0.055, and subset c = 0.066.
4 Dunnett’s larger-than-the-control multiple comparison test. Each group is compared against
   the control group.
5 Asterisk indicates that the mean of the group is larger than the control group at α = 0.05.
   Numbers are the p-values for the mean differences.
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Table 4.4. Effect of salinity on mesophyll thickness in guayule. Parthenium 
argentatum Gray, line AZ 2, after eight weeks of salt treatment. Data 
represent means ± SE with sample size n = 4.

Treatment
(salt, ppm)

Mesophyll thickness
(µm)

Tukey HSD 1, 2 Dunnett 3, 4

Control, 0 323 ±   7 c (control group)
CaCl2, 750 265 ±   6 b * 0.001
CaCl2, 1500 279 ±   4 b * 0.002
MgCl2, 750 272 ±   3 b * 0.001
MgCl2, 1500 417 ± 3 d * 0.001
KCl, 750 515 ± 11 e * 0.001
KCl, 1500 522 ± 16 e * 0.001
NaCl, 750 191 ±   2 a * 0.001
NaCl, 1500 323 ± 5 c    1.000

1 Same letters indicate no difference at the significance level of 0.05.
2 Tukey’s honestly significant difference test. Significance of homogenous
   subset a = 1.0, subset b = 0.919, subset c = 1.0, subset d = 1.0, and subset
   e = 0.999.
3 Dunnett’s two-sided multiple comparison test. Each group is compared
   against the control group.
4 Asterisk indicates that the mean of the group is different from the control group
   at α = 0.05. Numbers are the p-values for the mean differences.
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Table 4.5. Effect of salinity on indumentum thickness in guayule. Parthenium 
argentatum Gray, line AZ 2, after eight weeks of salt treatment. 
Measurements represent the sum of both adaxial and abaxial sides. Data 
represent means ± SE with sample size n = 4.

Treatment
(salt, ppm)

Indumentum thickness
(µm)

Tukey HSD 1, 2 Duncan 1, 3 Dunnett 4,5

Control, 0 216 ± 20 b,c c (control group)
CaCl2, 750 146 ± 17 a,b b    0.057
CaCl2, 1500 158 ± 13 a,b b    0.153
MgCl2, 750              133 ±  6 a,b a,b * 0.018
MgCl2, 1500 253 ±   7 c c    0.584
KCl, 750 267 ± 26 c c    0.252
KCl, 1500 266 ± 34 c c    0.267
NaCl, 750   89 ±   2 a a * 0.001
NaCl, 1500 161 ±   9 a,b b    0.198

1 Same letters indicate no difference at the significance level of 0.05.
2 Tukey’s honestly significant difference test. Significance of homogenous subset a = 0.146,
   subset b = 0.061, and subset c = 0.541.
3  Duncan’s multiple range test. Significance of homogenous subset a = 0.094, subset b =
   0.319, and subset c = 0.073.
3 Dunnett’s two-sided multiple comparison test. Each group is compared against the control
   group.
4 Asterisk indicates that the mean of the group is different from the control group at α = 0.05.
   Numbers are the p-values for the mean differences.
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Table 4.6. Effect of salinity on total water use in guayule. Parthenium argentatum
Gray, line AZ 2, during eight weeks of treatment. The total water use is 
expressed as liters per plant and eight weeks. Data represent means with 
sample size n = 3.

Treatment
(salt, ppm)

Total water use 1

(liters)
Tukey HSD 2, 3 Duncan 2, 4 Dunnett 5, 6

Control, 0 7.6 a a (control group)
CaCl2, 750 6.7 b b * 0.001
CaCl2, 1500 5.2 e,d e * 0.001
MgCl2, 750 6.1 c c * 0.001
MgCl2, 1500 5.5 d d * 0.001
KCl, 750 5.3 d d,e * 0.001
KCl, 1500 4.6 f g * 0.001
NaCl, 750 5.4 d d * 0.001
NaCl, 1500 5.0 e f * 0.001

1 The SE is 0.1 for each group.
2 Same letters indicate no difference at the significance level of 0.05.
3 Tukey’s honestly significant difference test. Significance of homogenous subsets a,b,c,f =
   1.000, d = 0.073, e = 0.177.
4  Duncan’s multiple range test. Significance of homogenous subsets a,b,c,f,g = 1.000,
   subset d = 0.098, e = 0.159.
5 Dunnett’s smaller-than-the-control multiple comparison test. Each group is compared
   against the control group.
6 Asterisk indicates that the mean of the group is different from the control group at α = 0.05.
   Numbers are the p-values for the mean differences.
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Table 4.7. Ion contents of shoot dry weight in guayule. Parthenium argentatum Gray, 
line AZ 2, during eight weeks of salt treatment (for means and SEs of 
shoot dry weights refer to Table 4.26). Data represent means ± SE with 
sample size n = 3.

Duration Treatment
(salt, ppm)

Ca2+

(% of shoot 
DW)

Mg2+

(% of shoot 
DW)

K+

(% of shoot 
DW)

Na+

(% of shoot 
DW)

Cl-

(% of shoot 
DW)

at start Control, 0 0.47 ± 0.08 0.18 ± 0.03 2.68 ± 0.19 0.14 ± 0.03 0.82 ± 0.03

after four 
weeks Control, 0 0.55 ± 0.07 0.21 ± 0.02 2.87 ± 0.04 0.07 ± 0.01 0.67 ± 0.04

CaCl2, 750 0.66 ± 0.13 0.23 ± 0.04 3.16 ± 0.17 0.09 ± 0.01 1.43 ± 0.05
CaCl2, 1500 0.71 ± 0.19 0.20 ± 0.01 3.04 ± 0.03 0.09 ± 0.03 1.57 ± 0.26
MgCl2, 750 0.43 ± 0.10 0.20 ± 0.02 2.86 ± 0.18 0.10 ± 0.03 0.85 ± 0.15
MgCl2, 1500 0.50 ± 0.02 0.29 ± 0.04 3.08 ± 0.14 0.13 ± 0.01 1.23 ± 0.01
KCl, 750 0.56 ± 0.04 0.22 ± 0.03 3.59 ± 0.12 0.09 ± 0.03 1.07 ± 0.05
KCl, 1500 0.50 ± 0.02 0.21 ± 0.01 3.98 ± 0.04 0.10 ± 0.02 1.45 ± 0.07
NaCl, 750 0.50 ± 0.01 0.19 ± 0.01 2.84 ± 0.23 0.28 ± 0.06 1.16 ± 0.02
NaCl, 1500 0.51 ± 0.01 0.21 ± 0.01 3.01 ± 0.15 0.32 ± 0.04 1.49 ± 0.08

after eight 
weeks Control, 0 0.36 ± 0.02 0.18 ± 0.01 2.93 ± 0.09 0.11 ± 0.01 0.63 ± 0.09

CaCl2, 750 0.55 ± 0.04 0.17 ± 0.01 2.82 ± 0.07 0.12 ± 0.02 2.06 ± 0.11
CaCl2, 1500 0.77 ± 0.05 0.19 ± 0.01 2.87 ± 0.07 0.04 ± 0.00 2.57 ± 0.06
MgCl2, 750 0.35 ± 0.02 0.36 ± 0.02 2.85 ± 0.16 0.03 ± 0.01 1.50 ± 0.10
MgCl2, 1500 0.40 ± 0.01 0.42 ± 0.03 2.40 ± 0.11 0.12 ± 0.03 2.05 ± 0.13
KCl, 750 0.34 ± 0.01 0.15 ± 0.01 4.16 ± 0.18 0.05 ± 0.01 1.95 ± 0.14
KCl, 1500 0.41 ± 0.02 0.18 ± 0.02 5.88 ± 0.19 0.23 ± 0.02 3.87 ± 0.12
NaCl, 750 0.31 ± 0.04 0.13 ± 0.01 3.22 ± 0.28 0.34 ± 0.07 1.72 ± 0.09
NaCl, 1500 0.37 ± 0.01 0.17 ± 0.01 2.98 ± 0.01 1.49 ± 0.26 3.65 ± 0.32
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Table 4.8. Circadian net CO2 gas exchange rates of the control. Based on leaf volume 
(mg*cm-3*h-1) in guayule, Parthenium argentatum Gray, line AZ 2, during 
eight weeks. Measurements were taken at the start of treatment and 
subsequently every two weeks. Data represent means ± SE with sample 
size n = 9. CC = circadian cycle.

Treatment 
(salt, ppm)

CC 
(hour)

Week 0 Week 2 Week 4 Week 6 Week 8

Control, 0 0 -2.04 ± 0.42 -1.26 ± 0.35 -2.04 ± 0.70 -2.12 ± 1.12 -2.12 ± 1.12
3 -0.47 ± 0.69 -1.78 ± 0.57 -1.78 ± 0.57 -0.97 ± 1.67 -0.89 ± 1.64
6 -1.68 ± 0.32 -1.47 ± 0.46 -2.65 ± 0.30 -1.44 ± 0.69 -2.01 ± 0.47
8  0.39 ± 0.41  0.43 ± 0.35   0.72 ± 0.62  1.30 ± 0.27   1.43 ± 0.53

10  6.73 ± 1.01  8.07 ± 0.54 10.51 ± 0.43  8.36 ± 1.07 12.34 ± 0.66
12  4.42 ± 0.55  4.84 ± 0.71   5.16 ± 0.73  7.05 ± 0.65 11.13 ± 1.09
14  6.93 ± 1.35  4.64 ± 0.60   5.44 ± 0.48  6.76 ± 0.59   6.01 ± 0.57
16  1.09 ± 0.50 -1.62 ± 0.39   0.18 ± 0.29 -0.48 ± 0.38 -0.73 ± 0.65
18 -1.90 ± 0.23 -1.79 ± 0.62 -2.11 ± 0.32 -1.80 ± 0.41 -1.52 ± 0.42
21 -1.77 ± 0.22 -2.20 ± 0.47 -3.49 ± 1.06 -2.24 ± 0.31 -2.05 ± 0.88
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Table 4.9. Circadian net CO2 gas exchange rates of the control and CaCl2 treatments. 
Based on leaf volume (mg*cm-3*h-1) in guayule, Parthenium argentatum
Gray, line AZ 2, during eight weeks. Measurements were taken at the start 
of treatment and subsequently every two weeks. Data represent means ±
SE with sample size n = 9. CC = circadian cycle.

Treatment 
(salt, ppm)

CC 
(hour)

Week 0 Week 2 Week 4 Week 6 Week 8

Control, 0 0 -2.04 ± 0.42 -1.26 ± 0.35 -2.04 ± 0.70 -2.12 ± 1.12 -2.12 ± 1.12
3 -0.47 ± 0.69 -1.78 ± 0.57 -1.78 ± 0.57 -0.97 ± 1.67 -0.89 ± 1.64
6 -1.68 ± 0.32 -1.47 ± 0.46 -2.65 ± 0.30 -1.44 ± 0.69 -2.01 ± 0.47
8  0.39 ± 0.41  0.43 ± 0.35   0.72 ± 0.62  1.30 ± 0.27   1.43 ± 0.53

10  6.73 ± 1.01  8.07 ± 0.54 10.51 ± 0.43  8.36 ± 1.07 12.34 ± 0.66
12  4.42 ± 0.55  4.84 ± 0.71   5.16 ± 0.73  7.05 ± 0.65 11.13 ± 1.09
14  6.93 ± 1.35  4.64 ± 0.60   5.44 ± 0.48  6.76 ± 0.59   6.01 ± 0.57
16  1.09 ± 0.50 -1.62 ± 0.39   0.18 ± 0.29 -0.48 ± 0.38 -0.73 ± 0.65
18 -1.90 ± 0.23 -1.79 ± 0.62 -2.11 ± 0.32 -1.80 ± 0.41 -1.52 ± 0.42
21 -1.77 ± 0.22 -2.20 ± 0.47 -3.49 ± 1.06 -2.24 ± 0.31 -2.05 ± 0.88

CaCl2, 750 0 -2.04 ± 0.42 -3.19 ± 0.89 -1.25 ± 0.52 -1.17 ± 0.96 -1.23 ± 1.01
3 -0.47 ± 0.69 -1.10 ± 0.53 -1.16 ± 0.56 -1.34 ± 1.31 -1.41 ± 1.39
6 -1.68 ± 0.32 -1.53 ± 0.29 -2.09 ± 0.30 -2.79 ± 0.55 -0.80 ± 0.87
8  0.39 ± 0.41   0.67 ± 0.36 -0.19 ± 0.47  0.63 ± 0.93   1.26 ± 0.44

10  6.73 ± 1.01 10.74 ± 0.77 12.47 ± 0.62  8.57 ± 0.80 11.35 ± 0.48
12  4.42 ± 0.55   9.51 ± 0.61   7.04 ± 0.46  7.21 ± 0.71   8.16 ± 0.56
14  6.93 ± 1.35   5.11 ± 0.33   4.40 ± 0.38  7.96 ± 0.87   5.60 ± 0.59
16  1.09 ± 0.50 -0.55 ± 0.71   0.69 ± 0.33 -0.03 ± 0.61 -0.63 ± 0.42
18 -1.90 ± 0.23 -2.06 ± 0.25 -1.26 ± 0.44 -2.79 ± 0.84 -2.62 ± 0.77
21 -1.77 ± 0.22 -0.67 ± 0.72   0.80 ± 1.21 -3.35 ± 0.37 -3.81 ± 0.44

CaCl2, 1500 0 -2.04 ± 0.42 -2.79 ± 0.57 -2.40 ± 0.82 -4.50 ± 0.65 -4.68 ± 0.68
3 -0.47 ± 0.69 -1.39 ± 0.80 -1.45 ± 0.83 -1.56 ± 0.90 -1.62 ± 0.94
6 -1.68 ± 0.32 -4.12 ± 0.79 -3.85 ± 0.85 -3.81 ± 0.68 -3.47 ± 0.86
8  0.39 ± 0.41 -0.68 ± 0.55 -0.74 ± 0.52 -0.25 ± 0.71 -2.08 ± 0.40

10  6.73 ± 1.01  2.83 ± 0.59  5.03 ± 0.28  2.92 ± 0.49  6.32 ± 0.65
12  4.42 ± 0.55  2.79 ± 1.14  4.19 ± 0.73  3.95 ± 0.37  5.07 ± 0.84
14  6.93 ± 1.35  2.89 ± 0.92  1.49 ± 0.42  3.67 ± 0.56  3.32 ± 0.49
16  1.09 ± 0.50 -0.15 ± 0.58  0.41 ± 0.26  0.66 ± 0.39 -0.20 ± 0.40
18 -1.90 ± 0.23 -1.12 ± 0.59  0.08 ± 0.95 -3.01 ± 0.56 -1.06 ± 0.56
21 -1.77 ± 0.22 -3.75 ± 0.47  1.55 ± 0.96 -5.87 ± 1.20 -4.25 ± 0.59
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Table 4.10. Circadian net CO2 gas exchange rates of the control and MgCl2 treatments. 
Based on leaf volume (mg*cm-3*h-1) in guayule, Parthenium argentatum
Gray, line AZ 2, during eight weeks. Measurements were taken at the start 
of treatment and subsequently every two weeks. Data represent means ±
SE with sample size n = 9. CC = circadian cycle.

Treatment 
(salt, ppm)

CC 
(hour)

Week 0 Week 2 Week 4 Week 6 Week 8

Control, 0 0 -2.04 ± 0.42 -1.26 ± 0.35 -2.04 ± 0.70 -2.12 ± 1.12 -2.12 ± 1.12
3 -0.47 ± 0.69 -1.78 ± 0.57 -1.78 ± 0.57 -0.97 ± 1.67 -0.89 ± 1.64
6 -1.68 ± 0.32 -1.47 ± 0.46 -2.65 ± 0.30 -1.44 ± 0.69 -2.01 ± 0.47
8  0.39 ± 0.41  0.43 ± 0.35   0.72 ± 0.62  1.30 ± 0.27   1.43 ± 0.53

10  6.73 ± 1.01  8.07 ± 0.54 10.51 ± 0.43  8.36 ± 1.07 12.34 ± 0.66
12  4.42 ± 0.55  4.84 ± 0.71   5.16 ± 0.73  7.05 ± 0.65 11.13 ± 1.09
14  6.93 ± 1.35  4.64 ± 0.60   5.44 ± 0.48  6.76 ± 0.59   6.01 ± 0.57
16  1.09 ± 0.50 -1.62 ± 0.39   0.18 ± 0.29 -0.48 ± 0.38 -0.73 ± 0.65
18 -1.90 ± 0.23 -1.79 ± 0.62 -2.11 ± 0.32 -1.80 ± 0.41 -1.52 ± 0.42
21 -1.77 ± 0.22 -2.20 ± 0.47 -3.49 ± 1.06 -2.24 ± 0.31 -2.05 ± 0.88

MgCl2, 750 0 -2.04 ± 0.42 -5.77 ± 0.80 -2.58 ± 0.90 -3.13 ± 0.35 -3.27 ± 0.37
3 -0.47 ± 0.69 -1.55 ± 0.61 -1.62 ± 0.64 -2.66 ± 0.85 -2.79 ± 0.88
6 -1.68 ± 0.32 -2.44 ± 0.29 -0.45 ± 0.31 -2.76 ± 0.28 -0.79 ± 2.28
8  0.39 ± 0.41  0.21 ± 0.57 -0.92 ± 0.58  0.37 ± 1.34 -1.53 ± 0.88

10  6.73 ± 1.01  5.91 ± 1.07  8.06 ± 0.85  5.51 ± 0.60  7.10 ± 1.61
12  4.42 ± 0.55  3.02 ± 1.08  6.76 ± 0.53  7.03 ± 0.40  8.36 ± 0.56
14  6.93 ± 1.35  3.28 ± 0.80  3.08 ± 0.68  6.38 ± 0.66  7.15 ± 0.52
16  1.09 ± 0.50  0.87 ± 0.80 -0.09 ± 0.55  1.33 ± 0.36 -0.02 ± 0.56
18 -1.90 ± 0.23 -3.90 ± 0.30 -5.47 ± 0.60 -3.58 ± 0.69 -2.09 ± 1.42
21 -1.77 ± 0.22 -2.74 ± 0.61 -2.39 ± 1.46 -3.69 ± 0.61 -4.38 ± 0.71

MgCl2,1500 0 -2.04 ± 0.42 -2.21 ± 0.52 -1.43 ± 0.30 -4.34 ± 0.67 -4.09 ± 0.63
3 -0.47 ± 0.69 -1.85 ± 1.00 -1.74 ± 0.94 -1.10 ± 0.27 -1.04 ± 0.25
6 -1.68 ± 0.32 -0.94 ± 0.46 -2.47 ± 0.23 -1.10 ± 1.10 -1.53 ± 0.48
8  0.39 ± 0.41 -0.25 ± 0.23 -0.04 ± 0.64  0.32 ± 0.50  0.91 ± 0.36

10  6.73 ± 1.01  4.16 ± 1.10  8.87 ± 0.76  6.32 ± 0.58  6.92 ± 0.79
12  4.42 ± 0.55  6.69 ± 0.52  3.79 ± 0.64  4.42 ± 0.77  5.74 ± 0.69
14  6.93 ± 1.35  4.75 ± 0.56  4.46 ± 0.53  4.35 ± 0.55  3.99 ± 0.44
16  1.09 ± 0.50  0.60 ± 0.50  0.88 ± 0.29 -0.01 ± 0.35  0.71 ± 0.40
18 -1.90 ± 0.23 -2.18 ± 0.35 -1.91 ± 0.31 -1.22 ± 0.10 -0.99 ± 0.75
21 -1.77 ± 0.22 -2.32 ± 0.47 -1.91 ± 0.41 -1.58 ± 0.64 -1.31 ± 0.50
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Table 4.11. Circadian net CO2 gas exchange rates of the control and KCl treatments. 
Based on leaf volume (mg*cm-3*h-1) in guayule, Parthenium argentatum
Gray, line AZ 2, during eight weeks. Measurements were taken at the start 
of treatment and subsequently every two weeks. Data represent means ±
SE with sample size n = 9. CC = circadian cycle.

Treatment 
(salt, ppm)

CC 
(hour)

Week 0 Week 2 Week 4 Week 6 Week 8

Control, 0 0 -2.04 ± 0.42 -1.26 ± 0.35 -2.04 ± 0.70 -2.12 ± 1.12 -2.12 ± 1.12
3 -0.47 ± 0.69 -1.78 ± 0.57 -1.78 ± 0.57 -0.97 ± 1.67 -0.89 ± 1.64
6 -1.68 ± 0.32 -1.47 ± 0.46 -2.65 ± 0.30 -1.44 ± 0.69 -2.01 ± 0.47
8  0.39 ± 0.41  0.43 ± 0.35   0.72 ± 0.62  1.30 ± 0.27   1.43 ± 0.53

10  6.73 ± 1.01  8.07 ± 0.54 10.51 ± 0.43  8.36 ± 1.07 12.34 ± 0.66
12  4.42 ± 0.55  4.84 ± 0.71   5.16 ± 0.73  7.05 ± 0.65 11.13 ± 1.09
14  6.93 ± 1.35  4.64 ± 0.60   5.44 ± 0.48  6.76 ± 0.59   6.01 ± 0.57
16  1.09 ± 0.50 -1.62 ± 0.39   0.18 ± 0.29 -0.48 ± 0.38 -0.73 ± 0.65
18 -1.90 ± 0.23 -1.79 ± 0.62 -2.11 ± 0.32 -1.80 ± 0.41 -1.52 ± 0.42
21 -1.77 ± 0.22 -2.20 ± 0.47 -3.49 ± 1.06 -2.24 ± 0.31 -2.05 ± 0.88

KCl, 750 0 -2.04 ± 0.42 -0.50 ± 1.55 -0.51 ± 0.43 -3.30 ± 0.99 -2.99 ± 0.90
3 -0.47 ± 0.69 -0.32 ± 0.77 -0.29 ± 0.68 -1.69 ± 0.38 -1.53 ± 0.34
6 -1.68 ± 0.32 -0.23 ± 0.32 -2.47 ± 0.62 -1.08 ± 0.89 -1.58 ± 1.34
8  0.39 ± 0.41  0.41 ± 0.58 -0.25 ± 0.46 -0.65 ± 0.31 -0.24 ± 0.82

10  6.73 ± 1.01  4.59 ± 0.55  3.62 ± 0.30  2.14 ± 0.33  2.38 ± 0.36
12  4.42 ± 0.55  3.30 ± 0.26  2.50 ± 0.57  3.52 ± 0.12  3.51 ± 0.34
14  6.93 ± 1.35  3.66 ± 0.54  2.63 ± 0.66  4.25 ± 0.33  3.02 ± 0.34
16  1.09 ± 0.50  1.16 ± 0.29  0.57 ± 0.21  0.90 ± 0.33  0.51 ± 0.30
18 -1.90 ± 0.23 -1.46 ± 0.25 -0.53 ± 0.34 -1.21 ± 0.16 -1.24 ± 0.15
21 -1.77 ± 0.22 -1.91 ± 0.62 -0.57 ± 0.46 -1.46 ± 0.19 -1.47 ± 0.12

KCl, 1500 0 -2.04 ± 0.42 -1.05 ± 0.89 -2.44 ± 0.55 -1.78 ± 0.79 -1.61± 0.72
3 -0.47 ± 0.69 -3.31 ± 1.89 -2.92 ± 1.67 -1.06 ± 0.55 -0.96 ± 0.49
6 -1.68 ± 0.32 -1.23 ± 0.27 -0.94 ± 0.88 -0.84 ± 0.47 -1.52 ± 0.37
8  0.39 ± 0.41 -0.20 ± 0.34  0.00 ± 0.29 -1.10 ± 0.42  0.03 ± 0.35

10  6.73 ± 1.01  5.42 ± 0.64  4.98 ± 0.31  2.20 ± 0.29 0.73 ± 0.34
12  4.42 ± 0.55  3.68 ± 0.40  1.95 ± 0.47  1.31 ± 0.35  0.84 ± 0.35
14  6.93 ± 1.35  3.33 ± 0.53  2.29 ± 0.45  1.26 ± 0.21  0.47 ± 0.18
16  1.09 ± 0.50 -0.04 ± 0.29  0.07 ± 0.10  0.14 ± 0.39 -0.83 ± 0.10
18 -1.90 ± 0.23 -1.73 ± 0.34 -2.29 ± 0.34 -1.15 ± 0.31 -1.58 ± 0.32
21 -1.77 ± 0.22 -0.23 ± 0.89 -0.34 ± 0.85 -0.50 ± 0.52 -1.77 ± 0.44
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Table 4.12. Circadian net CO2 gas exchange rates of the control and NaCl treatments. 
Based on leaf volume (mg*cm-3*h-1) in guayule, Parthenium argentatum
Gray, line AZ 2, during eight weeks. Measurements were taken at the start 
of treatment and subsequently every two weeks. Data represent means ±
SE with sample size n = 9. CC = circadian cycle.

Treatment 
(salt, ppm)

CC 
(hour)

Week 0 Week 2 Week 4 Week 6 Week 8

Control, 0 0 -2.04 ± 0.42 -1.26 ± 0.35 -2.04 ± 0.70 -2.12 ± 1.12 -2.12 ± 1.12
3 -0.47 ± 0.69 -1.78 ± 0.57 -1.78 ± 0.57 -0.97 ± 1.67 -0.89 ± 1.64
6 -1.68 ± 0.32 -1.47 ± 0.46 -2.65 ± 0.30 -1.44 ± 0.69 -2.01 ± 0.47
8 0.39 ± 0.41  0.43 ± 0.35   0.72 ± 0.62  1.30 ± 0.27   1.43 ± 0.53

10  6.73 ± 1.01  8.07 ± 0.54 10.51 ± 0.43  8.36 ± 1.07 12.34 ± 0.66
12  4.42 ± 0.55  4.84 ± 0.71   5.16 ± 0.73  7.05 ± 0.65 11.13 ± 1.09
14  6.93 ± 1.35  4.64 ± 0.60   5.44 ± 0.48  6.76 ± 0.59   6.01 ± 0.57
16  1.09 ± 0.50 -1.62 ± 0.39   0.18 ± 0.29 -0.48 ± 0.38 -0.73 ± 0.65
18 -1.90 ± 0.23 -1.79 ± 0.62 -2.11 ± 0.32 -1.80 ± 0.41 -1.52 ± 0.42
21 -1.77 ± 0.22 -2.20 ± 0.47 -3.49 ± 1.06 -2.24 ± 0.31 -2.05 ± 0.88

NaCl, 750 0 -2.04 ± 0.42 -3.62 ± 0.57 -1.06 ± 1.66 -7.19 ± 1.97 -8.43 ± 2.31
3 -0.47 ± 0.69 -2.41 ± 0.69 -2.72 ± 0.78 -3.30 ± 0.57 -3.88 ± 0.67
6 -1.68 ± 0.32 -1.77 ± 1.04 -1.78 ± 1.39 -4.90 ± 0.97 -9.25 ± 2.85
8  0.39 ± 0.41  0.59 ± 0.57 -0.70 ± 0.41  0.22 ± 0.71 -5.69 ± 1.05

10  6.73 ± 1.01  4.29 ± 0.54  6.73 ± 1.37  5.37 ± 0.59 11.09 ± 2.85
12  4.42 ± 0.55  4.82 ± 0.81  4.97 ± 1.10  7.45 ± 0.86 11.98 ± 1.06
14  6.93 ± 1.35  4.10 ± 0.61  1.22 ± 0.78  6.38 ± 0.95   6.03 ± 0.71
16  1.09 ± 0.50  0.77 ± 0.46  1.67 ± 0.57 -0.52 ± 0.58   0.71 ± 0.82
18 -1.90 ± 0.23 -2.12 ± 0.27 -0.62 ± 1.58 -5.45 ± 1.59 -2.54 ± 0.12
21 -1.77 ± 0.22 -2.68 ± 1.19 -3.91 ± 0.28 -3.91 ± 0.97 -7.47 ± 1.69

NaCl, 1500 0 -2.04 ± 0.42 -2.94 ± 0.53 -2.56 ± 0.67 -4.99 ± 1.35 -4.99 ± 1.35
3 -0.47 ± 0.69 -3.02 ± 0.50 -3.02 ± 0.50 -2.29 ± 0.60 -2.29 ± 0.60
6 -1.68 ± 0.32 -2.50 ± 0.36 -1.81 ± 0.96 -2.96 ± 0.50 -2.12 ± 0.35
8  0.39 ± 0.41  1.83 ± 0.44  0.57 ± 0.56  0.17 ± 0.38 -0.01 ± 0.45

10  6.73 ± 1.01  7.62 ± 0.88  3.84 ± 0.62  6.10 ± 0.44  4.66 ± 0.60
12  4.42 ± 0.55  5.92 ± 0.67  3.55 ± 0.76  4.29 ± 0.58  1.40 ± 0.41
14  6.93 ± 1.35  6.40 ± 0.95  3.74 ± 0.57  4.13 ± 0.85  1.54 ± 0.40
16  1.09 ± 0.50 -0.62 ± 0.12 -0.22 ± 0.44 -1.30 ± 0.65 -2.37 ± 0.50
18 -1.90 ± 0.23 -2.37 ± 0.46 -1.80 ± 0.31 -2.71 ± 0.42 -1.69 ± 0.26
21 -1.77 ± 0.22 -0.29 ± 1.19 -2.07 ± 0.52 -2.14 ± 0.44 -2.28 ± 0.48
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Table 4.13. Significance values of multiple comparison test (Dunnett’s two-sided test) for net CO2 gas exchange rates. 
Grouped into hourly measurements during eight weeks of treatment in guayule, Parthenium argentatum Gray, 
line AZ 2. Each group is compared against the control group. For means and SEs refer to Tables Tables 4.9
through 4.12. For the complete data set of gas exchange parameters refer to the compact disc (see Chapter 3.5).

Treatment
(salt, ppm)

0300 0600 1 0800 1 1000 1 1200 1 1400 1 1600

Control, 0 (control group) (control group) (control group) (control group) (control group) (control group) (control group)
CaCl2, 750 1.000    1.000    0.973    0.677    0.464    1.000 0.915
CaCl2, 1500 1.000 * 0.043 * 0.002 * 0.001 * 0.001 * 0.002 0.564
MgCl2, 750 0.958    0.890 * 0.036 * 0.001    0.790    0.886 0.209
MgCl2, 1500 1.000    0.996    0.577 * 0.001 * 0.031    0.353 0.193
KCl, 750 1.000    0.648    0.137 * 0.001 * 0.001    0.016 0.077
KCl, 1500 0.979    0.827    0.075 * 0.001 * 0.001 * 0.001 0.938
NaCl, 750 0.382 * 0.003 * 0.001 * 0.001    1.000    0.386 0.127
NaCl, 1500 0.685    0.988    0.988 * 0.001 * 0.001    0.110 0.955

1 Asterisk indicates that the mean of the group is different from the control group at α = 0.05. Numbers are the p-values for the mean differences.
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Table 4.14. Circadian cycles of gas exchange parameters of the control and 750 ppm CaCl2. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±  23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

CaCl2, 750 0 -1.23 ± 1.01    2264.5 ±   62.1        6.2 ± 0.4    475.0 ± 11.5 17.2
3 -1.41 ± 1.39    2683.2 ±   61.3      10.4 ± 0.5    561.2 ± 17.9 16.0
6 -0.80 ± 0.87    3327.5 ±   24.1      24.8 ± 0.1    513.4 ± 22.5 14.7
8   1.26 ± 0.44    2438.5 ±   41.4      11.8 ± 0.3    429.4 ±   4.4 15.2

10 11.35 ± 0.48    3335.6 ±   53.2      11.9 ± 0.4    324.9 ±   2.3 23.3
12   8.16 ± 0.56    3343.8 ± 101.9      12.1 ± 0.2    330.0 ±   2.9 24.9
14   5.60 ± 0.59    342.4 ±     73.8      10.6 ± 0.2    342.4 ±   1.8 24.7
16 -0.63 ± 0.42    426.7 ±     29.5      12.5 ± 0.1    426.7 ±   3.4 22.9
18 -2.62 ± 0.77    485.7 ±     25.2      22.3 ± 0.2    485.7 ±   3.2 17.9
21 -3.81 ± 0.44    487.0 ±     18.3      19.2 ± 0.8    487.0 ±   7.5 17.6

1 SE is 0.1 for each mean.
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Table 4.15. Circadian cycles of gas exchange parameters of the control and 1500 ppm CaCl2. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ± 8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

CaCl2, 1500 0 -4.68 ± 0.68    2249.2 ±   66.0        9.0 ± 0.4    496.3 ± 18.3 15.5
3 -1.62 ± 0.94    2419.6 ±   47.7      11.8 ± 0.4    465.3 ± 14.3 14.5
6 -3.47 ± 0.86    3315.6 ± 25.7      37.3 ± 0.9    517.0 ±   8.0 12.5
8 -2.08 ± 0.40    2388.6 ±   44.1      14.3 ± 0.3    464.7 ±   9.5 13.4

10  6.32 ± 0.65    3137.5 ±   27.9      15.6 ± 0.7    443.0 ± 10.0 18.5
12  5.07 ± 0.84    2652.0 ±   75.5        9.3 ± 0.2    354.3 ±   5.0 23.1
14  3.32 ± 0.49    2215.6 ±   56.5        8.1 ± 0.2    359.9 ±   2.1 23.2
16 -0.20 ± 0.40    2352.4 ±   78.9        6.7 ± 0.1    393.4 ±   6.4 23.5
18 -1.06 ± 0.56    3307.9 ±   20.9      19.2 ± 0.2    410.6 ±   1.2 16.9
21 -4.25 ± 0.59    3664.2 ±   34.4      29.4 ± 0.4    544.0 ± 26.6 15.4

1 SE is 0.1 for each mean.
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Table 4.16. Circadian cycles of gas exchange parameters of the control and 750 ppm MgCl2. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2     10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

MgCl2, 750 0 -3.27 ± 0.37    2078.7 ±   44.2        7.5 ± 0.3    444.2 ±   4.2 15.8
3 -2.79 ± 0.88    2628.8 ±   59.5      11.0 ± 0.4    580.7 ± 26.6 15.6
6 -0.79 ± 2.28    3371.9 ±   37.4      32.7 ± 0.8    592.9 ± 40.2 13.4
8 -1.53 ± 0.88    2406.6 ±   44.1      13.6 ± 0.3    486.5 ±   6.9 14.1

10  7.10 ± 1.61    3427.4 ±   46.4      15.6 ± 0.7    413.0 ±   4.6 20.2
12  8.36 ± 0.56    2927.6 ±   90.1      11.9 ± 0.3    335.6 ±   2.3 23.6
14  7.15 ± 0.52    2549.4 ±   63.8     9.9 ± 0.3    341.9 ±   2.1 23.3
16 -0.02 ± 0.56    2665.8 ±   58.3        9.0 ± 0.3    404.8 ±   3.1 22.0
18 -2.09 ± 1.42    3678.7 ±   20.7      21.8 ± 0.2    478.0 ±   5.9 17.7
21 -4.38 ± 0.71    3808.3 ±   25.7      26.8 ± 0.4    637.3 ± 29.0 16.4

1 SE is 0.1 for each mean.
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Table 4.17. Circadian cycles of gas exchange parameters of the control and 1500 ppm MgCl2. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±  55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

MgCl2, 1500 0 -4.09 ± 0.63    1442.9 ±   34.9        4.4 ± 0.2    585.5 ± 21.8 17.2
3 -1.04 ± 0.25    1633.0 ±   34.5        6.9 ± 0.3    432.6 ±   1.6 15.5
6 -1.53 ± 0.48    2125.5 ±     6.9      16.0 ± 0.2    513.1 ± 22.4 14.7
8  0.91 ± 0.36    1538.0 ±   24.9        7.4 ± 0.2 475.9 ±   4.1 15.0

10  6.92 ± 0.79    1899.1 ±   34.0        7.3 ± 0.2    331.1 ±   5.5 21.8
12  5.74 ± 0.69    2009.7 ±   54.4        7.3 ± 0.2    331.7 ±   4.4 24.8
14  3.99 ± 0.44    1797.2 ±   44.6        6.5 ± 0.1    340.1 ±   2.0 24.4
16  0.71 ± 0.40    2122.1 ±   11.6        6.9 ± 0.1    402.9 ±   3.6 23.3
18 -0.99 ± 0.75    2493.6 ±   16.6      14.1 ± 0.1    463.6 ±   5.0 18.1
21 -1.31 ± 0.50    2239.6 ±     9.7      12.4 ± 0.1    503.7 ± 13.3 17.7

1 SE is 0.1 for each mean.
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Table 4.18. Circadian cycles of gas exchange parameters of the control and 750 ppm KCl. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

KCl, 750 0 -2.99 ± 0.90    1137.7 ±   29.2        3.4 ± 0.2    465.8 ± 12.2 16.6
3 -1.53 ± 0.34    1372.8 ±   32.2        5.0 ± 0.2    498.1 ±   4.0 16.1
6 -1.58 ± 1.34    1775.9 ±     7.3      15.2 ± 0.2    544.4 ± 17.8 14.1
8 -0.24 ± 0.82    1267.9 ±   24.0        6.7 ± 0.1    488.9 ± 12.6 14.3

10  2.38 ± 0.36    1697.5 ±  14.4        6.3 ± 0.2    413.0 ±   5.1 20.8
12  3.51 ± 0.34    1641.5 ±   36.4        6.1 ± 0.1    361.4 ±   5.6 23.8
14  3.02 ± 0.34    1266.5 ±   32.8        5.1 ± 0.2    350.3 ±   2.4 22.9
16  0.51 ± 0.30    1364.4 ±   18.7        4.8 ± 0.1    397.4 ±   2.9 22.0
18 -1.24 ± 0.15    1903.2 ±     9.0      10.9 ± 0.1    442.7 ±   2.5 17.8
21 -1.47 ± 0.12    1935.4 ±     7.0      12.4 ± 0.2    463.3 ±   3.8 16.9

1 SE is 0.1 for each mean.
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Table 4.19. Circadian cycles of gas exchange parameters of the control and 1500 ppm KCl. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

KCl, 1500 0 -1.61± 0.72    1228.8 ±   28.2        4.1 ± 0.1    495.8 ± 10.4 16.7
3 -0.96 ± 0.49    1389.0 ±   31.3        6.8 ± 0.3    520.7 ± 22.3 15.1
6 -1.52 ± 0.37    1696.8 ±     6.6      13.2 ± 0.1    463.7 ±   4.0 14.4
8  0.03 ± 0.35    1212.2 ±   22.2        5.7 ± 0.1    450.5 ±   7.8 14.8

10  0.73 ± 0.34    1430.3 ±   21.4        4.6 ± 0.2    397.3 ±   9.0 20.7
12 0.84 ± 0.35    1307.5 ±   27.1        4.0 ± 0.1    361.9 ±   3.6 24.1
14  0.47 ± 0.18    1089.3 ±   20.6        3.5 ± 0.1    369.2 ±   2.1 23.0
16 -0.83 ± 0.10    1507.7 ±   14.0        4.7 ± 0.1    411.2 ±   1.9 22.9
18 -1.58 ± 0.32    1884.6 ±   15.9      11.0 ± 0.2    472.3 ±   9.7 17.4
21 -1.77 ± 0.44    1775.5 ±   10.4        9.9 ± 0.1    496.1 ± 12.1 17.5

1 SE is 0.1 for each mean.
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Table 4.20. Circadian cycles of gas exchange parameters of the control and 750 ppm NaCl. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±   72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

NaCl, 750 0 -8.43 ± 2.31    3045.5 ±   91.2        8.9 ± 0.4    514.8 ±   8.3 17.4
3 -3.88 ± 0.67    3548.0 ±   69.9      13.2 ± 0.5    440.7 ±   5.5 16.6
6 -9.25 ± 2.85    4704.3 ±   15.0      37.7 ± 0.2    496.4 ± 13.3 14.4
8 -5.69 ± 1.05    3287.3 ±   51.3      16.4 ± 0.5    477.8 ±   4.2 14.8

10 11.09 ± 2.85    3540.5 ±   46.9      13.4 ± 0.4    371.9 ± 10.4 19.5
12 11.98 ± 1.06    3929.7 ± 209.9      14.3 ± 0.9 348.1 ±   4.7 24.0
14   6.03 ± 0.71    3400.7 ±   79.8      13.1 ± 0.3    356.3 ±   2.0 22.8
16   0.71 ± 0.82    4058.1 ±   52.3      14.3 ± 0.2    413.5 ±   5.0 22.4
18 -2.54 ± 0.12    5093.5 ±   22.5      29.0 ± 0.2    450.2 ±   2.0 17.6
21 -7.47 ± 1.69    5119.9 ±   77.1      30.6 ± 0.8    533.7 ± 23.9 17.3

1 SE is 0.1 for each mean.



182

Table 4.21. Circadian cycles of gas exchange parameters of the control and 1500 ppm NaCl. Net CO2 gas exchange rate 
(mg*cm-3*h-1), transpiration rate (mg*cm-3*h-1), stomatal conductance (mol*cm-3*h-1), intercellular CO2

concentration (ppm), and leaf temperature (degree Celsius) after eight weeks in guayule, Parthenium 
argentatum Gray, line AZ 2. Data represent means ± SE with sample size n = 9. CC = circadian cycle. For the 
complete data set of gas exchange parameters refer to the archived compact disc (see Chapter 3.5).

Treatment (salt, 
ppm)

CC 
(hour)

Net CO2 gas 
exchange

Transpiration Stomatal 
conductance

Intercellular CO2 Leaf temperature 1

Control, 0 0 -2.12 ± 1.12    1800.1 ±   55.0        5.3 ± 0.2    474.4 ±   8.3 17.6
3 -0.89 ± 1.64    2148.1 ±   47.1        8.6 ± 0.3    485.0 ± 18.8 16.0
6 -2.01 ± 0.47    2763.8 ±     8.9      21.3 ± 0.1    481.3 ±   8.1 14.8
8   1.43 ± 0.53    2134.7 ±   26.1      11.7 ± 0.4    469.4 ±   4.2 15.3

10 12.34 ± 0.66    2739.2 ±   49.2      10.1 ± 0.1    310.0 ±   6.0 23.6
12 11.13 ± 1.09    2955.6 ±   87.4      11.7 ± 0.2    314.7 ±   4.9 25.2
14   6.01 ± 0.57    2607.6 ±  72.2      10.4 ± 0.2    348.8 ±   4.4 25.0
16 -0.73 ± 0.65    3169.8 ±   37.8      13.5 ± 0.1    419.3 ±   1.9 22.3
18 -1.52 ± 0.42    3207.7 ±   23.1      20.5 ± 0.3    474.1 ±   1.7 17.4
21 -2.05 ± 0.88    2873.1 ±     7.1      16.1 ± 0.2    498.5 ± 16.6 17.9

NaCl, 1500 0 -4.99 ± 1.35    1829.1 ±   46.2        4.7 ± 0.2    585.4 ±   6.7 18.1
3 -2.29 ± 0.60    2032.1 ±   47.3        7.6 ± 0.3    474.8 ±   7.3 16.4
6 -2.12 ± 0.35    2643.3 ±     8.9      18.6 ± 0.1    499.2 ± 16.2 14.8
8 -0.01 ± 0.45    2009.8 ±   27.1        9.4 ± 0.2    454.1 ±   8.4 15.5

10  4.66 ± 0.60    2440.3 ±   77.0        7.7 ± 0.3    345.0 ±   3.3 24.4
12  1.40 ± 0.41    2510.7 ±   90.6        8.3 ± 0.3    358.1 ±   3.6 25.4
14  1.54 ± 0.40    2286.4 ±   56.4        7.4 ± 0.3    359.3 ±   2.5 25.9
16 -2.37 ± 0.50    2989.1 ±   17.5      11.7 ± 0.1    423.0 ±   2.2 21.9
18 -1.69 ± 0.26    3145.2 ±   17.4      19.0 ± 0.1    470.0 ±   2.6 17.4
21 -2.28 ± 0.48    2803.9 ±   24.8      14.5 ± 0.2 481.9 ±   8.0 18.1

1 SE is 0.1 for each mean.



183

Table 4.22. Significance values of multiple comparison test (Dunnett’s two-sided test) for circadian stomatal conductance. 
After eight weeks of treatment in guayule, Parthenium argentatum Gray, line AZ 2. Each group is compared 
against the control group. For means and SEs refer to Tables 4.14 through 4.21.

Treatment
(salt, ppm)

0000 1 0300 1 0600 1 0800 1 1000 1 1200 1 1400 1 1600 1800 1 2100 1

Control, 0 (control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

CaCl2, 750    0.148 * 0.005 * 0.001    1.000 * 0.018    0.956    0.996 * 0.001 * 0.001 * 0.001
CaCl2, 1500 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001
MgCl2, 750 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001    1.000    0.506 * 0.001 * 0.001 * 0.001
MgCl2, 1500    0.138 * 0.013 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001
KCl, 750 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001
KCl, 1500 * 0.025 * 0.008 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001
NaCl, 750 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001
NaCl, 1500    0.619    0.333 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.010

1 Asterisk indicates that the mean of the group is different from the control group at α = 0.05. Numbers are the p-values for the mean differences.
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Table 4.23. Significance values of multiple comparison test (Dunnett’s two-sided test) for circadian intercellular CO2

concentration. After eight weeks of treatment in guayule, Parthenium argentatum Gray, line AZ 2. Each group 
is compared against the control group. For means and SEs refer to Tables 4.14 through 4.21.

Treatment
(salt, ppm)

0000 1 0300 1 0600 1 0800 1 1000 1 1200 1 1400 1 1600 1800 1 2100 1

Control, 0 (control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

CaCl2, 750    1.000  * 0.007    0.799 * 0.002    0.509    0.076    0.340    0.595    0.342    0.999
CaCl2, 1500    0.758    0.933    0.709    0.999 * 0.001 * 0.001 * 0.015 * 0.001 * 0.001    0.342
MgCl2, 750    0.430 * 0.001 * 0.001    0.461 * 0.001 * 0.006    0.268 * 0.041    0.993 * 0.001
MgCl2, 1500 * 0.001    0.117    0.805    0.992    0.167 * 0.037    0.091 * 0.015    0.448    1.000
KCl, 750    0.999    0.994    0.147    0.323 * 0.001 * 0.001    0.999 * 0.001 * 0.001    0.619
KCl, 1500    0.778    0.470    0.990    0.350 * 0.001 * 0.001 * 0.001    0.494    1.000    1.000
NaCl, 750    0.157    0.245    0.996    0.964 * 0.001 * 0.001    0.185    0.813 * 0.003    0.617
NaCl, 1500 * 0.001    0.999    0.989    0.573 * 0.004 * 0.001 * 0.025    0.980    0.979    0.987

1 Asterisk indicates that the mean of the group is different from the control group at α = 0.05. Numbers are the p-values for the mean differences.
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Table 4.24. Significance values of multiple comparison test (Dunnett’s two-sided test) for circadian leaf temperature. After 
eight weeks of treatment in guayule, Parthenium argentatum Gray, line AZ 2. Each group is compared against 
the control group. For means and SEs refer to Tables 4.14 through 4.21.

Treatment
(salt, ppm)

0000 1 0300 1 0600 1 0800 1 1000 1 1200 1 1400 1 1600 1800 1 2100 1

Control, 0 (control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

(control
group)

CaCl2, 750 * 0.001    1.000    0.677    0.577    0.793    0.597    0.379 * 0.001 * 0.001 * 0.027
CaCl2, 1500 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001
MgCl2, 750 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001    0.111 * 0.004 * 0.001
MgCl2, 1500 * 0.001 * 0.001    0.593 * 0.001 * 0.001    0.222 * 0.013 * 0.001 * 0.001    0.324
KCl, 750 * 0.001    0.886 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.180 * 0.001 * 0.001
KCl, 1500 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001    0.977 * 0.001
NaCl, 750    0.082 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001 * 0.001    0.929    0.057 * 0.001
NaCl, 1500 * 0.001    0.922    0.994 * 0.009 * 0.010    0.988 * 0.001 * 0.012    1.000    0.111

1 Asterisk indicates that the mean of the group is different from the control group at α = 0.05. Numbers are the p-values for the mean differences.
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Table 4.25. Effect of salinity on total height increase in guayule. Parthenium 
argentatum Gray, line AZ 2, after four and eight weeks. Data represent 
means ± SE with sample size n = 4.

Duration Treatment
(salt, ppm)

Height increase
(cm)

Tukey HSD 1, 2 Dunnett 3, 4

after four 
weeks Control, 0 2.3 ± 0.3 a (control group)

CaCl2, 750 3.3 ± 0.5 a 0.396
CaCl2, 1500 1.5 ± 0.5 a 0.689
MgCl2, 750 2.5 ± 0.5 a 0.999
MgCl2, 1500 2.5 ± 0.3 a 0.999
KCl, 750 2.3 ± 0.3 a 1.000
KCl, 1500 2.3 ± 0.3 a 1.000
NaCl, 750 1.5 ± 0.5 a 0.689
NaCl, 1500 1.8 ± 0.2 a 0.936

after eight 
weeks Control, 0 6.8 ± 0.9 a (control group)

CaCl2, 750 5.3 ± 0.5 a,b 0.282
CaCl2, 1500 2.5 ± 0.5 c * 0.001
MgCl2, 750 5.0 ± 0.7 a,b,c 0.157
MgCl2, 1500 3.8 ± 0.5 b,c * 0.004
KCl, 750 4.0 ± 0.4 b,c * 0.009
KCl, 1500 3.5 ± 0.3 b,c * 0.002
NaCl, 750 3.3 ± 0.5    b,c * 0.001
NaCl, 1500 2.8 ± 0.5 b,c * 0.001

1 Same letters within four weeks and within eight weeks indicate no difference at the
significance level of 0.05.

2 Tukey’s honestly significant difference test. After four weeks: significance of homogenous
               subset a = 0.098. After eight weeks: significance of homogenous subset a = 0.063, subset
               b = 0.063, and subset c = 0.386.

3 Dunnett’s two-sided multiple comparison test. Each group is compared against the control
               group.

4 Asterisk indicates that the mean of the group is different from the control group at α = 0.05.
              Numbers are the p-values for the mean differences.
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Table 4.26. Effect of salinity on shoot and root dry weights in guayule. Parthenium 
argentatum Gray, line AZ 2, after four and eight weeks. Data represent 
means ± SE with sample size n = 3.

Duration Treatment
(salt, ppm)

Shoot dry weight
(g)

Tukey HSD 1, 2 Root dry weight
(g)

Tukey HSD 1, 3

at start Control, 0 14.7 ± 2.4 14.0 ±  2.4

after four 
weeks Control, 0 18.2 ± 2.8 a 21.0 ±   3.6 a

CaCl2, 750 23.0 ± 3.9 a 29.8 ±   9.9 a
CaCl2, 1500 19.1 ± 2.0 a 10.7 ±   0.5 a
MgCl2, 750 19.8 ± 3.2 a 20.3 ±   7.7 a
MgCl2, 1500 25.7 ± 2.0 a 31.6 ±   7.5 a
KCl, 750 18.9 ± 1.2 a 28.2 ±   4.0 a
KCl, 1500 18.6 ± 3.5 a 17.4 ±   4.0 a
NaCl, 750 20.3 ± 2.4 a 28.4 ±   6.4 a
NaCl, 1500 21.7 ± 3.5 a 27.2 ±   4.8 a

after eight 
weeks Control, 0 34.4 ± 2.1 a 54.9 ±   9.4 a

CaCl2, 750 34.7 ± 2.9 a 61.7 ± 12.3 a
CaCl2, 1500 28.0 ± 3.3 a 35.7 ±   9.1 a
MgCl2, 750 27.2 ± 3.5 a 36.6 ±   5.6 a
MgCl2, 1500 29.7 ± 2.5 a 45.3 ±   9.6 a
KCl, 750 33.1 ± 1.4 a 47.6 ±   8.8 a
KCl, 1500 35.0 ± 6.2 a 59.0 ±   4.5 a
NaCl, 750 28.8 ± 5.7 a 35.0 ± 12.3 a
NaCl, 1500 25.1 ± 4.0 a 41.1 ± 13.0 a

1 Same letters within four weeks and within eight weeks indicate no difference at the significance level
of 0.05.

2 Tukey’s honestly significant difference test. After four weeks: significance of homogenous
      subset a = 0.641. After eight weeks: significance of homogenous subset a = 0.661.

3 Tukey’s honestly significant difference test. After four weeks: significance of homogenous
      subset a = 0.308. After eight weeks: significance of homogenous subset a = 0.603.
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Table 4.27. Effect of salinity on resin and rubber contents in guayule. Parthenium 
argentatum Gray, line AZ 2, after four and eight weeks. Data represent 
means ± SE with sample size n = 3.

Duration Treatment
(salt, ppm)

Resin
(%shoot DW)

Tukey HSD 1, 2 Rubber
(%shoot DW)

Tukey HSD 1, 3

at start Control, 0 6.9 ± 0.2 1.1 ± 0.1

after four 
weeks Control, 0 7.6 ± 0.6 a 1.9 ± 0.2    a,b

CaCl2, 750 6.9 ± 0.3 a 1.5 ± 0.1    a,b
CaCl2, 1500 7.4 ± 0.1 a 1.7 ± 0.2    a,b
MgCl2, 750 7.2 ± 0.6 a 1.6 ± 0.1    a,b
MgCl2, 1500 7.1 ± 0.2 a 1.6 ± 0.1    a,b
KCl, 750 6.5 ± 0.4 a 1.4 ± 0.1 a
KCl, 1500 6.7 ± 0.3 a 1.4 ± 0.1 a
NaCl, 750 7.9 ± 0.3 a 1.7 ± 0.1    a,b
NaCl, 1500 7.6 ± 0.6 a 2.0 ± 0.1 b

after eight 
weeks Control, 0 7.4 ± 0.4 a 1.8 ± 0.1 a

CaCl2, 750 8.2 ± 0.3 a 2.4 ± 0.3 a
CaCl2, 1500 7.3 ± 0.3 a 2.3 ± 0.2 a
MgCl2, 750 7.4 ± 0.3 a 1.7 ± 0.1 a
MgCl2, 1500 8.4 ± 0.6 a 2.2 ± 0.3 a
KCl, 750 6.9 ± 0.1 a 1.9 ± 0.1 a
KCl, 1500 7.2 ± 0.4 a 2.3 ± 0.2 a
NaCl, 750 7.5 ± 0.2 a 2.1 ± 0.2 a
NaCl, 1500 7.3 ± 0.1 a 2.3 ± 0.2 a

1 Same letters within four weeks and within eight weeks indicate no difference at the significance
        level of 0.05.

2 Tukey’s honestly significant difference test. After four weeks: significance of homogenous
        subset a = 0.415. After eight weeks: significance of homogenous subset a = 0.096.

3 Tukey’s honestly significant difference test. After four weeks: significance of homogenous
        subset a = 0.131 and subset b = 0.122. After eight weeks: significance of homogenous subset
        a = 0.277.



189

REFERENCES

Aronson, J. A. 1989. HALOPH: A Database of Salt Tolerant Plants of the World. Office 
of Arid Lands Studies, The University of Arizona, Tucson, Arizona.

Artschwager, E. 1943. Contribution to the morphology and anatomy of guayule 
(Parthenium argentatum). United States Department of Agriculture Technical 
Bulletin 842, Washington, D.C.

Ashby, E. 1932. Transpiratory organs of Larrea tridentata and their ecological 
significance. Ecology 13:182-188.

Asker, S. E., and Jerling, L. 1992. Apomixis in Plants. CRC Press, Boca Raton, Florida.

Aykin, S. 1953. Hygromorphic stomata in xeromorphic plants. Istanbul Universitesi Fen 
Fakultesi mecmuas. Seri B 18:74-90.

Backhaus, R. A., and Walsh, S. 1983. The ontogeny of rubber formation in guayule, 
Parthenium argentatum Gray. Botanical Gazette 144:391-400.

Baker, N. R., and Long, S. P. 1986. Photosynthesis in Contrasting Environments. Topics 
in Photosynthesis, Volume 7. Elsevier, Amsterdam, The Netherlands.

Bamberg, S. A., Kleinkopf, G. E., Wallace, A., and Vollmer, A. 1975. Comparative 
photosynthetic production of Mojave Desert shrub. Ecology 56:732-736.

Barnes, W. C. 1960. Arizona Place Names. The University of Arizona Press, Tucson, 
Arizona.

Bazzaz, F. A., Chiariello, N. R., Coley, P. D., and Pitelka, L. F. 1987. Allocating 
resources to reproduction and defense. BioScience 37:58-67.

Becker, H. 1993. Pflanzenzüchtung. Verlag Eugen Ulmer Stuttgart, Germany.

Benbi, D. K., and Nieder, R. 2003. Handbook of Processes and Modeling in the Soil-
Plant System. Food Products Press® and The Haworth Reference Press, 
Binghamton, New York.

Benedict, H. M. 1949. A further study on the nonutilization of rubber as a food reserve by 
guayule. Botanical Gazette 111:36-43.

Berry, J. A. 1975. Adaptation of photosynthetic processes to stress. Science 188:644-650.



190

Biel, K. Y., and Yensen, N. P. 2004. The hypothesis of halosynthesis, photoprotection, 
and soil remediation via salt-conduction. Proceedings of the XII International 
Symposium: Complex Systems under Extreme Conditions, Krasnoyarsk, Russia, 
July 27-31, 2004.

Bonner, J. 1943. Effects of temperature on rubber accumulation by the guayule plant. 
Botanical Gazette 105:233-243.

Bonner, J., and Galston, A. W. 1947. The physiology and biochemistry of rubber 
formation in plants. The Botanical Review 13:543-596.

Boyko, H. 1966. Salinity and Aridity. New Approaches to Old Problems. Monographiae 
biologicae, Volume 16. W. Junk, The Hague.

Brimblecombe, P. 1986. Air Composition and Chemistry. Cambridge University Press, 
Cambridge, U.K.

Britton, N. L., and Brown, A. 1913. Illustrated Flora of the Northern United States, 
Canada, and the British Possessions. C. Scribner’s Sons, New York.

Castetter, E. F., and Opler, M. E. 1936. Ethnobiological Studies in the American 
Southwest III. The Ethnobiology of the Chiricahua and Mescalero Apache. 
University of New Mexico Bulletin 4(5):1-63.

Chapman, V. J. 1975. The salinity problem in general, its importance, and distribution 
with special reference to natural halophytes, pp. 7-24. In: Plants in Saline 
Environments. A. Poljakoff-Mayber and J. Gale (eds). Springer Verlag, Berlin, 
Germany.

Cloudsley-Thompson, J. L. 1996. Biotic Interactions in Arid Lands. Springer Verlag, 
Berlin, Germany.

Coates, W. 1991. Guayule harvesting equipment, pp. 241-260. In: Guayule Natural 
Rubber: A Technical Publication with Emphasis on Recent Findings. J. W. 
Whitworth and E. E. Whitehead (eds.). Office of Arid Lands Studies, The 
University of Arizona, Tucson, Arizona.

Collatz, G. J., Ball, J. T., Grivet, C., and Berry, J. A. 1991. Physiological and 
environmental regulation of stomatal conductance, photosynthesis and 
transpiration: A model that includes a laminar boundary layer. Agricultural and 
Forest Meteorology 54:107-136.



191

Cornish, K. 1996. Hypoallergenic natural rubber products from Parthenium argentatum
Gray and other non-Hevea brasiliensis species. United States Department of 
Agriculture patents. Washington, D.C.

Cornish, K., and Siler, D. J. 1996. Hypoallergenic guayule latex: research to 
commercialization, pp. 327-335. In: Progress in New Crops. National Symposium 
NEW CROPS: New Opportunities, New Technologies. ASHS Press, Alexandria, 
Virginia.

Cowan, R. S., and Maslin, B. R. 1995. Acacia undosa. Nuytsia 10:220.

Crowley, K., and Link, M. 1989. The Sky Islands of Southeast Arizona. Voyageur Press, 
Stillwater, Michigan.

Cunningham, G. L., and Strain, B. R. 1969. An ecological significance of seasonal leaf 
variability in a desert shrub. Ecology 50:400-408.

Dell, B. 1977. Distribution and function of resins and glandular hairs in Western 
Australian plants. Journal of the Royal Society of Western Australia 59:119-123.

Detwiler, W. E. 1984. Military aircraft evaluation of guayule rubber. El Guayulero 
6(3):13-18.

Dominikus, A. 1908. The anatomical structure of guayule. The India Rubber World 
40:365.

Dudal, R. 1976. Inventory of the major soils of the world with special reference to 
mineral stress hazards, pp. 3-14. In: Plant Adaptation to Mineral Stress in 
Problem Soils. M. J. Wright (ed.). Cornell University Agricultural Experimental 
Station, Ithaca, New York.

Eagle, F. A. 1981. Guayule. Rubber Chemistry and Technology 54:662-684.

Ehleringer, J. R., and Björkman, O. 1978. A comparison of photosynthetic characteristics 
of Encelia species possessing glabrous and pubescent leaves. Plant Physiology 
62:185-190.

Ehleringer, J. R., and Cook, C. S. 1990. Characteristics of Encelia species differing in 
leaf reflectance and transpiration rate under common garden conditions. 
Oecologia 82:484-489.

Ehleringer, J. R. 1994. Variation in gas exchange characteristics among desert plants, pp. 
361-392. In: Ecophysiology of Photosynthesis. Ernst-Detlef Schulze and Martyn 
M. Caldwell (eds.). Springer-Verlag, Berlin, Germany.



192

Endlich, R. 1905. Der Guayule und seine wirtschaftliche Bedeutung. Der Tropenpflanzer 
9:233-235.

Endlich, R. 1907. Über den gegenwärtigen Stand und die Aussichten der 
Guayuleindustrie. Der Tropenpflanzer 11:449-465.

Estilai, A., and Ray, D. T. 1991. Genetics, cytogenetics, and breeding of guayule, pp. 47-
92. In: Guayule Natural Rubber: A Technical Publication with Emphasis on 
Recent Findings. J. W. Whitworth and E. E. Whitehead (eds.). Office of Arid 
Lands Studies, The University of Arizona, Tucson, Arizona.

Estilai, E., and Waines, J. G. 1987. Crop ecology, production, and management. Crop 
Science 27:100-103.

Excel. Microsoft 2004. 

FAO 2004. Food and Agriculture Organization of the United Nations. 
<http://www.fao.org>, online [June 13, 2004].

Fahn, A. 1990. Plant Anatomy. Aditya Books (P) Ptd., New Delhi, India.

Fahn, A., and Cutler, D. E. 1992. Xerophytes. Gebrüder Borntraeger, Berlin.

Farquhar, G. D., and Sharkey, T. D. 1982. Stomatal conductance and photosynthesis. 
Annual Review in Plant Physiology 33:317-345.

Foster, K. E., Wright, G., and Fansler, S. F. 1991. Guayule Natural Rubber 
Commercialization: A Scale-Up Feasibility Study. Office of Arid Lands Studies, 
The University of Arizona, Tucson, Arizona.

François, L. E. 1986. Salinity effects on four arid zone plants. Journal of Arid 
Environments 11:103-109.

Fron, M., and François, M. 1901. Le guayule. Plante à caoutchouc du Mexique. 
L’Agriculture pratique des pays chauds. Bulletin du Jardin Colonial Paris, 
Première Année Juillet 1901—Juin 1902: 105-109.

Gershenzon, J. 1994. Metabolic costs of terpenoid accumulation in higher plants. Journal 
of Chemical Ecology 20:1281-1327.

Gilliland, M. G., and van Staden, J. 1986. Cyclic patterns of growth and rubber 
deposition in guayule Parthenium argentatum. Suggestions for a management 
programme. Suid-Afrikaanse tydskrif vir plant en grond (South African Journal of 
Plant and Soil) 3:21-26.



193

Gilliland, M. G., van Staden, J., and Mitchell, J. J. 1985. CO2 fixation and rubber 
deposition in the bark and leaves of guayule during winter. Journal of Plant 
Physiology 121:369-379.

Glantz, M. H. 1999. Creeping Environmental Problems and Sustainable Development in 
the Aral Sea Basin. Cambridge University Press, Cambridge, U.K.

Glenn, E. P., Brown, J. J., and O’Leary, J. W. 1998. Irrigating Crops with Seawater. 
Scientific American Aug. 1998:76-81.

Gradmann, H. 1923. Die Windschutzeinrichtungen an den Spaltöffnungen der Pflanzen. 
Jahrbücher für wissenschaftliche Botanik 62:449-527.

Gray Herbarium 2004. Harvard University. Database. 
<http://www.huh.harvard.edu/databases/>, online [March 18, 2004].

Gunatilaka, A. A. L. 2005. Southwest Center for Natural Products Research and 
Commercialization. <http://www.oals.arizona.edu/npc/>, online [March 31, 
2005].

Haberlandt, G. 1896. Physiologische Pflanzenanatomie. Verlag Von Wilhelm 
Engelmann, Leipzig, Germany.

Hammond, B. L. 1948. Guayule Seed Collection from Mexico. Guayule Information 
Center, Office of Arid Lands Studies, The University of Arizona, Tucson, 
Arizona.

Hammond, B. L., and Polhamus, L. G. 1965. Research on guayule (Parthenium 
argentatum). USDA Technical Bulletin 1327:1942-1959.

Handro, W. 1967. Contribuição ao estudo da venação e anatomia foliar das Amarantáceas 
dos Cerrados. II. Gênero Pfaffia. Anais de Academia Brasileira de Ciências 
39:495-506.

Hanson, H. C. 1917. Leaf-structure as related to environment. American Journal of 
Botany 4:533-560.

Healey, P. L., Mehta, I. J., and Westerling, K. E. 1986. Leaf trichomes of some 
Parthenium species. American Journal of Botany 73:1093-1099.

Hoagland, D. R., and Arnon, D. I. 1950. The Water-Culture Method for Growing Plants 
without Soil. Circular 347. California Agricultural Experiment Station. The 
College of Agriculture, University of California, Berkeley, California.



194

Hoffman, G. J., Shannon, M. C., Maas, E. V., and Grass, L. 1988. Rubber production of 
salt-stressed guayule at various plant populations. Irrigation Science 9:213-226.

Hoffmann, J. J., Kingsolver, B. E., McLaughlin, S. P., and Timmermann, B. N. 1984. 
Production of resins by arid-adapted Asteraceae, pp. 251-271. In: Phytochemical 
Adaptations to Stress. Timmermann, B. N., Steelink, C., and Loewus, F. A. (eds.). 
Plenum Press, New York.

ICBA 2005. International Center for Biosaline Agriculture.  <http://www.biosaline.org>, 
online [April 2, 2005]. 

 
Imhoff, D. 2003. Farming With The Wild. Sierra Club Books, San Francisco, California.

Jackson, L. W. R. 1967. Effect of shade on leaf structure of deciduous tree species. 
Ecology 48:498-499.

Kaiser, W. M., Stepper, W., and Urbach, W. 1981. Photosynthesis of isolated 
chloroplasts and protoplasts under osmotic stress. Planta 151:375-380.

Kandeler, R. 1991. Plant Anatomy. Class notes and personal communication. Department 
of Botany, University of Natural Resources and Applied Life Sciences, Vienna, 
Austria.

Karpilova, I. F., Chugunova, N. G., Biel, K. Y., and Chermnykh, L. N. 1982. Ontogenetic 
changes of chloroplast ultrastructure, photosynthates, and photosynthate outflow 
from the leaves in cucumber plants under conditions of reduced night 
temperature. Soviet Plant Physiology 29:96-104.

Kramer, P. J., and Boyer, J. S. 1995. Water Relations of Plants and Soils. Academic 
Press, San Diego.

Krenzer, E. G., Moss, D. N., and Crookston, R. K. 1975. Carbon dioxide compensation 
points of flowering plants. Plant Physiology 16:669-679.

Ku, S. B., and Edwards, G. E. 1977. Oxygen inhibition of photosynthesis II. Kinetic 
characteristics as affected by temperature. Plant Physiology 59:991-999.

Kurtz, E. B. Jr. 1958. Chemical basis for adaptation in plants. Science 128:1115-1117.

Larcher, W. 1980. Őkologie der Pflanzen auf physiologischer Grundlage. Verlag Eugen 
Ulmer, Stuttgart, Germany.

Le Houérou, H. N. 1986. Salt-tolerant plants of economic value in the Mediterranean 
basin. Reclamation and Revegetation Research 5:319-341.



195

LI-COR 1989. The LI-6200 Primer. An Introduction to Operating the LI-6200 Portable 
Photosynthesis System. LI-COR, Lincoln, Nebraska.

Linné, Carl von. 1753. Species Plantarum. Volume 2:988.

Lloyd, F. E. 1911. Guayule (Parthenium argentatum Gray). A Rubber-Plant of the
Chihuahuan Desert. Carnegie Institution of Washington, Washington, D.C.

Lorey, D. E. 2003. Global Environmental Challenges of the Twenty-First Century: 
Resources, Consumption, and Sustainable Solutions. SR Books, Wilmington, 
Delaware.

Maas, E. V., Donovan, T. J., and François, L. E. 1988. Salt tolerance of irrigated guayule. 
Irrigation Science 9:199-211.

Macrae, S., Gilliland, M. G., and van Staden, J. 1986. Rubber production in guayule: 
determination of rubber producing potential. Plant Physiology 81:1027-1032.

Magistad, O. C. 1943. Effect of salt concentration, kind of salt, and climate on plant 
growth in sand cultures. Plant Physiologist 18:151-166.

Mares, M. A. 1999. Encyclopedia of Deserts. University of Oklahoma Press, Norman, 
Oklahoma.

Marschner, H. 1995. Mineral Nutrition of Higher Plants. Academic Press Limited, 
London.

McIntyre, D., Stephens, H. L., Schloman, W. W. Jr., and Bhowmick A. K. 2001. Guayule 
rubber, pp. 1-27. In: Handbook of Elastomers. Anil K. Bhowmick and Howard L. 
Stephens (eds.). Marcel Dekker Inc., New York.

McLaughlin, S. P. 1985. Economic prospects for new crops in the southwestern United 
States. Economic Botany 39:473-481.

McLaughlin, S. P. 2000. Properties of paper made from fibers of Hesperaloe funifera
(Agavaceae). Economic Botany 54:192-196.

McLaughlin, S. P., and Linker, J. D. 1987. Agronomic studies on gumweed: seed 
germination, planting density, planting dates, and biomass and resin production. 
Field Crops Research 15:357-367.

Meinzer, F. C., Wisdom, C. S., Gonzalez-Coloma, A., Rundel, P. W., and Shultz, L. M. 
1990. Effects of leaf resin on stomatal behaviour and gas exchange of Larrea 
tridentata (DC.) Cov. Functional Ecology 4:579-584.



196

Mihail, J. D., Alcorn, S. M., and Whitworth, J. W. 1991. Plant health: the interaction of 
guayule, microorganisms, arthropods, and weeds, pp. 173-216. In: Guayule 
Natural Rubber: A Technical Publication with Emphasis on Recent Findings. J. 
W. Whitworth and E. E. Whitehead (eds.). Office of Arid Lands Studies, The 
University of Arizona, Tucson, Arizona.

Miyamoto, S., Piela, K., and Gobran, G. R. 1984. Salt effects on transplant mortality, 
growth and rubber yields of guayule. Irrigation Science 5:275-284.

Miyamoto, S., and Bucks, D. A. 1985. Water quantity and quality requirements of 
guayule: current assessment. Agricultural Water Management 10:205-219.

Miyamoto, S., Piela, K., and Petticrew, J. 1985. Salt effects on germination and seedling 
emergence of several vegetable crops and guayule. Irrigation Science 6:159-170.

Miyamoto, S., Davis, J. and Madrid, L. 1990. Salt Tolerance of Guayule. Bulletin Texas 
Agricultural Experiment Station, College Station, Texas A&M University, Texas.

Moerman, D. E. 1998. Native American Ethnobotany. Timber Press, Portland, Oregon.

Morris, M. K. 1984. Evaluation of guayule rubber in military applications. El Guayulero 
6(1,2):13-20.

Munns, R. 1993. Physiological processes limiting plant growth in saline soils: some 
dogmas and hypotheses. Plant, Cell and Environment 16:15-24.

Myers, J. 1999. Salt Dreams: Land and Water in Low-Down California. University of 
New Mexico Press, Albuquerque, New Mexico.

Nakayama, F. S. 2005. Guayule future development. Industrial Crops and Products. [in 
press]

Napp-Zinn, K. 1984. Anatomie des Blattes. II. Blattanatomie der Angiospermen. 
Gebrüder Borntraeger, Berlin, Germany.

NDSP 2001. National Dryland Salinity Program. <http://www.ndsp.gov.au>, online 
[March 17, 2002]. 

 
Nobel, P. S. 1976. Photosynthetic rates of sun versus shade leaves of Hyptis emoryi Torr. 

Plant Physiology 58:218-223.

Office of Arid Lands Studies 1975. Guayule: a rubber-producing shrub for arid and 
semiarid regions. Arid Lands Resource Information Paper No. 7. Office of Arid 
Lands Studies, The University of Arizona, Tucson, Arizona.



197

O’Toole, J. C., Treharne, K., Turnipseed, M., Crookston, K., and Ozbun, J. 1980. Effect 
of potassium nutrition on leaf anatomy and net photosynthesis of Phaseolus 
vulgaris L. New Phytologist 84:623-630.

Parkhurst, D. F. 1978. The adaptive significance of stomatal occurrence in one or both 
surfaces of leaves. The Journal of Ecology 66:367-383.

Pengelly, S., and Fishburn, G. 2002. Land, water and people: Complex interactions in the 
Murrumbidgee River catchment, New South Wales, Australia, pp. 395-415. In: 
Agriculture, Hydrology and Water Quality. P. M. Haygarth and S. C. Jarvis (eds.). 
CABI Publishing, Oxon, U.K.

Pereira, L. S. 1996. Sustainability of Irrigated Agriculture. Proceedings of the NATO 
Advanced Research Workshop on Sustainability of Irrigated Agriculture. NATO 
ASI Series E, No. 132.

Peterson, R. L., and Vermeer, J. 1984. Histochemistry of trichomes, pp. 71-94. In: 
Biology and Chemistry of Plant Trichomes. Eloy Rodriguez, Patrick L. Healey, 
and Indira Mehta (eds.). Plenum Press, New York.

Pons. 1997. Kompaktwörterbuch für alle Fälle. Neugriechisch—Deutsch. Ernst Klett 
Verlag, Stuttgart.

Powers, L. 1945. Fertilization without reduction in guayule (Parthenium argentatum
Gray) and a hypothesis as to the evolution of apomixis and polyploidy. Genetics 
30:323-346.

Prokofiev, A. A. 1939. Formation of rubber in plants. Bulletin of the Academy of 
Sciences, U.S.S.R. 908-923.

Prokofiev, A. A. 1940. Biological role of rubber. Bulletin of the Academy of Sciences, 
U.S.S.R. 589-606. 

Rao, A. P., and Rajendrudu, G. 1989. Net photosynthetic rate in relation to leaf 
anatomical characteristics of C3, C3-C4 and C4 dicotyledons. Proceedings of the 
Indian Academy of Sciences (Plant Science) 99:529-537.

Ray, D. T., Coates, W., Livingston, M., and Garrot, D. J., Jr. 1992. Mechanical pollarding 
as a means to increase rubber yields in guayule (Parthenium argentatum, 
Asteraceae). Industrial Crops and Products 1:11-15.

Ray, D. T., Dierig, D. A., Thompson, A. E., and Coffelt, T. A. 1999. Registration of six 
guayule germplasms with high yielding ability. Crop Science 39:300.



198

Retzer, J. L., and Mogen, C. A. 1946. The salt tolerance of guayule. Journal of the 
American Society of Agronomy 38:728-742.

Ross, H. 1908. Der anatomische Bau der mexikanischen Kautschukpflanze “Guayule”, 
Parthenium argentatum Gray. Berichte der Deutschen Botanischen Gesellschaft 
Berlin 26a:248-263.

Roth, I. 1995. Leaf structure: Montane regions of Venezuela with an excursion into 
Argentina. Encyclopedia of Plant Anatomy. Gebrüder Borntraeger, Berlin, 
Germany.

Sakai, W. S. 1974. Scanning electron microscopy and energy dispersive X-ray analysis of 
chalk secreting leaf glands of Plumbago capensis. American Journal of Botany 
61:94-99.

Sanchez, C. A., and Silvertooth, J. C. 1996. Managing saline and sodic soils for 
producing horticultural crops. HortTechnology 6:99-107.

Schloman, W. W. Jr., and Wagner, J. P. 1991. Rubber and coproduct utilization, pp. 287-
310. In: Guayule Natural Rubber: A Technical Publication with Emphasis on 
Recent Findings. J. W. Whitworth and E. E. Whitehead (eds.). Office of Arid 
Lands Studies, The University of Arizona, Tucson, Arizona.

Schneider, R. 1935. Untersuchungen über den Einfluss bestimmter Ernährungsfaktoren 
auf die Haarentwicklung bei Pflanzen. Flora 130:131-152.

Shields, L. M. 1950. Leaf xeromorphy as related to physiological and structural 
influences. The Botanical Review 8:399-447.

Siler, D. J., and Cornish, K. 1994. Hypoallergenicity of guayule rubber particle proteins 
compared to Hevea latex proteins. Industrial Crops and Products 2:307-313. 

Spence, D., and McCallum, W. M. J. 1935. The function of the rubber hydrocarbon in the 
living plant. Transactions, I.R.I. 11:119-136.

Spinner, H. 1936. Stomates et altitudes. Berichte der Schweizerischen Botanischen 
Gesellschaft 46:12-27.

SPSS. 2004. Graduate Pack™ 12.0 for Windows. SPSS Inc.

Stumpf, D. K., Ray, D. T., and Schloman, W. W. Jr. 2001. Identification of a contact 
allergen in guayule latex and formulated guayule latex products. Journal of the 
American Oil and Chemistry Society 78:217-218.



199

Sundberg, M. D. 1986. A comparison of stomatal distribution and length in succulent and 
non-succulent desert plants. Phytomorphology 36:53-66.

Swain, T. 1977. Secondary compounds as protective agents. Annual Review of Plant 
Physiology 28:479-501.

Szabolcs, I. 1987. The global problems of salt-affected soils. Acta Agronomica 
Hungarica 36:159-172.

T[s]chirch, A. 1881. Beziehungen des anatomischen Baues der Assimilationsorgane zu 
Klima und Standort, mit specieller [sic] Berücksichtigung des 
Spaltöffnungsapparats. Botanischer Jahresbericht 9:425-428.

Thole, V., and Rawsthorne, S. 2003. Efficient regeneration systems for two closely 
related Moricandia species possessing a C3 or C3-C4 intermediate photosynthetic 
character. Plant Cell Reports 21:707-712.

Transeau, E. N. 1904. On the development of palisade tissue and resinous deposits in 
leaves. Science 19:866-867.

United States Academy of Sciences 1977. Guayule. An Alternative Source of Natural 
Rubber. U.S. National Academy of Sciences, Washington, D.C.

United States Department of the Interior. 1857. Report on the United States and Mexican 
Boundary Survey. C. Wendell, Washington D.C.

Volkens, G. 1887. Die Flora der ägyptisch-arabischen Wüste auf Grundlage anatomisch-
physiologischer Forschungen. Gebrüder Borntraeger, Berlin, Germany.

Wadleigh, C. H., and Gauch, H. G. 1944. The influence of high concentrations of sodium 
sulfate, sodium chloride, calcium chloride, and magnesium chloride on the growth 
of guayule in sand culture. Soil Science 58:399-403.

Waisel, Y. 1972. Biology of Halophytes. Academic Press, New York.

Walter, H. 1931. Die Hydratur der Pflanze und ihre physiologische-ökologische 
Bedeutung. Gustav Fischer, Jena, Germany.

Walter, H. 1973. Vegetation of the Earth. English Universities Press, London.



200

West, J. E., Rodriguez, E, and Hashemi, A. 1991. Biochemical evolution and species 
relationships in the genus Parthenium (Asteraceae), pp. 17-31. In: Guayule 
Natural Rubber: A Technical Publication with Emphasis on Recent Findings. J. 
W. Whitworth and E. E. Whitehead (eds.). Office of Arid Lands Studies, The 
University of Arizona, Tucson, Arizona.

Weyers, J., and Meidner, H. 1990. Methods in Stomatal Research. Longman Scientific & 
Technical, Essex, England.

Wikipedia Encyclopedia. 2004. <http://en.wikipedia.org>, online [April 25, 2004].

Wright, N. G., Fansler, S., and Lacewell, R. D. 1991. Guayule economics, pp. 351-365. 
In: Guayule Natural Rubber: A Technical Publication with Emphasis on Recent 
Findings. J. W. Whitworth and E. E. Whitehead (eds.). Office of Arid Lands 
Studies, The University of Arizona, Tucson, Arizona.

Yensen, N. P., Fontes, M. R., Glenn, E. P., and Felger, R. S. 1981. New salt tolerant 
crops for the Sonoran Desert. Desert Plants 3:111-118.

Yensen, N. P. 1988. Plants for salty soils. Arid Lands Newsletter 27:3-10.

Yensen, N. P., Bedell, J. L., and Yensen, S. B. 1995. The use of agricultural drain water 
for forage production in coastal ecosystems. Proceedings of the International 
Symposium on Salt-Affected Lagoon Ecosystems. J. Batlle-Sales (ed.).
Universidad de Valencia, Spain.

Yensen, N. P. 2000. New horizons in the use of saline resources. Natural Resource 
Management, Special Issue June:4-8.

Yensen, N. P. 2001. Halófitas del Golfo de California y Sus Usos. Universidad de 
Sonora, Hermosillo, Sonora, Mexico.

Yensen, N. P. 2002. New developments in the world of saline agriculture, pp. 321-332. 
In: Prospects of Saline Agriculture. R. Ahmad and K. A. Malik (eds.). Kluwer 
Academic Publications, The Netherlands.

Yensen, N. P. 2004. The success of NyPa International as a saline agriculture outlet: 
origin, development and philosophy. Kluwer Academic Publications, The 
Netherlands. [in press]

Yensen, N. P. 2005. Salt-tolerant plants of the world and their uses. International Center 
for Biosaline Agriculture (ICBA), Dubai, UAE, and the Center for the 
Investigation of Food and Development (CIAD), Hermosillo, Mexico [in 
preparation].


