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ABSTRACT 

In 1984 and 1985 visual differences in frost damage were ob

served among 40 jojoba clones growing in a field in Tucson, Arizona. 

More detailed data were collected on the clone with the least damage 

(Clone-I) and the one with the most damage (C10ne-2). On 10-node 

terminal branch samples, Clone-1 showed an average of 12% leaf damage 

compared to 35% for Clone-2. 

Leaf freezing under controlled conditions on a monthly schedule 

showed that leaves of Clone-l consistently froze at a lower temperature 

than C10ne-2. Also, a second exotherm occurred in 50% of the samples 

for Clone-l whereas a second exotherm occurred in only 15% of the 

samples of Clone-2. 

Soil moisture content and plant water potential were measured 

biweekly. Neither seemed to relate to the differences in freezing 

tolerance of the two clones. 

Total nonstructural carbohydrates (TNC), total soluble sugars, 

sucrose and proline were determined monthly. Accumulation patterns of 

TNC were similar for the two clones, however, Clone-l generally accu

mulated more soluble sugars, sucrose and proline which might have 

contributed to its freezing tolerance. 

Growth measurements were recorded monthly to determine whether 

differences occurred between the two clones. Growth of both clones 

peaked in the spring, showed minor peaks in summer and ceased in winter. 

xii 
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Under greenhouse conditions, pot-grown cuttings from Clone-l 

and Clone-2 were given zero, six or 12 gm of Osmocote fertilizer and 

watered at 35 or 70% field capacity to determine the effect of irriga

tion and fertilization on leaf freezing point. Fertilization signifi

cantly increased leaf concentrations of Nand P and produced more 

growth. 

In the greenhouse study, no differences were found in leaf 

freezing point due to clones, irrigation or fertilization treatment. 

Leaves of Clone-l froze at a higher temperature compared to field 

grown plants. 



INTRODUCTION 

Jojoba, Simmondsia chinensis (Link) Schneider, is an evergreen 

dioecious, long-lived shrub native to the Sonoran Desert of Mexico and 

the United States (McKinney and Jamieson, 1936; Gentry, 1958). In 

nature jojoba occurs between latitudes 25° and 3l o N and longitudes 

101° and 117° Wand from sea level in Baja California to 1200 meter 

elevation in the Sonoran Desert (Gentry, 1958). 

Jojoba can withstand severe water stress (Al-Ani, Strain, and 

Mooney, 1972). The plant occurs in areas of 76 to 450 rom of 

annual rainfall but the best natural populations occur in areas of 

250 to 380 mm annual precipitation (Yermanos, 1979). 

Jojoba tolerates extremely high temperatures; during the summer daily 

highs of 43 to 46°C in the shade are common in its habitats. Mature 

plants are believed to withstand low temperatures of -9.5°C whereas young 

plants may withstand temperatures of _4°C (Gentry, 1958). 

Jojoba has been receiving worldwide attention due to the valu

able liquid wax contained in its seed as was first discovered by Greene 

and Foster (1933). Because of similarities in the chemical composition 

of jojoba wax and sperm whale oil (Greene and Foster, 1933; Markwood, 

1942; Daugherty, Sineath,and Walters, 1958) jojoba wax can be a substi

tute fur the endangered sperm whale oil. The banning of importation of 

sperm whale oil to the United States in 1970 as well as concern for 

water conservation and job opportunities in the Southwest has stimu

lated great interest in jojoba as a new crop. 
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Jojoba wax has potential for use in cosmetics, pharmaceuticals, 

leather, plastics, carbon paper, candles, polish waxes, lubricants, etc. 

(Mirov, 1950; Yermanos, 1974; Brooks, 1978; Walters, Macfarlene,and 

Spensely, 1979; Hogan, 1979). 

For the potential of jojoba to be realized, jojoba plantations 

with uniform and high producing shrubs must be established as gathering 

wild seed is neither certain nor economic. Because jojoba is a wild 

plant with considerable genetic variation, vegetative propagation has 

been suggested as a means for es.tablishing uniform and high yielding 

plantations (Mirov, 1952, 1972; Gentry, 1958; Yermanos, 1974, 1977; 

Ho~an, 1979). 

Low temperature is believed to be the most critical factor 

limiting jojoba cultivation in the United States. Varieties with 

increased resistance to freezing temperature stress would be very 

valuable to growers in Arizona and other regions of the world with 

similar climates. 

The goals of this research were: 

(1) To evaluate jojoba clones for differences in response to low 

temperature in field-grown jojoba. 

(2) To evaluate effectiveness of laboratory tests in rating plants 

for resistance to freezing temperatures. 

(3) To test i:cu2 effect of cultural practices O"C1 resista(J.ce to sub-

zero temperature stress of green-house grown plants. 



LITERATURE REVIEW 

Resistance to Freezing Temperature Stress 

At low temperature, even below freezing, plant temperature 

generally follows that of its environment with some exceptions. For 

example, Espeltia shulltzii, a cornmon rosette plant in the Paramo Zone 

of the Venezuelan Andes has a nyctinastic leaf movement that could 

provide protection to the apical bud. At night the leaves close around 

the apical bud to keep its temperature about zoe above the temperature 

of the surrounding environment (Smith, 1974). 

Being unable to avoid the temperature of their environment, plants 

have developed a variety of mechanisms for surviving cold temperature 

stress. Some plants do so by avoiding ice formation in their tissues 

while others can tolerate extracellular freezing of their tissues' 

water. 

Two common mechanisms of freezing avoidance are recognized in 

plants. Plants can accumulate solutes, leading to the depression of 

the freezing point. Freezing point depression due to solute accumula

tion can only be by several degrees. Few species that are of agricul

tural importance have a freezing point depression of more than 4°e due 

to solute adjustment, and most of them are in the range of 1 to 2°e 

(Levitt, 1980). 

The second method of freezing avoidance is a process known as 

supercooling. By this process, ice formation is avoided even if tissue 

3 
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temperature drops below the freezing point. Although it is not yet 

understood how supercooling occurs in plants, Levitt (1980) mentioned 

that plant characteristics associated with supercooling may include 

small cell size, little or no intercellular spaces for nucleation, 

relatively low moisture content, absence of internal nucleators, 

barriers against external nucleators and the presence of antinuc1eators 

i.e., substances that inhibit formation of nucleators. 

As early as 1906 and on the basis of microscopic observation, 

Weigand discovered supercooling in flower buds of a number of species. 

For example at -18°C, no ice was observed in the flower buds of eight 

species, examples of which are Castanea dentata and Hicoria alba. 

A supercooling range of -41 to -47°C was found in stem xylem of 25 

woody species native to North America (George et a1., 1974). They 

observed that these temperatures were related to the distribution of 

these species in the United States. Supercooling was also found to 

be the survival mechanism for flower buds of deciduous plants like 

apricots and peaches (Quamme, 1974; Quamme et a1., 1975). In freezing 

curve methods that are used to determine frost tolerance of species. 

tissue is gradually cooled to the point of freezing temperature. When 

freezing occurs, release of heat of fusion causes deflections on the 

freezing curve and these deflections are referred to as exotherms. 

Exocherms resul~ing from freezing of florecs from azalea flower Duds 

and stem sections were observed to occur at different temperatures 

(Graham and Mullin, 1976). Florets of flower buds supercooled to 

temperatures as low as -26.9°C whereas the stem sections supercooled 



to temperatures as low as -45°C. The occurrence of the exotherm was 

lethal in all cases and the xylem parenchyma cells were the ones that 

were affected in the stem sections. 

5 

Leaves of orange trees collected from three locations in Florida 

were found to freeze at different temperatures (Rouse et al., 1977). 

Leaves collected from Gainesville, Towares, and Barton, Florida were 

found to freeze at -9.0, -8.2 and -8.4°C, respectively. 

Supercooling as an avoidance mechanism is limited to the 

temperature of the spontaneous nucleation. The lowest supercooling 

point possible for pure water is -38°C and for plant solutions is 

-47°C (Rasmussen and Mackenzie, 1972; George et al., 1974). 

While many plants tolerate low temperature by avoiding freezing 

via solute accumulation or supercooling, other plants can actually 

tolerate the freezing of their tissues. Such plants can tolerate only 

extracellular freezing as intracellular freezing in nature is invariably 

fatal presumably due to the destruction of the membranes (Burke et al., 

1976; Levitt, 1980). 

Tissues of a number of woody plants have been observed to 

stay alive after immersion in liquid nitrogen by Sakai (1960). Before 

he immersed small pieces of mulberry twigs in liquid nitrogen Sakai 

prefroze them for 16 hr in different freezing temperatures for the 

purpose of dehydration. tie found that freezing the twigs at tempera-

tures of -30°C and lower would enable the parenchyma cells of the 

cortex to survive 160 days of immersion in liquid nitrogen. Addition

ally, in winter, twigs of willow and mulberry were gradually cooled 



at a rate of O.SoC/min. from room temperature down to -90°C without in

jury (Sakai, 1960). Sakai concluded that freezing at -30°C and lower 

temperature led to water withdrawal from the interior of the cells and 

extracellular freezing, thus enabling the tissue to withstand temp

eratures as low as -196°C. 

Natural distribution of 49 woody species was found to relate 

to their low temperature exothermos of stem segments (George et al., 

1974). They reported that plants which could avoid subfreezing 

temperature injury of their xylem parenchyma by deep supercooling 

were generally confined to the regions that have a minimum temperature 

of -40 to -47°C as supercooling as an avoidance mechanism is useful 

to temperatures as low as -47°C. On the other hand, plants that ex

tend to the area with temperature minimums below -47°C would survive 

by tolerating freezing of their tissues. 

Development of Plant Cold Hardiness 

6 

During the course of the year plant cold hardiness, the ability 

to withstand low temperature stress, fluctuates considerably. For 

example, apple trees were found to die at -5°C during summer while 

they can withstand temperatures as low as -40°C during winter time 

(Tumanov and Krasavtsev, 1959). Through a process called cold acclima

tion or cold hardening, some plants change from a susceptible or tender 

to a resistant or hardy condition (Weiser, 1970). Plants differ in 

their ability to acclimate; some acclimate to survive a few degrees 

below zero whereas others can acclimate to survive the temperature of 

liquid nitrogen. For example, citrus may survive temperatures of -9.0° 

___ r~ __________________________________________ _ 



(Rouse et al., 1977) whereas pine can survive temperatures of liquid 

nitrogen (Tumanov and Krasavtsev, 1959). 

Cold hardening or cold acclimation occurs in the fall of the 

year due primarily to the short days and lower temperatures which 

occur (Irving and Lauphear, 1969; Weiser, 1970; Graham and Mullin, 

1976; Levitt, 1980). 

Day Length 

The effect of day length on the induction of plant cold 

hardiness has been investigated by a number of researchers. Short 

days have been found to induce plant cold hardiness. Irving and 

Lauphear (1967) exposed Viburnum plicatum tomentosum and Acer nelgundo 

to varying periods of short days followed by keeping the plants at 

temperatures of 5°C or lower in the dark. They found that hardiness 

of both species increased linearly with increasing exposure to short 

days. After a 6-week period exposure to short days, hardiness of Acer 

increased from -19 to -28.s oC. A 7-week exposure to short days 

enabled Viburnum to withstand temperature of -26.7°C. To prove that 
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the effect of short days was truly a photoperiod phenomenon, they in

terrupted the l6-hour dark period with I-hour of light and they found 

that this interruption resulted in a hardiness that was almost identical 

to that produced by long days. Acer plants hardened to -18.soC after 

beir-g exposed to lcrrg days while with shc=t days zxpcs~r8 and icte~-

ruption at the middle of the dark period by I-hour of light, the plants 

hardened to -18.3°C. Plants exposed to short days without light 



interruption in the dark period hardened to -3l.l o C. In all cases the 

day length treatment was followed by an exposure to a hardening temp

erature (5°C) for 4 weeks. 

Short days preceeding exposure to gradually decreasing temp

erature resulted in rapid acclimation to temperatures as low as 45.l o C 
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in the living bark of red-osier dogwood, Cornus stolonifera (Van Huystee, 

Weiser and Li, 1967). 

Although short days have been reported to be an important 

factor in development of cold hardiness in some plants, they are not 

necessary for the cold hardiness development in other plants. 

Steponkus and Lauphear (1968) subjected Hedera helix L. 'Thorndale' 

to photoperiods of 0, 8, 16, and 24-hours of light plus a hardening 

temperature of 5°C. There was no significant difference between the 

hardiness of plants that were subjected to 8, 16, and 24-hours of light. 

Leaves of plants that were kept in dark hardened only to -10.5°C while 

maximum hardiness was induced by the 24-hour photoperiod (-24.3°C). 

Photoperiods of 8 and 24 hours induced an identical cold hardiness of 

cabbage after a hardening period as long as 90 days (Kohn and Levitt, 

1965). 

The effect of sucrose on frost hardiness of winter wheat plants 

was investigated by Tumanov and Trunova (1963). Winter wheat plants 

showed 100% survival at -26°C when they were either kept for 14 days 

under light while their roots were immersed in water, or kept in dark 

while their roots were immersed in a 12% sucrose solution. Only 65% 

of the plants kept in dark with their roots immersed in water survived 

-16°C and none of them survived -26°C. These researchers concluded 



that for hardening of the winter wheat variety UL'Yanovka, light was 

only needed for photosynthesis and immersion of the plant roots in the 

12% sucrose solution substituted for CO2 assimilation under light con

ditions. 

Temperature 

9 

Development of cold acclimation or hardening in both annuals 

and perennials is influenced by temperature. For plants to develop 

maximum hardiness, cold temperature is required. It is difficult to 

determine threshold temperature for hardening and dehardening, i.e., 

loss of hardiness, and it varies with species and probably varieties 

(Levitt, 1980). In citrus, for instance, it has been reported that 

prevailing temperatures of 10°C and lower for 10 to 97 hours per week 

for 11 weeks induced hardening of trees (Yelenosky, 1978). Working on 

the effect of day length and temperature on the induction of cold 

hardiness of 'Red Blush' grapefruit, Young (1961) found that oxposure 

of plants to short days (8-hour light) for 10 weeks at 10 to 10.6/4.4°e 

day/night temperature rendered them significantly hardier than those 

exposed to short days but not to hardening temperature. Those exposed 

to short days and hardening temperature defoliated 30% of their leaves 

while others lost 70% of their leaves following successive exposure to 

3.9, -4.4, and -l.loe for 1 hour,S days and 1 hour respectively. 

Wheat plants treated with l2-hour photoperiod at 2%°C day/ 

night night temperatures hardened faster and deeper compared to those 

treated with either IO/8°e, 16-hour photoperiod or 7/3°e, l2-hour 

photoperiod (Gusta, Fowler, and Tyler, 1982). 



Acer plants subjected to short days without being exposed to 

hardening temperature hardened slightly (-9.l 0 C) compared to those 

exposed to both short days and hardening temperature of SoC for 4 

weeks, which were hardened to -28°C. Level of hardening of Acer 

plants was found to increase with increased period at hardening temp

erature. For example plants exposed to short days for four weeks 

hardened to about -12°C when they were kept at SoC for 16 days while 

they hardened to about -27°C when kept at 5°C for 42 days (Irving and 

Lauphear, 1967). 
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Some woody plants receiving laboratory hardening by exposure 

to temperatures as low as -60°C increased their cold hardiness tremen

dously (Tumanov and Krasavtsev, 1959; Sakai, 1960). Tumanovand 

Krasavtsev (1959) reported that one- and two-year old pine shoots 

withstood -19SoC temperature after a 24-hour exposure to temperature 

as low as -60°C. 

Degree of hardening may fluctuate with the temperature fluctua

tion during the winter. For example, hardiness of Alberta peach fruit 

buds increased from -3 to -7°F when air temperature changed from 33°F 

in January to about -3°F in February (Proebsting, 1959). 

Cold acclimated plants can become frost susceptible by being 

exposed to increased temperature. 'Kharkov' winter wheat and 'Dover' 

winter barley cold hardiness declined from -19.6°C and -14.7°C to 

-16.8°C and -ll.SoC respectively when they were exposed to dehardening 

conditions (20/1SoC day and nig~t temperature) for 6 hours (Pomeroy, 

Andrews,and Fedak, 1975). 



11 

Plant Compositional Relationship to Cold Acclimation 

Soluble Sugars 

During acclimation to cold, changes in concentration of several 

substances have been observed. Increases in sugar concentration have 

been reported to accompany increases in resistance to low temperature 

stress in many woody and herbaceous plants as hardening occurs, but 

relationships are not always parallel (Levitt, 1980). For example, 

sugar accumulated during hardening of 18 types of citrus, but 'Nagami' 

Kumquat, which was the most hardy accumulated 9.5% total sugars while 

'Lisbon' lemon, one of the least hardy accumulated 13.0% total sugars 

(Young, 1969). 

Increase in sugar concentration in the fall is frequently ac

companied by hydrolysis of accumulated starch, although increased 

sugar concentration may result directly from photosynthesis (Levitt, 

1980). The rate of starch hydrolysis was found to be high in more 

cold hardy citrus types (Yelenosky, 1978). Unhardened sweet orange 

trees killed at -6.7°C showed a sugar starch ratio of 1.8:1 whereas 

hardened trees that withstood -6.7°C had a sugar starch ratio of 20:1 

in leaves (Yelenosky, 1978). In grape varieties, frost resistance to 

early frost episodes was found to increase by hydrolysis of carbohydrate 

reserves (Marutjan, 1968). 

Different fULU1S of sugars provide different lEvels of protec-

tion against freezing damage. For example, winter wheat plants, 'UL 

Yanovka,' grown on 12% solution of sucrose, glucose, rhamnose, maltose, 
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lactose and galactose differed in their percent survival at -32°C. 

Sucrose solution gave best results as all of the plants growing on it 

survived -32°C, whereas the least effective sugar was lactose as only 

15% of the plants growing on it were able to survive -32°C (Tumanov 

and Trunova, 1963). The protective role of sugars in the grapevines 

was found to be in the following decreasing order: xylose, rhamnose, 

glucose, fructose, galactose, sorbitol, sucrose, lactose, raffinose 

and manitol (Marutjan, 1968). 

How sugar acts to increase hardiness is not completely under

stood. Increased sugar content is believed to be a major component 

of increase in osmotic concentration which increase the avoidance of 

freeze-induced dehydration and also lowers the freezing point of cell 

sap; and sugars are also thought to produce unknown protective measures 

(Levitt, 1980). It has been reported that increase in osmotic concen

tration by addition of NaCl to nutrient medium of cucumber seedlings 

produced an increase in abscisic acid (ABA) level of cotyledons (Rikin, 

Blumenfeld, and Richmond, 1976). These researchers observed that in

creased ABA levels profoundly decreased chilling injury on the coty

ledons when the seedlings were subsequently exposed to 1 to 3°C 

temperature for 24 hours. Irving (1969) found that exogenous applica

tion of ABA to Acer negundo growing under long days increased their 

hardening level as their killing point was -21.4°C compared to the con

trols that had their killing point at -16.7°C. 

Freezing of spinach chloroplasts for 3 hours at -25°C in the 

presence and absence of sucrose showed that sucrose protected certain 

chloroplast activities against freezing. For example freezing the 
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chloroplast in 0.5 M sucrose solution protected the photophosphoryla

tion phenomenon against freezing as the process was proceeding at a 

rate of approximately 27 ~moles ATP/mg chloroplast/hr compared to 

about 3 ~moles ATP/mg chloroplasts/hr for chloroplast frozen to -25 Q C in 

the absence of sucrose (Heber, 1967). Heber suggested that sucrose 

protects membrane structure and hence prevents leakage of protons that 

are important for photophosphorylation. 

Amino Acid Concentration 

Concentrations. of amino acids have also been investigated in 

relation to plant cold hardiness. Total concentration of amino acids 

was not shown to be consistently related to freezing resistance 

(Levitt, 1980). 

One species in which total amino acid level was found to in

crease with cold hardiness is red clover. Root tissue analysis showed 

40 to 50% increase in total amino acids in the hardier red clover 

plants compared to nonhardy ones (Wilding, Stahmann, and Smith, 1960). 

Asparagine, aspartic acid, valine, isoleucine, citrulline and leucine 

concentrations were more than double in the hardier plants. Hydroxy

proline had the same concentration in both while proline concentration 

was only slightly different (16.33 and 14.91 ~moles/g dry tissue) for 

hardy and nonhardy plants respectively. 

In orange and grapefruit trees, on different rootstocks, pro

line concentration was found to increase when trees were induced to 

harden (Yelanosky, 1979). In leaves of orange trees, increase in 

proline concentration seemed to be related to the degree of hardiness 
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of the rootstock. For example, after hardening, proline concentration 

increased 173% and 479%, in relation to the concentration before 

hardening, in the leaves of orange trees on rough lemon - the least 

hardy - and on 'Swingle' citrume1e - the most hardy - respectively. 

However, increase in proline concentration did not correlate well with 

the relative hardiness rating of different rootstocks. 

There was no apparent relationship between rootstock cold hardi

ness and accumulation of proline in leaves of grapefruit trees. 

After a 5-week period of hardening, Yelenosky (1978) investi

gated the concentration of 15 amino acids in 'Valencia' orange trees. 

Relative to their initial concentrations, proline, glutamic acid and 

valine were found to increase by 37.7, 35.9 and 11.8% respectively. 

The concentration of the 12 remaining amino acids were observed to 

decrease compared to their concentration before hardening. 

Amino acids may act to protect membranes against freezing 

damage. Heber, Tyankova and Santarius (1971) reported that freezing 

thy1akoid membranes of spinach chloroplast in solutions of a number of 

amino aci~s for four hours at -25°C protected the membranes and 

preserved the photophosphorylation process. Proline and threonine were 

among the amino acids that were most effective in protection of thyla

koid membranes against freezing damage. 

Nutrient Concentration 

Excessive fertilization inhibits development of plant frost 

hardiness. Levitt (1956) stated that excess levels of nitrogen 

almost invariably reduce hardiness. For example, apple trees fertilized 
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with ammonium nitrate in October were significantly less hardy compared 

to unfertilized controls (Edgerton, 1957). Ammonium nitrate (114g/tree) 

significantly reduced cold hardiness of peach trees (Chaplin and 

Schneider, 1974). 

In a study of N fertilization of newly rooted Acer palma tum 

stem cuttings, Stimart and Goodman (1985) found that non-fertilized 

plants, whether they grew or not, were not injured by frost. Ferti

lized plants which showed no shoot growth were injured most. 

Fertilized plants which grew were intermediate in damage. From later 

work on Acer pa1matum and Comus florida L. they found that least 

damage was on plants not given N, whether or not shoot growth occurred 

after rooting. Survival was poor when plants were given N but no shoot 

growth occurred. Survival increased but to a lesser extent with N 

application and shoot growth. 

Not all studies have shown a negative effect of fertilization 

on plant cold hardiness. No relationship was found between N concen

tration and frost hardiness of Juniperus chinensis 'Hetzi' by Pellet 

and White (1969). Those results were confirmed in further studies in 

which different levels of irrigation and fertilization were used. Use 

of high N did not significantly affect hardiness of the plants (Pellet 

and White, 1969). Cold injury to either stems or roots of container 

grown Forsythia intermedia was not significantly different at 25, 100, 

200, and 300 ppm levels of N (Pellet, 1973). A total of six treatments 

obtained from two levels of N and three levels of P produced no sig

nificant differences in cold injury of either Forsythia intermedia or 

Comus alba roots or stems (Pellet, 1973). 



Fertilized seedlings of Norway spruce (Picea abies) with high 

growth rates did not differ in cold hardiness from unfertilized seed

lings with slow growth rates (Christersson, 1975). 
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Water Content 

Restriction of water availability has been reported to in

crease plant frost hardiness. Given different amounts of water, red

osier plants became hardier under the highest level of water 

stress (Chen, Li,and Weiser, 1975). Plants given 30 ml per day per 

plant, the highest level of water stress, after 7 days of trea~ment 

survived exposure to -11°C. Control plants, watered once daily to 

the saturation point, hardened on~y to -3.3 to -6.6°C when they were 

kept under short days for 21 days. Controls under long days did not 

harden at all. 

A parallel relationship between moisture percentage and cold 

acclimation of Juniperus chinensis has been reported by Pellet and 

White (1969). Decreasing water content in citrus leaves has been ob

served to occur with cooler temperature, under apparent non-water 

stress field conditions (Yelenosky, 1982). He proposed that changes 

in stomatal behavior and an increased hydraulic resistance of citrus 

roots to water uptake were responsible for decreasing water content. 

Not all workers have found consistent changes in cold hardi

ness with changes in tissue water content. Specific changes in water 

content of grape bud tissues were not always related to changes in 

hardiness (Wolpert and Howell, 1984). For example, they observed 



that water content increased 0.12 gig dry wt. from 18 November to 

10 December of 1975, while hardiness increased 6.5°C. 
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Conducting freezing resistance studies on 30 species of trees 

and shrubs, Beskaravainy and Galushko (1971), concluded that water 

content of the shoot during the winter was not a reliable index of 

plant resistance to low temperature. No correlation between tissue 

water content and frost resistance was observed when Lapin (1973) 

investigated the relationship between water content and freezing 

tolerance of 34 varieties of alfalfa. 

The effect of soil moisture level on frost hardiness of 

container-grown Juniperus chinensis was studied by Pellet (1973). 

He found that different soil moisture levels did not affect tissue 

moisture percent and they also did not significantly affect cold 

acclimation of either roots or tops of the plants. 

Cold Tolerance of Jojoba 

Mature jojoba shrubs can tolerate temperature as low as -9.4°C 

without serious effect while seedlings can be damaged by temperatures 

of -2.2 to -1. 7°C (Gentry, 1958). 

From his general work on jojoba, Yermanos (1982) realized 

that temperature is the most important factor to be considered in 

growing jojoba. He observed that in both 1978 and 1980 irrigated 

plots of the jojoba nursery at the University of California, Riverside, 

were found to have lower yields as a result of excessive frost damage 

to the tips of new branches on which most of the flowering occurs. 
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He mentioned that keeping jojoba plants actively growing by irrigation 

will drastically reduce their frost tolerance. His statement was 

based on the fact that natural jojoba stands could tolerate tempera

ture as low as -9°C (16°F), while a temperature drop to _6°C at 

Riverside, California, was enough to damage the terminal portions of 

the newly produced branches (Yermanos, 1982). 

In Arizona, damage to the new shoot growth was observed to be 

proportional to the amount of new growth which occurred from October 

through November, i.e., more frost damage was associated with more 

production of new shoot in both male and female shrubs (Almedi, 1979). 

He recommended that factors that would enhance fall vegetative growth 

of cultivated jojoba are to be avoided. 

A growth chamber study was conducted by Yermanos (1968) to 

evaluate jojoba cold tolerance. Six-month old seedlings and 2-year 

old plants were placed in growth chambers for 12 hours at -8.3, -5.6 

and -3.9 Q C night temperatures for 14 days. All the seed-

lings and plants were killed by the -8.3°C treatment. A single plant 

was found to resume growth after the -5.8°Ctreatment, and 3 percent 

of the seedlings retained green leaves but were not capable of resuming 

growth. Growing points and young leaves of the 2-year-old plants 

were wilted and some older leaves exhibited necrotic margins due to the 

-3.9°C treatment, however all plants and seedlings retained their vigor 

and resumed normal grpwth after this treatment. 

Apparent differences between jojoba plants had been noticed 

in a replicated planting of 12 families of jojoba seedlings at Mesa, 
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Arizona '(D. Palzkill, unpublished data) • Following a freezing episode in 

which temperature dropped to 22°F, survival within the 12 families 

ranged from 27 to 81%. 

In another planting at Mesa, Arizona for which individual plant 

yield records have been kept since 1978, large differences in plant 

response to a freezing episode of -6.7 to -S.6°C were noticed. Several 

plants which were among the top producers in 1978, 1980, 1981, and 1982, 

following mild winters, produced no seed in 1979, following a cold 

winter. Other plants showed. some consistency in their yield and pro

duced good amount of seeds even under the cold winter of 1979. This 

suggests that certain plants, because of their relatively higher degree 

of cold tolerance were able to produce relatively well following a cold 

winter which lowered the yield of plants which otherwise would have been 

high yielding. 



MATERIAL AND METHODS 

Field-Grown Jojoba Experiments 

Location: Plants used in this experiment were seven-years old, 

grown at the West Campus Agricultural Center, University of Arizona, 

Tucson. 

The objective of the experiment was to document response of 

different jojoba clones to low temperature. The methods used for this 

purpose included visual evaluation of frost damage in the field and 

freezing of plant leaves under controlled laboratory conditions. 

Evaluation of Frost Damage 
in the Field 

Several methods were used to evaluate frost damage in the 

field. The first method used was to rate all plants in the field on 

a scale from one to six, one showing no obvious damage and six showing 

severe damage, i.e., growing points and several leaves dead and addi-

tional leaves injured. Based on these ratings, two clones of three 

shrubs each were selected for further studies. These two clones 

present the extreme of the rating as one of them was rated as the 

most resistant and the other as the most susceptible. For reference 

purposes these clones will be identified as clone-l and clone-2 

respectively. The damage to three shrubs of each of the two selected 

clones was quantified using two methods. In the first method, four 

terminal branches with 10 nodes each were collected from each shrub, 
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one from each of the four cardinal directions. For each branch, per

cent defoliation and percent damaged leaves were determined. In the 

second method 60 leaves were used from each shrub to measure the leaf 

length and check for frost damage on individual leaves. All leaves 

were categorized according to their length and percent damage was cal

culated for each category. 
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In addition to quantifying the frost damage on these two clones 

which were visually quite different in susceptibility, other measure

ments were made to determine if they relate to frost tolerance of 

jojoba. These include measurements of growth, plant water potential, 

and soil water content. Tissue chemical analysis was also conducted 

for total nonstructural carbohydrates (TNC), total soluble sugars, 

sucrose and proline. 

Growth Measurements 

From each shrub 12 twigs, three from each of the four cardinal 

directions were tagged in October 1984 for growth measurements. Each 

twig was tagged just below the 4th node from the top and its length 

was recorded. Growth was measured in terms 'of shoot elongation monthly 

from November 1984 through March 1986. 

Plant Water Potential Measurements 

A Scholander pressure bomb was used to measure plant water 

potential. Measurements were made bimonthly and samples were usually 

collected around 8:00 a.m. Shoot tips with five to seven nodes were 

--------------------------------------------- --



used for this purpose. A total of four samples were taken from each 

of the three shrubs of each of the two clones. 

Soil Water Content Measurements 
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A neutron probe (Model 1255, Troxler Laboratories) was used to 

estimate soil moisture content. At the west and east sides of the 

field, where clone-l and clone-2 were located, respectively, three 

access tubes were installed to a depth of 240 cm. Soil moisture content 

was determined at the following depths from the soil surface: 30, 60, 

90, 120, 150, 180, 210 and 240 cm. Neutron probe measurements were 

made every other week, starting from December 1984 through March 1986, 

except for March 1985 when the instrument malfunctioned. Field cali

bration for the neutron probe was accomplished by digging holes at 

site-l and site-2, that corresponded to the locations of clone-l and 

clone-2, and taking soil samples at different depths to estimate their 

water content. Regression analysis was used to determine the water 

content for the different locations at different depths and times. 

Tissue Chemical Analysis 

Samples of leaves were collected from individual plants during 

the course of the study, i.e., from October 1984 to March 1986, except 

for May 1985 due to the breakdown of the lyophilizer. Leaves from 

immersed in liquid N
2

• Samples were then taken to the laboratory for 

lyophilization. 



The lyophilized leaves were ground to pass a 60-mesh sieve for 

further determination of sucrose, soluble sugars, total nonstructural 

carbohydrates (TNC) and proline. 

Sucrose 
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Sucrose content was determined using the procedure of Handel 

(1968) as modified by Riazi, Matsuda, and Arslan (1985). A 100 mg 

tissue sample was dissolved in 10 ml of 80% ethanol (v/v), shaken and 

left overnight. In the morning the tubes were shaken again and centi

fuged at 3000 rpm for five minutes. Nine ml of distilled water were 

added to one ml of the aliquot and from this diluted solution 0.1 ml 

sample was taken. To this 0.1 ml sample 0.1 m1 of 5.4 N KOH was added 

and the tubes were left in a boiling water bath (97°C) for about 10 

min. to degrade reactive sugars present in the extract sample. Three 

ml of freshly prepared anthrone were then added to the cooled reaction 

product and tubes ~'lere put in a boiling t-later bath for about five min, 

cooled on ice and read at 620 nm. 

Total Soluble Sugars 

These were determined by using the method of Yemm and Willis 

(1954) as modified by Riazi et a1. (1985). The extraction and dilu

tion steps were the same as those used for sucrose. 

One-tenth ml of the diluted extract was reacted with 3.0 ml 

of freshly prepared anthrone in a boiling water bath for about 10 min. 

The reaction product was cooled and read at 625 nm. 



Total Nonstructural Carbohydrates (TNC) 

TNC were analyzed using the procedure of Silveira, Teles and 

Stull (1978). One-half percent solution of the enzyme Clarase was used 

instead of the 0.3% solution of Mylase 100 recommended by the method. 
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Proline Determination 

The acid ninhydrin procedure as modified by Bates, Waldron, and 

Teare (1973) was used for proline determination. Free proline was ex

tracted by boiling 100 mg of dry ground tissue in 10 ml of distilled 

water for 30 min. To 0.1, 0.5 and 1 ml extract, 1 ml of glacial acetic 

acid and 1 ml of fresh~y prepared acid ninhydrin reagent (1.25 g nin

hydrin + 30 m1 glacial acetic acid + 20 ml 6 M H
3

P03 ) were added. The 

test tubes were tightly capped, vortexed and placed in a boiling water 

bath for 60 min. The reaction was then stopped by placing the tubes 

in ice water. Three ml of toluene were added to each reaction mixture 

and the tubes were'vortexed. Samples were read at 520 nm on a Gilford 

240 Spectrophotometer using toluene as a blank. 

Freezing Under Controlled Conditions 

Laboratory tests were conducted on clone-l and clone-2 to com

pare their responses to freezing temperature under controlled conditions 

to results obtained by field evaluation. The tests were performed on 

jojoba leaves using a Cryo-Med Programmable Freezing System. For a 

trial of sampling uniformity the leaves used were usually collected 

from node no. 4 o£ each branch and four leaves were used in each freez

ing cycle. In this system, after the chamber has been loaded with 
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samples, nitrogen is injected into the freezing chamber to lower the 

temperature of both the chamber and sample. The starting temperature 

was always set at O°C. During the freezing cycle the temperature of 

both chamber and sample were monitored by a thermocouple and the temp

erature of the sample would be recorded on a chart paper. An exotherm 

would appear as a deflection on the freezing curve when water in the 

tissue froze. 

These laboratory tests were conducted throughout the study from 

October 1984 to March 1986, except for May 1985 when the freezing 

machine malfunctioned. 

The data were analyzed as a completely randomized design using 

the Statistical Package for the Social Sciences (SPSS) in a Cyber 175 

computer HP 4l-CV at the University of Arizona Computer Center. 

The Greenhouse Experiment 

Objective: This experiment was mainly conducted to investigate 

the effect of fertilization and irrigation treatments on the freezing 

point of jojoba leaves. 

Plant Material 

In July 1984 shoot tip cuttings, seven to eight nodes long, were 

collected from each of the two clones. The cuttings were then put in 

polyethylene b.3.8S .3.nd immediately 1?lac~d in an ice chest and trans-

ported to the University of Arizona Campus Agricultural Center. 

Basal ends of cuttings were dipped for five seconds in 4000 ppm 

water soluble indole butyric acid (IBA, Sigma Chemical, Inc.) and 
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placed in (3.8x3.8x20.3 cm) paper bands containing a 1:1:1 (v/v/v) mix

ture of perlite, vermiculite and peat moss. Osmocote was added to that 

mixture at a rate of 5 lb m-3 • The paper bands were then arranged in 

plastic flats that each could accommodate 64 bands and the flats were 

placed on benches in a shade house with an overhead intermittent mist. 

Two months later, after rooting, the plants were carefully taken out 

of the paper bands and transferred to standard 15.24 cm pots containing 

a 1:1:2 (v/v/v) mixture of perlite, vermiculate and peat moss. Plants 

were later transferred to a warmer greenhouse with bottom heat (75°C) 

and left there until September 1985 when the fertilization and irriga

tion experiment began. Maximum and minimum temperature of the green

house where the experiment was conducted are given for each month in 

Table 1. 

Fertilization and Irrigation Treatments 

The objective of this experiment was to determine the effect 

of different levels of fertilization and watering on the exotherm 

point as a measure of freezing tolerance of jojoba. 

Fertilization Treatment 

The controlled release fertilizer Osmocote 14-14-14 was applied 

once at the beginning of the experiment as a top dressing at three dif

ferent levels; these were: 0 (control)~ six and 12 gm per pot. 

Watering Treatment 

plants were watered either to 70% or 35% field capacity. 

Field capacity was determined by soaking pots filled with soil mix 



Table 1. Maximum and m~n~mum greenhouse temperatures during the 
fertilization/irrigation experiment on jojoba 
(Simmondsia chinensis (Link) Schneider); September 1985-
April 1986 • 

. --- ---. - -

Temperature COC) 

27 

Month/year Maximum Minimum 

Sept. 1985 89 58 

Oct. 1985 96 52 

. Nov. 1985 100 46 

Dec. 1985 90 42 

Jan. 1986 89 44 

Feb. 1986 94 42 

Mar. 1986 96 50 

April 1986 98 56 

Mean 94 49 

------------------------------ ---_._----
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for 24 hr in water; pots were then removed from water, allowed to drain 

for 40 min. and then weighed. 

The three fertilization and two different levels of water to

gether with the two clones produced a total of 12 treatments. Treatment 

descriptions are given in Table 2 for later reference. 

Each of the 12 treatments was represented by five plants per 

replicate and all treatments were replicated four times in a randomized 

complete block design. Five extra plants were added to each replicate 

of the treatments ClWlFl , C1W2 F
3

, C2Wl Fl , and C2W2 F3 to be used for 

leaf freezing at different intervals. 

The experiment was started in September 1985 and continued un

til April 1986. 

Growth Measurements 

All five plants in each replicate of each treatment were used 

for growth measurements. A single branch from each plant was tagged 

below node number 4 and growth was monitored monthly as branch elonga

tion. 

Leaf Freezing 

Freezing point of leaves was periodically determined using the 

Cryo-Med programmable freezer. Leaves were collected from the plants 

of the treatments C
l

W
l

F
1

, C
1

W2 F
3

, C2W1 F1 , and C2W2F3 .. These four 

treatments were used because they represented the two clones and the 

two extremes of the irrigation and fertilization treatments. For 
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Table 2. Description and coding of the 12 treatments used in a 
greenhouse fertilization/irrigation experiment on jojoba 
(Simmondsia chinensis (Link) Schneider). 

TreatmentY 

Treatment Description Coding 

clone-I, irrigate at 35% field capacity, 0 gm osmocote ClWlFl 

clone-I, " " " " " 6 gm " Cl Wl F2 

clone-I, If " " " II 12 gm " C
l
W

l
F

3 

clone-I, " " 70% " " 0 gm " Cl~.J'2Fl 

clone-I, " " " " " 6 gm " Cl~.J'2F2 

clone-I; " " " " " 12 gm " Cl~.J'2 F 3 

clone-Z, " " 35% " " 0 gm " C2Wl Fl 

clone-Z, " " " " " 6 gm " CZ~.J'l FZ 

clone-Z, " " " " " lZ gm " C2~.J'lF 3 

clone Z, Ii II 70% Ii Ii 0 gm Ii 
C2~.J2 F 1 

clone-Z, " " " " " 6 gm " C2~.JZFZ 

clone-2, " " " " " 12 gm " CZH2F3 

clone; W watering; F fertilizer. 
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March and April freezing leaves were collected from plants of each rep

licate of each of the 12 treatments. 

Plant Water Potential Measurements 

A Scholander pressure bomb was used to periodically measure 

plant water potential. From plants of each replicate of each treatment 

two shoot tips about 5 nodes long were used for this purpose. Measure-

ments were periodically made and samples were usually taken around 

7:00 a.m. 

Low Temperature Treatment 

The low temperature treatment was applied to determine if jojoba 

plants would become cold hardy if subjected to low temperature. 

On March 25, 1986 plants that represented each of the 12 clone/ 

irrigation/fertilization treatments were moved from the greenhouse 

to a cold room for dark period treatment at 4.4°C. For 17 days, the 

plants were taken into the cold room at about 6:00 p.m. and taken out 

at about 8:00 a.m. the next morning to stay in the nursery for about 

10 hours. 

Exotherm determination was made by leaf freezing at the beginn

ing and end of the cold room treatment. 

Tissue Chemical Analysis 

About 25 to 30 leaves were collected from the five plants in 

each replicate of each treatment. Leaves were oven-dried at 75°C for 

3 days and ground to pass a 60-mesh screen. Samples of about 0.5 gm 

each were placed in 75 mm x 20 mm Pyrex test tubes along with 1.0 gm 
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K
2

S0
4

, 0.1 gm NaSe0
3 

and 10 ml concentrated sulfuric acid. Samples 

were then put on a block digester and the temperature was gradually 

increased until it reached about 400°C. The samples were left on the 

digester for about 6 hours. After cooling, the digest was transferred 

to a 100 ml volumetric flask and diluted with distilled water to 100 

ml then transferred to polyethylene bottles. From these bottles a 

0.4 ml sample was analyzed using a Technicon autoanalyzer model sam

pler (manufactured by Technicon Industrial System, Terrytown). The 

same digestate was used for both Nand P determination. 

Statistical Analysis 

Data of leaf freezing points for treatments ClWlFl , Cl W2F3 , 

C2W
l

F
l

, and C2W2 F3 , of plant water potential and of leaf mineral con

centration were analyzed as a split plot design. Growth, and March 

and April leaf freezing point data were analyzed using a factorial 

design. 



RESULTS AND DISCUSSION 

Climatological Data 

Climatological data were obtained from the weather station 

of the Water Resources Research Center, University of Arizona, located 

about 400 meters from the jojoba field used in this study. 

Temperature 

The monthly average maximum, average minimum and average 

temperature for the period June 1984 to March 1986 and the average 

minimum for 1951 to 1980 period are presented in Table 3. The largest 

difference occurred between the average maximum temperature for January 

1985 and January 1986 as their average maximum temperatures were 16.9 

and 23.9°C respectively. February and March of 1986 were also warmer 

compared to their corresponding months of 1985, their average nlaximum 

temperatures were 22.3 and 26.4°C respectively as compared to 19.8 

and 23.8°C for February and March 1985. 

The average minimum for January, February and March 1985 were 

also lower compared to those for the corresponding months of 1986; 

they were 3.4 ,2.8 and 6.5°C vs 4.8 ,5.5 and 9.4°C .. The highest 

average maximum temperature occurred in June 1985 (38.9°C) and the 

lowest average minimum temperature occurred in Dec.ember 1985 (1.4°C) .. 

Number of freezing days, minimum temperature and dates of 

freezing from October 1984 to March 1986 are given in Table 4. From 

32 



Table 3. Monthly average maximum, average m1n1mum and average air temperature at the West Campus 
Agricultural Center, University of Arizona, Tucson; June 1984-March 1986 and the long 
term average minimum for Tucson, Arizona. 

Long Term 
1984 1985 1986 Average 

Max. Min. Average Max. Min. Average Max. Min. Average Min.z 
(CO) 

Jan. 16.9 3.4 10.2 23.9 4.8 14.3 3.4 

Feb. 19.9 2.8 11.3 22.3 5.5 13.9 4.4 

March 23.8 6.5 15.2 26.4 9.4 17.9 6.6 

April 20.3 11.1 20.7 9.8 

May 33.6 14.9 24.3 13.9 

June 37.1 19.7 28.4 38.8 18.8 28.8 19.7 

July 36.2 21. 7 28.9 38.3 22.3 30.3 23.2 

Aug. 35.7 21.4 28.6 37.2 21.6 29.4 22.2 

Sept. 35.1 20.0 49.6 33.1 16.2 24.6 19.6 

Oct. 27.0 11. 7 19.3 29.3 12.2 20.7 13.7 

Nov. 23.3 5.3 14.3 22.4 5.9 14.2 7.3 

Dec. 17.7 3.8 10.7 20.6 1.4 11.0 3.9 

30.3 14.8 22.6 28.7 11.4 20.1 24.2 5.4 15.4 12.3 

ZTucson average minimum 1951-1980 period. 

\..oJ 
\..oJ 
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Table 4. Incidence of freezing temperature COC) at the West Campus 
Agri·cu1tura1 Center, University of Arizona, Tucson; 
November 1984-March 1986. 

No. of Minimum Da:tes of 
Year Month Freezing Days Temperatures Temperatures 

1984 October 0 

November 4 -.6,-3.3,-1.7, -3.3,-2.8, 

-.6 -2.2,-1.1 

December 6 -2.8, -1.1,0 2,14,16,17 

-.60,0,0 23,24 

1985 January 5 -1.1, -. 6·, -1.1, 2,4,17,18 

0,-1. 7 31 

February 7 -6.1,-5.0,0, 1,2,3,6 

-2.2,-1.1,0,0 7,11,12 

March 3 0,0,-1.1 4,5,30 

November 5 -16,-2.2,-1.1, 14,15,16,19 

-1.7,-2.8 20 

December 11 0,-.6,0,-3.3 9,10,11,13 

-3.3,-2.2,-1.7, 14,15,17,18 

-1.1,-1.1,0,0 19,20,23 

1986 January 2 0,-5 10,26 

February 3 -1.1,-1.1,-2.2 7,10,11 

March 0 



October 1984 to ~~rch 1985 freezing temperatures occurred in 25 days 

while in the period of October 1985 through March 1986 freezing temp

eratures occurred in 21 days. On a monthly basis, the highest number 

of freezing days over these periods was recorded in December 1985 (11 

days) and the lowest was in January 1986 (2 days). 

The long term average minimum (1951-1980) is comparable to the 

average minimum recorded for the duration of study. 

Precipitation 

Monthly precipitations from June 1984 through March 1986 are 

summarized in Table 5. The highest amount of rainfall was recorded in 

July 1984. During the whole period rainfall had been continuously 

recorded except for May and June 1985 and January 1986 and some months 

showed only traces of rain, e.g., December 1985 (.64 em). 

Field-Grown Jojoba: Frost Damage Evaluation 

Rating data for individual plants for 1984 and 1985 are 

shown in Tables 6 and 7. Clonal rating for the two years and clonal 

ranking for 1984 are shown in Tables 8 and 9 respectively. Rating of 

clones indicated that ratings were generally consistent, i.e., the 
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same clones were relatively damaged or not damaged each year. For 

example clone number 1018 showed the least damage in both 1984 and 1985 

indexing and clone number 1224 showed the most severe damage in 1984 

and was among the severely damaged clones in 1985 indexing (Table 8). 

After the 1984 plant indexing, two clones were chosen (No. 1018 

and No. 1224, see Table 8) for further studies, as clone No. 1018 
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Table 5. Monthly precipitation (cm) at the West Campus Agricultural 
Center, University of Arizona, Tucson; June 1984-March 1986. 

Precipitation (cm) 
1984 1985 1986 

January 3.4 0 

February 3.8 3.8 

March 0.40 6.2 

April 1.3 

May 0 

June 2.1 0 

July 12.9 6.8 

August 8.2 2.4 

September 5.1 3.0 

October 2.5 2.9 

November 1.27 3.2 

December 4.9 .6 

Mean 5.3 2.3 1.97 
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Table 6. Frost damage rating of individual jojoba (Simmondsia 

chinensis (Link) Schneider) plants at the West Campus 
Agricultural Center, University of Arizona, 

February 1984. 
Tucson, 

EAST 
z 

27 3 3 
26 3 3 
25 3 3 4 5 52 3 3 
24 5 3 5 4 51 1 1 1 
23 3 5 4 50 4 3 3 3 
22 3 5 4 49 6 
21 3 1 5 5 48 4 6 3 
20 3 3 3 3 5 47 3 
19 3 1 5 46 3 
18 3 1 5 45 3 6 
17 1 44 5 5 5 5 5 
16 3 1 5 5 43 5 1 
15 3 3 1 42 5 
14 5 41 5 
13 3 3 40 
12 5 39 5 
11 5 2 38 5 5 5 
10 5 3 37 

9 5 36 5 3 
8 3 3 35 3 3 
7 3 34 5 3 
6 33 3 3 4 
5 3 3 32 3 4 4 
4 3 3 31 5 3 
3 3 3 3 30 5 3 3 
2 3 29 5 
1 3 3 3 28 5 3 

WEST 

Key: 1 being least damaged 
6 being most damaged 
- empty place or small or diseased shru~. 

z Numerical sequence from 1-52 indicates position in row; plants at 
the numbers 2, 8, 14, 20, 26, 32, 38, 44 and 50 are males. 
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Table 7. Frost damage rating of individual jojoba (Simmondsia 
chinensis (Link) Schneider) plants at the West Campus 
Agricultural Center, University of Arizona, Tucson, 

March 1985. 

-- - _. __ . _ ... _-- -_ ... _---

EAST 

27
z 

2 1 52 4 3 4 3 
26 2 1 51 4 4 1 1 
25 3 5 2 3 50 3 3 3 4 
24 4 1 1 49 4 
23 3 4 4 48 3 4 4 
22 4 4 2 47 4 
21 2 4 4 1 3 46 4 
20 2 2 3 45 4 
19 1 1 4 44 3 3 3 3 
18 1 1 4 43 3 3 1 
17 1 42 3 
16 1 1 4 3 41 4 3 3 
15 2 1 1 4 40 
14 39 4 
13 1 2 38 3 3 2 
12 2 37 4 
11 2 1 36 2 3 
10 2 1 35 2 2 

9 2 34 .3 3 
8 4 4 33 2 5 
7 3 32 2 2 3 
6 31 4 2 1 
5 3 1 30 3 
4 2 3 29 3 
3 3 1 28 3 3 
2 2 
1 3 3 

WEST 

Key: 1 being least damaged 
6 being most damaged 

- empty place or small or diseased snrub. 

zNumerical sequence from 1-52 indicates position in row; plants at 
the numbers 2, 8, 14, 20, 26, 32, 28, 44 and 50 are males. 



39 

Table 8. Clonal frost damage rating of the field-grown jojoba 
(Simmondsia chinensis (Link) Schneider) at the West 
Campus Agricultural Center, University of Arizona, Tucson, 
for February 1984 and March 1985. 

Ra. Z 
t~ng Rating 

Clone 1984 1985 Clone 1984 1985 

1719(d) 3 2 1652 5 3 

1563 3 1 1149(d) 4 2 

1687 3 2 1424 3 4 

1694(d) 5 4 1065 4 5 

1654 3 1 1368 3 2 

1676 5 2 1308 4 2 

1642 3 1 1467 4 3 

1026 5 4 1827(d) 5 4 

1045 5 4 1052 5 3 

1018 1 1 1101 5 2 

1565 3 1 1051 5 3 

1772(d) 3 2 1464 5 4 

1336 5 3 1154(d) 5 4 

1240 3 2 1421 3 4 

1385 5 4 1224 6 4 

1789 3 4 1295 4 3 

1506 4 3 1301(d) 3 3 

1150(d) 3 2 1371 1 3 

1452 3 1 378 3 4 

1644 3 3 1334 3 

-- - -- ---

zR . 
at~ng scale: 1-6 in 1984, 1 least damaged; 6 damaged. nil) se 

1-5 in 1985, 1 = " " 5 " " 
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showed the least damage and clone No. 1224 had the most damage. Clones 

No. 1018 and No. 1224 will be referred to as clone-l and clone-2 res

pectively~ in the remainder of this dissertation. 

In the second method, assessment of damage on sampled branches, 

four 10-node branches, one from each of the four cardinal directions 

were collected from each of the three shrubs of clone-l and clone-2 

for frost damage evaluation. From each branch, percent missing and 

percent damaged leaves were determined. This process was conducted in 

both 1984 and 1985. 

In terms of percent leaves damaged and in % leaves missing 

following frost episodes in 1984 and 1985, clone-l exhibited much less 

damage than clone-2 (Tables 10 and 11). To illustrate, for the young

est leaves (nodes 1+2), clone-l had 26.8 and 35.4% damaged or missing 

in 1984 and 1985 respectively while clone-2 had 72.9 and 95.8% damaged 

or missing - almost a three-fold ereater amount of damage or missing 

on the youngest most sensitive leaves. For both clones amounts of 

damage decreased on more basipetal nodes~ however clone-l consistently 

showed less damage than clone-2. 

In the third method, assessment of frost damage on single 

leaves, a random sample of 60 leaves was measured and rated for damage 

in November, 1984 and December, 1985. Results are presented as a 

frequency distribution in Figure 1. 

This third method for assessment of frost damage on clone-l 

and clone-2 gives further support for the results obtained by indexing 

entire plants and testing individual branches for frost damage. In 
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Table 9. Ranking of clones of field grown jojoba (Simmondsia chinensis 
(Link) Schneider) at the West Campus Agricultural Center, 
University of Arizona, Tucson, based on 1984 rating for frost 
damage. 

. . - .... - -.. ---

Rating Clone Rating Clone 
no. 

1
z 1018 4 1506 

1 1371 4 1149 

3 1719(d) 4 1065 

3 1563 4 1308 

3 1334 4 1467 

3 1687 4 1295 

3 1654 5 1694(d) 

3 1642 5 1676 

3 1565 5 1026 

3 1772(d) 5 1045 

3 1240 5 1336 

3 1789 5 1385 

3 1150(d) 5 1652 

3 1452 5 1827(d) 

3 1644 5 1052 

3 1424 5 1101 

3 1368 5 1051 

3 1421 5 1464 

3 1301(d) 5 1154 Cd) 

3 378 6 1224 

- -------
z Rating scale: 1-6 in 1984, 1 least damaged; 6 most damaged. 

1-5 in 1985, 1 " " 5 " " 



Table 10. Percent missing, damaged and missing + damaged leaves for 2 jojoba (Simmondsia chinensis 
(Link) Schneider) clones, grown at the West Campus Agricultural Center, University o~ 
Arizona, Tucson; evaluation conducted in February 1984. 

No. of 
Nodes 

2 

4 

6 

8 

10 

Clone 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

% Missing 
Leaves 

6.25 

27.08*z 

8.33 

16.67 

6.93 

20.83* 

6.25 

20.31* 

6.25 

20.83* 

% Damaged % .Missing + 
Leaves damaged leaves 

20.83 26.83 

45.83**y 72.91** 

11.45 19.78 

44.79** 61. 46** 

6.94 13.87 

33.40** 54.23** 

4.17 10.42 

28.60** 48.91** 

5.83 12.08 

24.17** 45.00** 

ZWithin column and node no. value for clone-2 is significantly greater than corresponding value 
for clone-l at .05 level of significance. 

Y~~ithin column and node no. value for clone-2 is significantly greater than corresponding value 
for clone-l at .01 level of significance. 

~ 
N 



Table 11. Percent missing, damaged and missing + damaged leaves for 2 jojoba (Simmondsia chinen sis 
(Link) Schneider) clones, grown at the West Campus Agricultural Center, University of 
Arizona, Tucson; evaluation was conducted in March 1985. 

-- . "--" -----" ------ "_.- ---.. --- .~-

No. of % Missing % Damaged % Missing + 
Nodes Clone Leaves Leaves damaged Leaves 

2 1 6.25 29.17 35.42 
z 

47.92*y 2 47.92** 95.83** 

4 1 6.25 22.92 29.17 

2 35.42* 50.00* 85.42** 

6 1 8.33 18.05 26.38 

2 25.61* 43.18** 68.79** 

8 1 8.85 18.23 27.08 

2 22.40** 43.06** 65.46** 

10 1 7.92 19.58 27.50 

2 21.77** 45.42** 67. 19t-* 

y*\Uthin column and node no. value for c1one-2 is significantly greater than corresponding value 
for clone-l at .05 level of significance. 

z 
**Within column and node no. value for clone-2 is significantly greater than corresponding value 

for clone-l at .01 level of significance. +'
W 
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Figure 1. Percent leaf damage of different sizes of leaves of 2 
jojoba clones which differ in sensitivity to frost 
(clone-l less sensitive and clone-2 more sensitive); 
November 1984 and December 1985. 
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November, 1984 no leaves of clone-l showed signs of frost damage while 

100% of leaves of clone-2 less than 2.0 cm in length were damaged. For 

clone-2 larger leaves showed progressively less damage. Damage oc

curred on 83% of 2.0 to 2.5 cm long leaves and on 48% of 2.5 to 3.0 cm 

long leaves while leaves 3.0 to 3.5 cm long were intact. 

The results of December 1985 were similar to those obtained in 

November 1984 for clone-2. Again leaves up to 2.0 cm long showed 100% 

damage. Damage occurred on 67% of 2.0 to 2.5 cm long leaves and then 

damage progressively decreased with increasing leaf length as only 3% 

damage occurred on leaves 3.0 to 3.5 cm long and leaves longer than 

3.5 cm did not experience any damage. .Clone-l showed 100% damage on 

leaves 0-0.5 cm long. This category of leaf length was not used in 

the 1984 classification. As in 1984 no damage was observed on leaves 

longer than 0.5 cm for clone-I. 

The reason for clone-l showing frost damage i.:1 :9134 when dam

age was evaluated by sampling of branches (Table 10) while it showed 

no signs of damage in 1984 when individual leaves were used to eval

uate frost damage (Fig. 1) is that the sampling of branches method 

was used in March 1984, while individual leaf procedure was used in 

November 1984. 

All three methods of assessing frost damage revealed differen

tial response for the two clones with clone-l always being less 

affected than clone-2. 

Comparison was made between rating of clone-l and the clones 

near it and also between clone-2 and the clones near it. It was ob

served that clone-l was near clones that showed considerable damage 
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when they were subjected to low temperature and clone-2 was near 

clones that exhibited negligible damage from low temperature. For 

example, clone No. 1045 located adjacent to clone-l in the field was 

rated as a 5 in 1984 and a 4 in 1985, (Table 8), while clone No. 1371 

adjacent to clone-2 in the field, was rated as a 1 and a 3 in 1984 and 

1985 respectively. Considering this as well as the consistency of 

clone-l being more resistant to freezing temperature than clone-2 for 

two years in a row would suggest that the differential responses of 

of clone-l and clone-2 to low temperature is due to their genetic 

make up. 

Field-Grown Jojoba: Controlled 
Freezing in Laboratory 

Leaves were collected from each of the three shrubs of each of 

the two clones on monthly basis to be frozen under controlled labora-

tory conditions using the Cryo-Med freezing machine. Starting temp-

erature was usually set at O°C and tissue temperature was progressively 

decreased. The instant of tissue water freezing was indicated by the 

appearance of an exotherm, which is a deflection on the freezing curve 

due to heat of fusion. 

Freezing of leaves of both clones during the course of this 

study showed that leaves of clone-l consistently froze at a lower 

temperature than those of clone-2 (Tables 12, 13, Fig. 2). Also the 

appearance of a second exotherm was much less frequent in clone 2 

(Table l4~ Fig. 3). 

--------------------------------
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Table 12. Temperature at which first exotherm occurred during leaf 
freezing of 2 jojoba (Simmondsia chinensis (Link) Schneider) 
clones, grown at the West Campus Agricultural Center, 
University of Arizona 7 Tucson; October 1984-March 1986. 

Temperature of First Exotherm(OC) 
Month C1one-1 C1one-2 

October 1984 -10.89 -10.00 

November 1984 -10.89 -10.06 

December 1984 -11. 39 -10.00 

January 1985 -10.78*z -8.44 

February 1985 -10.28**y -8.56 

March 1985 -9.72 -8.67 

April 1985 -9.50 -8.28 

May 1985 x 

June 1985 -9.50 

July 1985 -9.44** -7.61 

August 1985 -10.94* -9.44 

September 1985 -12.39 * -9.42 

October 1985 -10.17** -7.25 

November 1985 -8.78 -8.50 

December 1985 -11. 61 ** -7.50 

January 1986 -13.22 ** -8.08 

February 1986 -10.22* -8.00 

March 1986 -9.83 ** -8.17 

ZWithin rows values for clone-l are significantly lower than corres
ponding value for clone-2 at .05 level of significance. 

YWithin rows values for clone-l are significantly lower than corres
ponding value for clone-2 at .01 level of significance. 

xHissing data. 
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Table 13. Temperature at which second exotherm occurred during leaf 
freezing of 2 jojoba (Sinunondsia chinensis (Link) Schneider, 
clones, grown at the West Campus Agricultural Center, 
University of Arizona, Tucson; October 1984-March 1986. 

z 
Temperature of Second Exotherm(OC) 

Month C1one-1 C1one-2 

October 1984 -13.00 -11. 25 

November 1984 -12.58 

December 1984 -12.42 -12.20 

January 1985 -12.12 
y 

F!=bruary 1985 -12.83 

March 1985 -12.50 -10.50 

April 1985 -13.00 -10.00 

May 1985 

June 1985 13.00 -10.00 

July 1985 -11.50 

August 1985 -12.50 -12.30 

September 1985 -13.56 -12.25 

October 1985 -13.91 -12.75 

November 1985 

December 1985 -13.50 -11. SO 

January 1986 -13.75 -12.00 

February 1986 -12.89 -11. 00 

March 1986 -15.50 

z 
Values are averages of variable number of samples as the frequency of 
the second exotherm differ from time to time 

YMissing data. 
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Figure 2. Leaf freezing point - as determined by a programmabJe 
freezer - of 2 jojoba clones which differ in sensitivity 
to frost (clone-l less sensitive and clone-2 more 
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Table 14. Frequency of second exotherm during leaf freezing of 2 
jojoba (Simmondsia chinensis (Link) Schneider) clones 
grown at the West Campus Agricultural Center, University 
of Arizona, Tucson; October 1984-March 1986. 

Month 

October 1984 

November 1984 

December 1984 

January 1985 

February 1985 

March 1985 

April 1985 

May 1985 

June 1985 

July 1985 

August 1985 

September 1985 

October 1985 

November 1985 

December 1985 

January 1986 

February 1986 

March 1986 

Mean 

ZTota1 no. of samples = 9. 

YMissing data. 

Frequency 
C1one-1 

8 

6 

7 

4 

3 

1 

1 

3 

2 

6 

9 

6 

0 

7 

6 

7 

1 

4.5 

of Second Exotherm(OC) 
z 

C1one-2 

2 

0 

5 

0 

0 

1 

1 

Y -

1 

0 

2 

4 

2 

0 

2 

2 

1 

0 

1.4 
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When more than one exotherm occurs, the first one is believed 

to be due to freezing of extracellular water in the plant tissue, a 

nonlethal process and the second exotherm due to freezing of intra

cellular water, a lethal process (Lindstrom, Huner, and Carter, 1983). 

Out of 153 freezing runs for each of the two clones, the second exo

therm occurred 77 times for clone-l compared to 23 times for clone-2 

(more than three-fold difference). The lowest temperature at which 

the first exotherm occurred for c10ne-1 was 13.22°C (January 1986) and 

the highest temperature for the first· exotherm for clone-l was -8.78°C 

(November 1985). The lowest and highest temperatures at which the 

first exotherm for clone-2 occurred were -10.06°C (November 1984) and 

-7.25°C (October 1985) respectively. 

So, results of leaf freezing under controlled conditions con

sistently indicated that tissue water of clone-l froze at a lower 

temperature than did tissue water of clone-2. This was true for both 

the first and second exotherms and for each month during the course of 

this study. These results indicate that clone-l was more resistant to 

cold than clone-2 and hence the results are consistent with those of 

the field evaluation when the frost damage was assessed by plant 

indexing, sampling of branches and sampling of leaves. 

Freezing of water in tissues of clone-l at a lower degree indi

cates that tissue water supercooled more in this clone. Burke et al. 

(1976) stated that almost all plants supercool several degrees and 

supercooling may afford slight protection for plants that have little 

if any capacity to acclimate. Yelonosky (1985) stated that 



supercooling is of utmost importance for citrus production in the 

United States. 

The more frequent occurrence of the second exotherm in clone-l 

than in clone-2 may be explained by the simultaneous freezing of the 

intra and extracellular tissue water of clone-2 when the second exo

therm did not exist. Freezing of intracellular water is invariably 

fatal and thus clone-2 will have no chance to avoid damage if both 

intra- and extracellular tissue water freeze simultaneously, while 

the delay of the intracellular freezing in clone-l will give it a 

chance to escape frost damage. The occurrence of a single exotherm 

was observed in citrus (Yelenosky, 1985) and in florets of dormant 

flower buds of azalea (Weiser, 1970) and it was noted to be fatal. 

Soil Moisture and Plant Water Potential 
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The volumetric soil water content of site-l and site-2 i3 de

picted in Figures 4, 5, 6~ 7 and 8. As mentioned earlier site-l and 

site-2 correspond to the locations of clone-l and clone-2, respec

tively, in the field. The general picture that the figures illustrate 

is that the highest percent soil moisture was mostly found in the 

middle depths of the soil profile at both sites. 

Soil moisture content at 210 and 240 cm depths, the lowest 

depths, at both sites was generally less than at upper depths. Fluc

tuation of soil water content through time may be attributed to the 

time and amounts of irrigation and/or rainfall. For example in July 

1985, due to irrigation and rainfall of 6.8 cm (Table 4) soil water 

content was found to be higher than that measured for June at both 
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frost); December 1984-February 1985. 
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Figure 5. Percent soil moisture at sites of 2 jojoba clones (clone-l 
least sensitive to frost and clone-2 = most sensitive to 
frost); April 1985-June 1985. 
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Percent soil moisture at sites of 2 jojoba clones (clone-l 
least sensitive to frost and clone-2 = most sensitive to 
frost); October 1985-pecember 1985. 
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sites and especially at the upper depths (76.2 to 304.8 cm) (Figures 

5 and 6). September 1985 showed low soil water content for both sites 

at all depths, especially at the 30 and 60 cm depths (Figure 6). Soil 

moisture has generally been progressively decreased from 30 cm depth to 

around 90 to 120 cm depth when it started to increase again and peaked 

around 150 to 180 cm depths and then declined again. 

The monthly average shoot water potential for both clones, as 

determined by a Scholander pressure bomb, are shown in Table 15. It 

is evident from the table that clone-l had a lower water potential . 

throughout the study except for January 1985 when the water potential 

of clone-2 was lower. Several times (June, August, September, and 

October of 1985) the monthly average water potential of clone-l fell 

beyond the limit that the pressure bomb which was available could 

measure. The highest ~ of clone-l was -19.3 bars. The least monthly 

average shoot ~ of clone-2 was -32.69 bars and the highest was -16.23 

bars. 

The effect of soil water content on the degree of frost tol

erance of plants may be exerted through its influence on the degree of 

hydration of plants. The cause of the availability of the volumetric 

soil moisture in a higher percent in the middle part of the soil 

profile may be due to differences in soil texture. Small amounts of 

water percolating to the lowest depths (210 and 240 cm) is probably 

the cause of low percent moisture at these depths. The pattern of the 

soil moisture distribution at different depths was very similar at both 

sites during the first cold season (December 1984 through April 1985) 

and even site of clone-l had more moisture at 180 cm depth. (No data 
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Table 15. Monthly average of plant water potential for 2 jojoba 
(Simmondsia chinensis (Link) Schneider) clones grown at 
the West Campus Agricultural Center, University of Arizond, 
Tucson; October 1984-March 1986. 

Plant Water Potentia1(w) (barsr 
Month C10ne-1 C1one-2 

October 1984 

November 1984 

December 1984 

January 1985 

February 1985 

March 1985 

April 1985 

May 1985 

June 1985 

July 1985 

August 1985 

September 1985 

October 1985 

November 1985 

December 1985 

January 1986 

February 1986 

March 1986 

-25.10 

-30.80 

-20.90 

-23.80 

-19.80 

-26.11 

-31.25 

<-40.00 

-32.88 

<-40.00 

<-40.00 

<-40.00 

-38.17 

-34.46 

-36.25 

..,,, c::t,: 
-.JV • .JU 

-32.34 

-19.55 

-25.15 

-18.85 

-25.20 

-16.23 

-24.92 

-22.42 

Y 

-29.25 

-24.67 

-27.00 

-32.69 

-28.75 

-27.25 

-27.69 

-26.38 

-23.12 

zValues are averages of 12 samples as water potential was measured on 
4 samples from each of the 3 shrubs of each of the 2 clones, every 
2 weeks. 

YMissing data. 
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for March 1985 due to the malfunction of the neutron probe), and des

pite that clone-l showed significantly less frost damage, implying 

that the resistance of clone-l to freezing temperature was not due to 

differences in soil moisture between site-l and site-2. 

Although the plant water potential of clone-l was lower than 

that of clone-2 except for January 1985, it may not be correct to tot

ally attribute the lower freezing points of clone-l to its lower water 

potential. Tissues of clone-2 froze at higher temperatures even when 

clone-l and clone-2 had similar water potentials. Examples of these 

are December 1984 and January 1985. In January 1985 although the 

water potential of clone-l was slightly higher than that of clone-2, 

leaves of clone-l still froze at a temperature that was significantly 

lower than the one at which leaves of clone-2 froze. 

In spite of a large number of researchers who reported an in

verse relationship between water content and cold hardiness, other 

researchers did not find consistent changes in cold hardiness with 

tissue water content. For example, Wolpert and Howell (1984) reported 

that specific changes in water content of grape bud tissues were not 

always related to changes in hardiness. Yclenosky and Young (1977) 

reported that non-irrigated 3-year old grapefruit trees were more 

seriously damaged than irrigated trees during th~ 1977 freeze in 

Florida. 

Growth 

Growth as expressed by monthly measurement of stem elongation, 

generally began in late winter and continued throughout spring. A 
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second small spurt of growth occurred in August following summer 

rains (Figure 9). For both clones growth started in the first season 

in February 1985 and peaked in April of the same year. The amount of 

growth then started to decrease until it reaches its minimum in July 

1985 and a little peak was then observed in August. Growth was in

itiated again in January of 1986. Through February and March 1986, 

which terminated the study period, growth was found to progressively 

increase as was observed in the first season. 

Cessation of growth for both clones occurred during the winter 

time, e.g., November through January (see Fig. 9) was most likely due 

to the unfavorable temperatures prevailing at that time (see Tables 

2 and 3). The cause of growth resumption about a month earlier during 

the following season, i.e., January 1986, was probably due to the 

warm January of that year. The maximum average for January 1986 was 

23.9°C compared to l6.9°C for January of 1985 (Table 2). This might 

also be the reason for more growth occurring in February and March 

1986 than during the corresponding period of 1985. 

Almeida (1979), Reddy (1980) and Oliveira (1983) studied seas

onal growth patterns of jojoba. Compared to the amount of growth meas

ured by Almeida in spring, 1979 at site-l of his study locations, the 

amount of growth of both clones in spring of 1985 was more than double. 

Compared to the values of growth reported by Oliveira (1983) at all 

of the three sites of his study locations, both clone-l and clone-2 

grew at least twice as much in 1985. The reason for this discrepancy 

in the amount of growth may be due to the fact that jojoba plants 

studied here were under cultivation while those studied by Almeida 
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Figure 9. Stem elongation pattern of 2 jojoba clones which diff~r 
in frost-sensitivity (clone-l less sensitive and clun~-2 
more sensitive); November 1984-March 1986. 



(1979) and Oliveira (1983) were growing naturally under desert condi

tions and most likely were under more severe water stress conditions 

for much of the year. 

For most of the study period, growth of both clones was com

parable. C1one-1 exhibited more growth than clone-2 in the spring of 

1985 indicating that it was not under water stress. 

Carbohydrates 

Total nonstructural carbohydrates (TNC), total soluble sugars 

and sucrose in leaves were analyzed to determine their seasonal con

centration pattern and their effect on frost tolerance. 

Total Nonstructura1 Carbohydrates (TNC) 
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·The concentration pattern of TNC for clone-l and c1one-2 was 

found to be very similar (Table 16 and Figure 10). The concentration 

of TNC increased in both clones from October to November 1984 and 

stayed at that level without much fluctuation until April 1985 after 

which they reached their minimum in June of 1985. A small peak 

occurred in July with small drop in August. A progressive increase 

in TNC was observed from September 1985 until it peaked in November 

and with the exception of the small drop in December 1985, the level 

of TNC stayed very high. 

The pattern of TNC presented in this study (Table 16 and 

Figure 10) is comparable to those reported by Almeida (1979), Reddy 

(1980) and Oliveira (1983). Percent TNC during October 1984 to 

October 1985 was similar to that reported by Almeida (1979) and 



Table 16. Monthly evaluation of total nonstructura1 carbohydrates, sugar and sucrose for 2 
jojoba (Simmondsia chinensis (Link) Schneider) clones, grmm at the West Campus 
Agricultural Center, University of Arizona, Tucson; October 1984-March 1986. 

TNC (mg/g dry wt.) Sugar (mg/g dry wt.) Sucrose (mg/g dry w~.) 
Month C1one-1 C1one-2 C1one-1 C1one-2 

. October 1984 178 173 41 36 
November 1984 236 226 46* 38 
December 1984 231 212 62 55 
January 1985 257 246 67* 55 
February 1985 223 221 70** 48 
March 1985 243 z 249 54** 29 
April 1985 173* 223 64'~* 36 
May 1985 - - x 
June 1985 97**y 123 72** 56 
July 1985 154 164 66* 48 
August 1985 138 146 61 61 
September 1985 165 160 91 78 
October 1985 236 224 109** 87 
November 1985 356 353 92* 81 
December 1985 312 302 84 72 
January 1986 351 335 100M 72 
February 1986 360 354 80 69 
March 1986 352 346 105 102 

_ 4 0' -- ••• P - - - - _. 

ZWithin rows, significantly different than corresponding values for c1one-2, 
5% level, according to L.S.D. 

YWithin rows, significantly different than corresponding values for clone-2, 
L% level, according to L.S.D. 

XHissing data. 

C1one-1 C1one-2 

17 7 
28 24 
23* 15 
22 25 
24 23 
23 15 
28 19 

28 22 
41* 31 
31 22 
46 29 
69;"* 54 
70 66 
48 43 
58*' 44 
59 ic, 38 
49 45 

0\ 
lJl 
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Concentration of total nonstructural carbohydrates (TNC) 
of 2 jojoba clones which differ in sensitivity to frost 
(cloua=-l l~ss SensitivE arid. clol1c-2 fllOL".2 seLlsitive); 
October 1984-March 1986. 
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Oliveira (1983). In the winter of 1985-86, the TNC% in this study was 

found to be higher compared to values obtained in the previous winter. 

This was likely due to the warmer conditions prevailing in 1985-86 than 

in 1984-85. 

The TNC% found in 1984 to 1986 was somewhat higher compared to 

values found by Almeida (1979) and Oliveira (1983) except 'that Almeida 

reported TNC% as high as 35.4 in March 1979 at site-2 of his study 

location, which is very close to the percent reported here. 

Sugar Concentration 

Sugar concentration patterns of the two clones were similar, 

however, clone-l accumulated a more soluble sugar than clone-2 through

out the duration of the study except for a single month, August 1985 

(Table 16, Figure 11). It was also observed that sugar accumulation 

was higher during the period of October 1985 to March 1986 than during 

the previous winter. Total soluble sugar concentrations found in 

clone-l were generally higher than those reported by Reddy (1980), 

while those of clone-2 were more comparable. The higher concentration 

of sugar in clone-l might have played a role in lowering its freezing 

point. This is in agreement with the conclusion that increased sugar 

content is a major cause for increase in osmotic concentration (Levitt, 

1980). YelenoRkv (1978) found that sweet oranqe trees killed at -6.7°C -. - ... _ . ., '" ,. - ~ 

showed a sugar starch ratio of 1.8:1 whereas trees that withstood 

-6.7°C had a sugar starch ratio of 20:1 in the leaves. 

The sugar concentration of clone-l showed a low negative 

(-.11) correlation with its freezing points, however, concentration 
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of sugars in clone-2 showed an insignificant positive (.42) correla

tion to its freezing points. 

Sucrose 

69 

The two clones showed a very similar pattern of sucrose con

centration over the course of the study (Table 16, Figure 12). As in 

the case of TNC and total soluble sugars, the formation of sucrose was 

found to be higher in the period of October 1985 through March 1986 

than in the corresponding period of the previous year. With the ex

ception of January 1985, clone-l showed a higher concentration of 

sucrose than clone-2 throughout the study. 

The trend of sucrose accumulation throughout the study is 

close to that of total soluble sugars. The observation that clone-l 

generally had higher concentrations of sucrose than clone-2 parallels 

the data for TNC and sugar. Concentration of sucrose of clone-2 was 

found to be positively correlated with its freezing point (.64), how

ever sucrose concentration of clone-l was poorly correlated with its 

freezing point (.04). 

Proline Concentration 

Proline concentration in the frost tolerant clone-l was con

siderably higher than in the frost susceptible clone-2 for most of 

the months (Table 16 and Figure 13). Clone-2 exhibited a higher 

concentration of proline in February and March of 1985 than clone-l 

and the amount was 1.77 fold in February and morethan two fold in 

March. In September 1985 clone-2 had a very insignificant increase 
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Figure 12. Concentration of sucrose of 2 jojoba clones which differ 
in sensitivity to frost (clone-l less sensitive and 
clone-2 more sensitive); October 1984-March 1986. 
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Figure 13. Concentration of proline of 2 jojoba clones which differ 
in sensitivity to frost (clone-l less sensitive and 
clone-2 more sensitive); October 1984-March 1986. 
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in proline concentration over c1one-1 (19.6 ~mo1es/g DW vs 19.4 ~mo1es/g 

DW for c1one-2 and c1one-1 respectively). In February 1986 both clones 

had similar amounts of proline. A progressive accumulation of proline 

seemed to take place in both clones starting from October to November 

1984 up until February 1985, except for a small dip in January for 

c1one-1. From February 1985 the proline concentration started to de-

crease in both clones and it reached the minimum in July 1985. Unlike 

carbohydrates, proline did not accumulate to higher concentrations in 

1985-1986 than in 1984-1985. 

In jojoba, proline accumulation was found to be increased with 

increased salinity stress. Rasoo1zadegan (1980) reported that proline 

-1 
levels rose to as high as 19.96 mg gm dry weight in jojoba shoot 

tips in response to salinity stress. In other plants, e.g., citrus 

growing under field conditions, proline concentrations more than 

doubled from summer «5 mg/g dry wt.) to February (10 to 12 mg/g dry 

wt.) (Ye1enosky, 1982). 

In this study the significantly higher concentration of 

proline in c1one-1 during November and December 1984 and also during 

October, November and December of 1985 might have exerted an influence 

on the cold resistance of this clone. This notion originates from 

the observation that accumulation of proline was associated with cold 

resistance in many instances. For example Ye1enosky (1982) reported 

an increase in proline concentration of citrus leaves as plants became 

more resistant to low temperature. 
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The reason for the significantly higher concentration of pro

line in clone-2 during February and March 1985, may be that clone-2 

had experienced much frost damage at that time. This kind of effect 

is referred to as "death response" by Hanson et al. (1979). They 

found that proline accumulated after water potential values fell to 

about -10 bars, which is about when turgor equals zero and this is 

how they concluded that proline accumulated because of death response. 

In February and March 1986, the levels of proline in clone-2 

did not get to the levels they reached in 1985 most likely because the 

plants were not injured as badly as the temperature was higher compared 

to 1985 (Table 2). 

The Greenhouse Experiment 

Leaf Freezing Point 

Leaf freezing points of clone-l and clone-2 under the ex

tremes of the irrigation-fertilization treatments for 5 months are 

given in Table 17. No significant differences were obtained between 

the four treatments for any of the five sampling periods, although 

these four treatments represent the extremes of irrigation and ferti

lization levels for clone-l and clone-2. It is evident that the leaf 

freezing points occurred at higher temperature compared to freezing 

points of samples obtained from field-grown plants. This is especially 

true for clone-l. Between months, significant differences were ob

served in the leaf freezing points for all of the four treatments but 

there was no general pattern. No significant differences were detected 



Table 17. Leaf freezing points for 2 jojoba (Simmondsia chinensis (Link) Schneider) clones, 
grot~ under greenhouse conditions at high and low levels of irrigation and ferti
lization; September 1985-April 198F. 

-+------~-- .--.. -.-- .. --

Leaf Freezing Points (DC) 
Treatments Sept. 1985 Oct. 1985 Nov. 1985 March 1986 April 1986 Means 

C1 WI F1 -7.44 abz -6.94 a -8.88 c -9.13 c -8.13 b -8.04 

C1 W2 F3 -7.44 ab -6.88 a -9.31 c -8.63 c -7.5 ab -7.74 

C
2
W

I
F
l -7.69 a -7.56 a -8.88 b -8.63 b -8.88 b -8.31 

C
2
W

2
F
3 

-7.50 a -7.06 a -9.31 c -8.25 b -8.88 bc -8.30 

Means -7.62 ab -7.Ju a -9.23 c -8.34 bc -8.34 bc 

----.. --

zNo significant differences occurred between any of the treatments on any specific date. 
Within rows, values followed by different letters differ significantly, 5% level, according 
to L.S.D. 

....... 

.J:' 
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in leaf freezing points due to clones or different levels of irrigation 

or fertilization when samples collected from the greenhouse plants under 

the 12 treatments were frozen in March (Table 18) and April (Table 19). 

Data on the effect of reducing night temperature upon jojoba 

leaf freezing point are given in Table 19. No significant differences 

were observed due to clones, different levels of irrigation and ferti

lization or low night temperature. Plants generally continued to freeze 

oat a higher temperature than those grown under field conditions and the 

second exotherm also was missing. 

Leaves of greenhouse grown plants of clone-l were observed to 

be much larger than of field-grown ramets. Presumably, although 

not tested for, physiological changes paralleled the morphological 

ones and these changes caused leaf tissue to freeze at higher temp

eratures and the disappearance of the second exotherm especially for 

clone-I. 

Plant Water Potential (~) 

For September and October 1985, no significant differences in 

leaf water potential were obtained between the 12 treatments, however, 

significant differences did occur in November 1985, and March and 

April 1986. Significant differences were also obtained between months, 

although there was no general pattern (Table 20). Plants exposed to 

low night temperature under the 12 treatments also showed significant 

differences in their water potential (Table 21). No significant dif

ferences in ~ occurred between plants in the cold room and those in 



Table 18. Effect of clone, irrigation and fertilization on exotherm temperature of 2 jojoba 
(Simraondsia chinensis (Link) Schneider) clones grown under greenhouse conditions; 
March 1986. 

Clones 
Clone-l Clone-2 

-9.0 -8.6 

Exotherm Temperature (OC)z 
Irrigation 

Dry Level Wet Level 0 gm/pot 
(35% F.C.) (70% F.C.) 

-9.1 -8.6 -8.9 

zNo significant difference between levels of any of the factors. 

Fertilization 
6 gm/pot 12 gm/pot 

-8.6 -9.1 

-...J 
0'1 



Table 19. Effect of clones, irrigation and fertilization and night temperature on leaf freezing 
point of jojoba (Simmondsia chinensis (Link) Schneider) plants; April 1986. 

Environment 

Warm night 
temperature Y 

Cool night 
temperature x 

Means 

Clones 
Clone-l C10ne-2 

-8.1 a 
z 

-10 a 

-8.2 a -8.6 a 

-8.15 -9.3 

Exotherm Temperature (OC) 
Irrigation 

Dry Level Wet Level 0 gm/pot 
(35% FC) (70% FC) 

-10 a -8.1 a -8.1 a 

-8.6 a -8.3 a -8.5 a 

-9.3 -8.2 -8.3 

-------- -------.-.---- -

Fertilization 
6 gm/pot 12 gm/pot Means 

-10.8 a -8.2 a -9.0 a 

-8.3 a -8.5 a -8.4 a 

-9.5 -8.3 

ZWithin columns and rows there were no significant differences at the 5% level, according to L.S.D. 

YFor warm night temperature plants were kept under greenhouse conditions with average minimum 
53°F. 

XFor cool night temperature plants were kept in cold room at 40°F. 

'-J 
'-J 



Table 20. Water potential values of 2 jojoba (Simmondsia chinensis (Link) Schneider) clones 
grown under greenhouse conditions at different levels of irrigation and fertilization; 
September 1985-Apri1 1986. 

Plant Water Potential (bars) 
Treatment Sept. 1985 Oct. 1985 Nov. 1985 March 1986 April 1986 Means 

---
C1\-/1 Fl -22.7 aAz -24.3 aBY -21.6 abA -22.8 dA -23.8 abcB -23.1 g 

C
I
W

I
F2 -20.2 aA -21.8 aA -21.5 abA -21.1 cdA -25.3 bcB -22.0 def 

Cl \-/lF3 -18.9 aA -22.0 aB -21.9 abA -17.8 abA -21.0 aB -20.3 ab 

C1W21i'1 -20.9 aAB -22.4 aB -19.3 aA -22.4 dB -26.0 cC -22.2 fg 

C
l 
W

2
F
2 -20.0 aA -22.8 aB -19.0 aA -21.0 bcdA -25.1 bcC -21.6 bcdef 

Cl W2F
3 

-20.6 aB -23.1 aC -18.9 aA -17.0 aA -21.3 aBC -20.2 a 

C2Wl Fl -19.6 aA -21.8 aB -23.0 bB -18.5 abcA -26.1 cC -21.8 cdefg 

C2W1F2 -20.2 aB -21. 3 aBC -22.9 bC -17.8 abA -20.8 aBC -20.6 abc 

C
2
W

1
F
3 

-19.5 aA -21.5 aA -21.9 abB -19.6 abcdA -21.8 aB -20.9 abcde 

C2W2Fl -20.1 aA -23.6 aB -22.8 bB -19.6 abcdA -23.1. abcB -22.1 efg 

C2W2F2 -19.0 aA -22.0 aB -19.1 aA -18.4 abcA -23.6 abcB -20.4 ab 

C
2
W

2
F

3 -21."7 aB -21. 9 aB -20.1 abB -17.6 aA -22.1 abB -20.7 abcd 

Means -20. ,,. AB -22.4 BC -21.0 AB -19.5 A -23.0 C 

- .-. ---- - - ._---- ._-.. -- -- -.-----.-. 

z 
\.Jithin columns, numbers followed by different lower case letters are significantly different, 
5% level, according to L.S .D. 

y \-/ithin rows, numbers followed by different upper case letters are significantly different, 
5% level, according to L.S.D. 

...... 
00 



Table 21. Water potential values for 2 jojoba (Simmondsia chinensis 
(Link) Schneider) clones exposed to different night time 
temperatures. 

Plant Water Potential (I/J ) 
Treatment Warm Night Cool Night Means 

Temperatures 

ClWlFl 
-23.8 abc z -29.6 cdY -26.7 bcde 

Cl Wl F2 
-25.3 bcA -22.9 aA -24.1 ab 

C
l

W
l

F
3 

-21.0 aA -24.8 abA -22.9 a 

C
l

W
2

F
l 

-26.0 cA -29.8 cdA -27.9 e 

C
1

W
2

F
2 

-25.1 bcA -29.3 bcdA -27.2 cde 

C1W
2

F
3 

-21.3 aA -22.9 aA -22.1 a 

C2W
1

F
l 

-26.1 cA -28.6 bcdA -27.4 de 

C2Wl F2 -20.8 aA -25.0 abA -22.9 a 

C2W
l

F
3 

-21.8 aA -27.5 bcA -24.6 abcd 

C2W
2

F
l 

-26.0 cA -25.8 abcA -24.4 abc 

C2W2 F2 
-23.6 abcA -28.4 bcdA -26.0 bdce 

C2W2 F
3 

-22.1 abA -32.8 dA -27.4 e 

Mean -23.3 A 27.3 A 

ZWithin columns, numbers followed by different lower case letters are 
significantly different 5% level, according to L.S.D. 

79 

YWithin rows there were no significant differences between the warm and cool 
night temperature at any specific combination of clone, irrigation and 
fertilization factors. 



the greenhouse. Cold room plants had lower ~ for most of the treat-

ments. 

Differences in water potential were not accompanied by differ

ences in le:'lf freezing points and these results are in line with 

Pellet and White (1969) who reported that soil moisture stress did not 

significantly affect the rate of acclimation of container-grown 

Juniperus chinensis. 

Leaf Nitrogen and Phosphorus Concentration 
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Leaf Nand P concentrations were determined at the beginning of 

the experiment (September 1985) and in January 1986 to determine the 

effect of different irrigation-fertilization treatments on leaf Nand 

P concentrations and how these concentrations relate to leaf freezing 

point. Fertilized plants showed significantly higher concentrations 

of Nand P than unfertilized controls (Table 22, 23 and Figures 14, 

15). The significant differences in the % Nand % P were not associ

ated with significant differences in leaf freezing point. 

Comparison of leaf Nand P concentrations in September and 

January showed that significant changes had occurred by January ex

cept for the treatment C2W2 F
3 

for % N and treatments C
l

W2 F2 and 

C2Wl F2 for % P (Tables 22, 23). Only the treatments with the highest 

fertilizatio!! level (12 g!!!./pct) resu.lted in signi.fic2.rltly hi.gher % ~r 

in January. For example, plants under the treatments Cl W2F
3 

and 

C
l

W
l

F
3 

had significantly increased their leaf nitrogen concentration 

by 16 and 19% respectively. Plants under treatment C2W2 F
3 

showed a 

slight decrease in their leaf nitrogen concentration (2%), however, 
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Table 22. Percent nitrogen in leaf tissue of 2 jojoba (Simmondsia 

chinensis (Link) Schneider) clones grown under greenhouse 
conditions at different levels of irrigation and fertiliza
tion; September 1985 and January 1986; and the percent 
difference between these 2 months. 

Treatment 

ClWlFl 
C

l
W

l
F2 

C
l

W
l

F
3 

C
l

W
2

F
1 

C
l

W
2

F
2 

C
l

W
2

F
3 

C
2

W
l

F
l 

C
2

W
l

F
2 

C2Wl F
3 

C2W2F
l 

C
2

W
2

F
2 

C
2

W
2

F
3 

% Nitrogen 
September 1985 January 1986 

1. 99 eB z 

2.02 eB 

1. 92 deA 

1. 73 abcdB 

1.85 bcdeB 

1.87 cdeA 

1. 63 abcB 

1.54 aB 

1.61 abB 

1.68 abcdB 

1.57 aB 

1. 63 abcA 

.97 abAY 

1.39 bcA 

2.29 dB 

0.95 abA 

1. 38 bcA 

2.16 dB 

0.81 aA 

1.26 bcA 

1. 34 bcA 

0.76 aA 

1.35 bcA 

1.59 cA 

Difference (%) 

-51 

-31 

+19 

-45 

-25 

+16 

-50 

-18 

-17 

-55 

-14 

-2 

ZWithin columns, numbers followed by different lower case letters 
are significantly different, 5% level, according to L.S.D. 

YWithin rows, number followed by different upper case letters art' 
significantly different. 5% level, according to L.S.D. 
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Table 23. Percent phosphorus in leaf tissue of 2 jojoba (Simmondsia 
chinensis (Link) Schneider) clones grown under greenhouse 
conditions at different levels of irrigation and fertiliza
tion; September 1985 and January 1985; and the % difference 
between these 2 months. 

% PhosEhorus Difference 
Treatment September 1985 January 1986 (%) 

Cl Wl Fl 
.29 aBz .18 aAY -38 

Cl WI F2 .29 aB .22 abcA -24 

Cl Wl F3 
.22 aA .36 bcB +64 

C
l

W2 F
l 

.24 aB .14 aA -42 

C
1

W
2

F
2 

.25 aA .22 abcA -12 

C1W2F
3 

.26 aA .35 bcB +35 

C2W1 F
1 

.46 bB .25 abcA -46 

C
2

W
1

F
2 

.43 bA .38 cA -12 

C
2

W
1

F
3 

.45 bB .38 cA -16 

C2W2Fl 
.46 bB .21 abA -54 

C2W2 F2 
.44 bB .37 bcA -16 

C
2

W
2

F
3 

.42 bA .57 dB +36 

ZWithin co1unms, numbers followed by different lower case let:t:ers are 
significantly different, 5% level, according to L.S.D. 

YWithin rows, number followed by different upper case letters are 
significantly different, 5% level, according to L.S.D. 
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Figure 14. Percent leaf N of 2 jojoba clones grown under greenhouse 
conditions at different levels of irrigation and fertil;: 
'o'n; September 1985-January 1986. 
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(First digit of treatments = clone U, second uigit = plant 
irrigated at 35 or 70% F.C., third digit = plants fertilizPd 
with osmocote at 0, 6 or 12 gm/pot. 
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Figure 15. Percent leaf P of 2 jojoba clones grown under greenhouse 
conditions at different levels of irrigation and fert i 1 ; ":1_ 

tion; September 1985-January 1986. 
(First digit of treatment = c..:lone iF, second digit = 
plants irrigated at 35 or 70% F.C., third digit = 
plants fertilized with osmocote at 0, 6 or 12 gm/pot). 



plants under treatment C
2

W
l

F
3 

showed a decrease in their leaf % N as 

large as 17%. The control plants showed the highest decrease in con

centration of nitrogen in their leaves, e.g., treatments C2W2 Fl , 

ClWlFl , C
2

Wl Fl and Cl W2 Fl resulted in a decrease of 55, 51, 50 and 
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45% respectively. By January the leaf N concentrations of nonferti

lized plants were in the range suspected to be deficient (Adams, 

Bingham and Yermanos, 1976). Plants given the intermediate level of 

fertilization (6 gm/pot) showed decreased leaf % N in January, however, 

the decrease was not as large as the one showed by nonfertilized 

plants. The largest decrease was 31% and it was of plants under the 

treatment C
l
W

l
F2 ,· while the least decrease was 14% as shown by the 

plants of C
2

W2F2 treatment. 

The initial leaf concentration of P was observed to be higher 

in clone-2 than in clone-l (Figure 15). Leaf % P was found to be 

significantly higher in January, 1986 compared to September, 1985 

only in the treatments with the highest fertilization level (12 gm/ 

pot). By January 1986, the treatments C
1

W
1

F
3

, C2W2F3,and Cl W2 F3 in

creased the leaf % P by 64, 36 and 35% respectively. Non-fertilized 

plants showed a large decrease in their leaf % P. For example, the 

plants of the treatments C2W2 Fl , C2W1 Fl , Cl W2 Fl , and ClWlFl had their 

leaf % P decreased by 54, 46, 42 and 38% respectively in January, 

1986. The intermediate level of fertiliza~ion (6 gm/pot) was also 

observed to maintain reasonable levels of P in leaf tissues by January, 

1986. For example, the treatments C2W2 F2 , C
2

W
l

F2 , and C
I

W2 F2 resulted 

in slight decrease in leaf % P that correspond to 16, 12 and 12%, 
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respectively, however, the decrease in leaf % P was as large as 24% in 

the plants of C
1

W
1

F
2 

treatment. 

The lack of effect of plant fertilization on leaf freezing 

point agrees with what was reported by Pellet and White (1969), who 

found that different soil N levels did not significantly affect the 

rate of acclimation of container-grown Juniperus chinensis. 

Growth 

Increasing fertilization caused significant increases in stem 

elongation growth for each month during the duration of the study 

(Table 24, Figures 16, 17). The highest level of fertilization (12 

gm/pot) continuously produced significantly higher amounts of growth 

than the zero fertilization level, however, compared to the inter

mediate fertilization level (6 gm/pot), the highest fertilization level 

produced significantly higher amounts of growth only in January, 1986 

(Table 24). The effect of the intermediate level of fertilization was 

found to produce an intermediate effect on the amount of growth com

pared to the zero and 12 gm/pot levels of fertilization. Over time, 

the largest amounts of growth due to the fertilizer effect was ob

served in October and November as 3.14, 4.28 and 4.62 cm of growth 

were attributed to 0, 6, and 12 gm/pot respectively, in October and 

1.92, 3.67 and 4.81 cm respectively in November. The amount of growth 

that has been produced by the non-fertilized plants dropped greatly in 

November (1.92 cm) as compared to October (3.14 cm). The observation 

that the 6 and 12 gm/pot levels of fertilization produced their 



Table 24. Effect of clone, irrigation and fertilization on growth of jojoba (Sirnmondsia 
chinensis (Link) Schneider) plants grown under greenhouse conditions; 
Septeluber 1985-March 1986. 

Stem Elongation Growth (cm) Increase from Previous Measurement 
Clones Watering Fertilization 

Month C10nf!-1 C1one-2 Dry Level Wet Level o gm/pot 6 gm/pot 12 gm/pot 

Oct. 1985 4.76 bBC z 3.27 aC y 3.35 aB 4.68 aD 3.14 aC 4.28 abC 4.62 bC 

Nov. 1985 4.33 bBC 2.6 aBC 2.97 aB 3.97 aC 1. 92 aB 3.67 bcC 4.81 cC 

Dec. 1985 1.59 aA 1.02 aA 1.13 aA 1.48 aA 0.35 aA 1.42 abA 2.14 bA 

Jan. 1986 3.76 aB 2.61 aBC 3.11 aB 3.27 aBC 1.90 aB 3.12 aB 4.54 bC 

t-tarch 1986 2.69 aAB 1. 46 aAB 2.36 aB 1. 79 aA 0.79 aAB 2.17 bA 3.27 bA 

~h'ans 3.43 a. 2.19 b 2.58 a 3.04 a 1.62 a 2.97 b 3.87 b 

Means 

4.02 Q 

3.47 C 

1. 3 . A 

3.19 C 

2.08 B 

\Jithin columns, numbers followed by different upper case letters are significantly different, 
5% level, according to L.S.D. 

YWithin rows, numbers followed by different lower case letters for levels of each of the 3 
factors are significantly different, 5% level, according to L.S.D. 

00 
...... 
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Figure 16. Growth pattern of 2 jojoba clones grown under greenhouse 
conditions, irrigated when soil moisture level dropped 
to 35% field capacity and fe=tilized with OSillccct~ at 
0, 6 or 12 gm/pot; October 1985-March 1986. 



40 

32 

-E 24 
u -.c 

~ 16 
C!) 

8 

_ c1.f1 

--e- c1.f2 
_ c1.f3 

o~--------~--------~--------r---------r-------~ 
ocr NOV DEC FEB MAR 

_ c2.f1 

--e- c2.f2 

- c2.f3 
32 

-E 24 
u -.c ..-
3: 
e 16 

" 
8 

O~-------.r-------~--------r--------r------~ ocr NOV DEC 

Time (months) 
FEB 

Figure 17. Growth pattern of 2 jojoba clones grown under greenhouse 
conditions, irrigated when soil moisture level dropped 
to 70% field capacity and fertilized with Osmocote at 
C, 6 or 12 gIil/pot; Octobe"i."' 1ge5 ..... ~"1a.~ch 1986. 
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greatest effect on growth in October and November suggest that the re

lease rate of the nutrient was high during that time. 

The promotive effect of fertilization on jojoba growth that 

has been observed in this study agrees with other reports. Meneley 

(1975) reported that jojoba seedlings fertilized with 100 ppm N were 

4.3 times greater in length than unfertilized controls. Feldman (1982) 

pointed out that leaf N concentration was found to be significantly 

correlated to some of the growth parameters he studied at the rooting 

stage of jojoba cuttings, e.g., fresh weight, number of nodes/cutting 

and root fresh weight. Feldman mentioned that results of P relation 

to growth were not consistent. 

The wet irrigation treatment level (70% F.G.) produced, though 

not significant, a greater amount of growth than the dry irrigation 

level (35% F.G.) during all months except for December, 1985 (Table 

23). The effect of the differential watering treatment on growth was 

less than that of fertilization treatments indicating that jojoba 

plants were able to produce comparable amounts of growth under 35 and 

70% field capacity under the greenhouse conditions. 

The decline in growth that occurred in December, 1985 (Table 

23, Figures 16, 17) may have resulted from low temperature effect on 

nutrient release or on growth itself. 

So, field evaluation for frost damage indicated that differ

ent jojoba clones responded differently to freezing temperature. 

Quantitative UGsessment of frost damage indicated that clone-l had 

significantly less amount of damage than clone-2. 
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Leaf freezing under laboratory conditions revealed that tissue 

water of clone-l supercooled to greater degree than of clone-2 before 

the first exotherm, 'deflection on the free~ing curve, occurs as a sign 

of the first freezing point. Supercooling has been reported to occur 

before freezing of tissue water takes place by a number of researchers 

(McLeester, Weiser, and Hall, 1969; George, Burke,and Weiser, 1974; 

Lindow, Arny, and Upper, 1978; Yelenosky, 1985). 

The fact that the second exotherm occurred in clone-l at a 

frequency of about three-folds of that of clone-2 implies that tissue 

was still alive and hence clone-l was cap~ble of tolerating extracell

ular ice formation in its tissues while clone-2 was lethally injured 

by the occurrence of the single exotherm. 

The above conclusion is based on the observation that living 

plant tissue usually exhibit 2 freezing points that are indicated 

by the appearance of a first and a second exotherm. There is an 

agreement that the cause of the first exotherm is the freezing of 

the extracellular water, however, the cause of the second exotherm 

is controversial. Hudson and Idle (1962) suggested that after freez

ing of the extracellular water, leakage of inorganic solutes from the 

protoplast into the extracellular ice will cause melting of the ice 

and re-crystallization of water will be the cause of the second exo

thermo However, Lindstrom, Huner,and Carter (1985) think that the 

cause of the second exotherm is the freezing of intracellular water 

after it permeates the plasma membrane. In case of a single exotherm, 

they think that intra and extracellular water would crystallize 



simultaneously. Using electrical conductivity as a measure for via

bility they found that rye leaves that exhibited a single exotherm 

upon freezing where dead while those that exhibited 2 exotherms were 

still alive. Refreezing of tissues after being kept at 4°C for 48 
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hrs showed that leaves that originally showed two exotherms, also 

showed two exotherms when refrozen whereas those that showed a single 

exotherm, again showed a single exotherm when refrozen. They think 

that the 48-hr equilibration period allows water to reenter the living 

cells and hence refreezing produce two exotherms again from .intra 

and extracellular water freezing while the leaves that originally 

exhibited a single exotherm diq not show two exotherms after the 48-

hr equilibration period because the plasma membrane was ruptured and 

hence compartmentalization was lost during the initial freezing. 

Of the 2 hypothesis suggested to explain the existence of a 

second exotherm~ i.e., the freezing of intracellular water after it 

permeates the plasma membrane vs. the recrystallization of thawed 

ice in the intercellular space, I am inclined to believe that the 

second exotherm is due to crystallization of intracellular water after 

it permeates the protoplast since evidence has been presented for that 

whereas not for the other. 

Plant Compositional Relationship 

The pattern of accumulation of both sugars and proline were 

similar to what has been reported in other plants. For example, con

centrations of soluble sugars were found to increase in 'March' 



grapefruit during winter time (Sharples and Burkhart, 1954). Proline 

concentrations were reported to be higher in fall and winter compared 

to summer (Yelenosky, 1982). 
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Although there were no significant correlation between leaf 

freezing points and concentration of sugars or proline, clone-l had 

generally shown higher concentrations than clone-2. Stephonkus (1984) 

stated that it would be naive to explain the cold acclimation on the 

basis of solute accumulation only, or to exclude it on the basis of 

poor correlation. 

Nitrogen and Phosphorus 

Under greenhouse conditions, differences in concentration of 

Nand P did not seem to affect the leaf freezing point. Similar 

findings on the effect of fertilization on plants were also reported 

by other researchers (Pellet and White, 1969). 

The results of this research have clearly indicated clonal 

differences in frost tolerance of jojoba plants. Other researchers 

could proceed to explore this area in which information is badly 

lacking. 

Further research that will be conducted on jojoba frost tol

erance may include: 

1. Germ Plasm Collection 

a. Plants with the least frost damage could be collected 

from the wild jojoba growing at the coldest regions and from culti

vated jojoba which have been exposed to frost. 
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b. A replicated experimental plantation could be established 

to evaluate plants collected from different sources for frost damage 

and other desirable characteristics like yield. Frost damage could be 

done through field evaluation and laboratory techniques, e.g., thermal 

and LTSO techniques. Effect of freezing temperature on both leaves 

and flower buds should be determined. 

c. Crosses between clones differing in sensitivity could be 

made to determine how frost tolerance is generally controlled, and 

directed breeding for resistance could be done. 

2. Effect of Cultural Practices 

After obtaining frost tolerant clones, experiments could be 

conducted in the field to determine the effect of irrigation and 

fertilization on jojoba frost tolerance. 

3. Correlation studies on frost tolerance and seasonal compositional 

patterns could be conducted to understand how jojoba physiology would 

relate to freezing tolerance. 

-------------- ---- ---



SUMMARY AND CONCLUSIONS 

In the United States, the most limiting environmental factor in 

jojoba production is freezing temperature. The aim of this research 

was to investigate clonal differences in freezing tolerance and the 

physiological aspects and cultural practices that may relate to it. 

Jojoba clones growing at the West Campus Agricultural Center, 

University of Arizona, were used for this purpose. 

A field of 40 clones and 114 plants was visually rated for 

frost damage in 1984 and 1985. Large differences were observed be

tween the clones and clones were ranked following indexing, on a scale 

of 1 to 6 in 1984. The clone with the least damage and the one with 

the most damage were chosen for more detailed study. These clones were 

then referred to as clone-l and clone-2~ respectively. 

Assessment of damage on 10-node branches showed that clone-2 

had about three-fold more damage than clone-l. The average percent 

damage for nodes one to 10 was 22 and 45% for clone-2 in 1984 and 

1985 respectively whereas only 6 and 20% damage occurred on the tol

erant clone-l in those years. Also sampling of single leaves revealed 

that on the tolerant clone-l no damage was observed on leaves longer 

than 0.5 cm whereas for clone-2, damage was found to occur on leaves 

up to 3 cm long. 

Leaves from the two clones were collected on a monthly basis 

to determine their freezing point using a programmable freezer. The 
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purpose of this was to determine whether there was a relationship be

tween frost damage and leaf freezing point. Consistent differences 

were observed between the leaf freezing point of the two clones with 

leaves of the tolerant clone freezing at a lower temperature than 

the susceptible clone in every sampling period throughout the study. 

Also a second exotherm, which is a deflection on the freezing curve 

due to release of heat of fusion, occurred in 77 out of 153 samples 

for the tolerant clone while in only 23 cases a second exotherm 

occurred for the other clone. 

Neutron probe readings were taken to estimate soil water con

tent and a Scho1ander pressure bomb was used to measure plant water 

potential. Plant water potential of c1one-2 was less negative than 

that of c1one-1 in 16 out of 17 months. The highest and lowest 

water potential recorded for c1one-1 were -19.8 bars and < -40 bars 

respectively while -16.2 and -32.7 were recorded for clone-2. 

Compositional changes including total nonstructura1 carbo

hydrates (TNC), total soluble sugars, sucrose and proline were 

determined monthly. The two clones had very similar patterns of TNC 

concentration over time, as both clones showed high concentrations 

in the fall and spring months while the TNC levels dropped during 

the summer. 

The tolerant clone generally accumulated higher amounts of 

sugar and sucrose which might have contributed to its freezing tol

erance. 

The tolerant clone also generally accumulated more proline 

than the susceptible clone except in February and March 1985 when the 



susceptible clone had significantly more proline after severe frost 

damage. This was conceivably a result of death response as was found 

in other plants. 

Growth was monitored monthly and growth of both clones showed 

a big peak in spring, a small peak in summer and ceased in winter. 

Glone-l produced a greater amount of growth in spring, 1985. As 
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the growth patterns of the two clones was very similar, the differences 

in frost damage cannot be attributed to differences in growth pattern. 

Under greenhouse conditions, pot-grown cuttings from the tol

erant and susceptible clones were given 0, 6 or 12 gm of Osmocote 

(14-14-14) fertilizer and watered at 35 or 70% field capacity to 

determine the effect of irrigation and fertilization on tissue 

freezing point. Twelve and 6 gm of Osmocote/pot greatly increased 

leaf concentration of Nand P over those of the non-fertilized plants. 

The fertilized plants grew significantly more than the non-fertilized 

ones. Plants under the moist irrigation (70% F.G.) grew more than 

those under the dry irrigation level (35% F.G.), however, the differ

ence was not significant. 

No differences were observed in leaf freezing point due to 

differences in clones, watering or fertilization levels. Leaf freez

ing point of the tolerant clone was observed to occur at a higher 

temperature compared to field grown plants. Also, leaf size of the 

tolerant clone was greatly increased under the greenhouse conditions 

compared to field grown plants. The large increase in leaf size of 
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the tolerant clone was presumably associated with physiological changes 

which might have been the cause for the higher freezing point of the 

leaves. 

On the basis of the above considerations the following conclu

sions can be made. 

1. The studied jojoba clones showed obvious differences in frost 

damage in each of two years in a field. 

2. Leaf freezing point of the clone that had the least frost damage 

in the field was consistently lower compared to that of the 

clone which showed the most damage in the field. A second exo

therm occurred in clone-l three times more than in clone-2. 

3. Neither soil moisture content or plant water potential seemed to 

affect the freezing tolerance of the two clones studied. 

4. As both clones had similar growth patterns, differences in frost 

damage cannot be attributed to differences in growth pattern. 

5. Concentrations of TNC, TSS, sucrose and proline were not signif

icantly correlated with tissue freezing point, however, the 

resistant clone consistently had higher concentrations of TSS, 

sucrose and proline. 

6. Under greenhouse conditions, percent leaf Nand P did not seem 

to playa role in leaf freezing point. 

7. No significant differences were observed in leaf freezing point 

due to dry (35% F.C.) or wet (70% F.C.) irrigation levels. 

8. Fertilization at 6 and 12 gm of Osmocote/pot significantly 

increased growth over the non-fertilized plants. 
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