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ABSTRACT 

The aim of this work was to study the response of sucrose phosphate synthase to 

cool temperatures in order to better understand its possible role in providing substrate for 

cellulose biosynthesis. Cotton {Gossypium hirsutwn L.) ovules were cultured in vitro at 

34°C constant temperature until 18 DPA, and later some of the cultures were exposed to 

cycUng temperatures (12 h 34°C/12 h 15°C). SPS enzyme was extracted from fibers and 

assayed on 12, 18, 21, and 24 DPA. Spectrophotometric analysis of SPS showed that 

SPS activity increased under constant 34°C in cultivars such as Paymaster HS-200 (HS-

200), Coker 312, and Acala SJ-1 (SJ-1). These cultivars represent a range of cool-

tolerance from most to least in the order listed. In SJ-1 and Coker 312, SPS activity 

lowered under cychng temperatures, whereas in HS-200 activity it remained unaltered. In 

vivo fiber SPS activity also increased at constant 28°C. However, in vivo SPS activity for 

SJ-1 was higher than in vitro, whereas the reduction in vitro was not observed for HS-200. 

The SPS activity pattern was maintained in both SJ-1 and HS-200 even under variable 

conditions such as transferring ovules to cycling temperature on different DPA, assaying at 

different time points in a day, and assaying at different temperatures. The effect of cool 

temperatures on SPS activity was not related to whether or not fibers had previously 

entered a high-rate stage of cellulose synthesis. SPS activity in fiber was not regulated by 

an internal biological rhythm, because SPS activity remained the same throughout the day 

despite alternating warm and cool temperatures. Assay temperatures of 15°C and 22°C 

were sub-optimal, whereas 30°C, 34°C, and 40°C were optimal for SPS enzyme activity. 

Sucrose pools analyzed using HPLC showed a tendency to decrease under cycling 

temperatures compared to 34°C constant in both SJ-1 and HS-200, with only a slightly 

greater decrease in SJ-1. Therefore, sucrose pool size is highly regulated and does not 

decrease commensurately with the large decrease in SPS activity under cycling 

temperatures observed for SJ-1. However, since these data say nothing about flux through 



the pool, it remains possible that the cool-temperature insensitivity of SPS activity in HS-

200 is related to the increased cool tolerance of this cultivar. 
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CHAPTER I 

INTRODUCTION 

Background and Significance 

Cotton is one of the most cultivated economic crops in the world and the major crop 

of west Texas. Cotton fibers are trichomes that originate from outer epidermal cells of 

ovules of Gossypium species. Differentiation of fiber cells from the ovule occurs 2 to 3 

days before flowering (reviewed in Xie, Trolinder, and Haigler, 1993). Ramsey and 

Berlin (1976) observed protrusions on the ovule surface 16 h prior to anthesis and reported 

that fertilization is not necessary for fiber initiation. Ryser (1985) categorized fiber 

development into two overlapping phases, primary wall formation and secondary wall 

synthesis leading to fiber elongation and cell wall thickening, respectively. Thickened 

secondary cell walls are composed of about 90% cellulose (Haigler et al., 1991) deposited 

as crystalline microfibrils (Kohel, Benedict, and Jividen, 1993). 

Cellulose is a linear polymer of D-glucose in 6(1-4) linkage. The molecular weight 

of cellulose varies from 50,000 to 2,500,000 in different species (Lehrunger, 1978). 

Weight average molecular weights and degree of polymerization of cellulose finom cotton 

fibers determined by gel permeation chromatography were 1,830,000 and 11,300, 

respectively. The variety of cotton and growth conditions have an effect on molecular 

weight averages (Timpa, 1991). Cellulose is a major component of wood and fiber, 

because it is an important structural polysaccharide in plant cell walls. Cellulose provides 

the tensile strength that is necessary for the upright growth of terrestrial plants, and its 

amount differs with stage of cell development and type of organism (Haigler, 1985). 

Cotton is sensitive to cool temperatures. Temperatures less than 27°C inhibit 

maximum activity of several enzymes (Burke et al., 1988). When field grown cotton was 

exposed to cool night temperatures during secondary wall deposition, reduced rates of 

elongation and thickening were observed (Gipson, and Ray, 1969). Similar adverse 
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effects were also reported by Roberts et al. (1992) in cultured ovules and fibers. Growth 

rings were induced in fiber secondary walls when temperature was cycled between high 

(34°C) and low temperatures (< 28°C) for plant-grown and cultured ovules (Hock, 

Ramsay, and Harris, 1941; Haigler et al., 1991). Field investigation of cotton would be 

limited and laborious, because cotton is a seasonal crop, and investigations would rely on 

natural, unrepeatable variation in temperatures (Haigler et al., 1991). Haigler et al. (1991) 

exploited a model of in vitro ovule and fiber culture (Beasley et al., 1974) by showing that 

it mimics the effect of field cycling temperatures during secondary wall deposition. This 

model is advantageous for conducting various repeatable experiments with less stress 

imposed on the living cell by essential manipulations than would be the case if cotton bolls 

were dissected at the right stage (Haigler et al., 1991). Haigler et al. (1991) and Carpita 

and Delmer (1981) reported that morphological and biochemical events of fiber elongation 

and cell wall thickening were similar for in vitro and in vivo ovules. 

Specific mechanisms responsible for the decrease in cellulose synthesizing capacity 

at low temperatures are not known. Roberts et al. (1992) suggested that one or more 

factors responsible for cellulose synthesis could be dismpted by cool temperatures 

including: "(a) production, transport, or uptake of substrate; (b) provision of sufficient 

energy through respiration; (c) function of enzymes due to membrane phase changes or 

direct kinetic effects; and (d) function of the endomembrane system and cytoskeletal 

elements"(p.979). 

Roberts et al. (1992) studied effects of temperature on cellulose synthesis, and 

respiration by feeding 14C-glucose to cultured cotton ovules. They reported that the 

amount of 14C02 released increased between 18°C and about 34°C, demonstrating that the 

apparent rate of respiration is adversely affected by low temperatures (Figure 1.1). The 

apparent rate of cellulose synthesis also increased between 18°C and 28°C (Figure 1.2). 

Although these rates must be recognized as apparent rates since catalytic enzymes were not 

isolated, results derived from this and similar studies will be referred to simply as rates 
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hereafter. By measuring residual glucose in the culture medium, they also reported that the 

rate of glucose uptake after day 15 (time of secondary wall deposition) was greater at 34°C 

constant and 34°C/28°C cycling than for 34°ai5°C and 34°C/22°C (Figure 1.3). 

Respiration and cellulose synthesis also had different recovery pattems upon 

rewarming from 15°C to 34°C. Respiration recovered within 1 hour compared to cellulose 

synthesis, which took longer than 6 hours to recover (Roberts et al., 1992). These results 

indicate that energy available through respiration during the day is not efficientiy used to 

build the fiber wall if the previous night was cool (Roberts et al., 1992). 

Haigler, Taylor, and Martin (1994) investigated ten cultivars of cotton in terms of 

14C-glucose incorporation into cellulose and respiratory CO2 release under cool 

temperature, and they also determined the recovery ability of both processes after 

rewarming. According to their results, there are cool-tolerant cultivars with higher 

cellulose-synthesizing cs^acity at 15°C and faster recovery upon rewarming from 15°C than 

other cool-sensitive cultivars. The research in this thesis expands on the identification of 

Paymaster HS-200, Coker 312 and Acala SJ-1 as representing a range of high, 

intermediate, and low cool tolerance, respectively. Coker 312 was substantially less able to 

synthesize cellulose at 15°C than HS-200, but it was better than SJ-1. However, Coker 

312 recovery potential was equivalent to HS-200 upon rewarming. 

Martin (unpublished) studied the levels of potential metabolites in the cellulose 

biosynthetic pathways starting from exogenous glucose, which is the preferred substrate of 

cultured ovules. In Acala SJ-1, Coker 312, and HS-200, higher levels of glucose 6-

phosphate (glc 6-P) was observed at 15°C than at 34°C of a 34°C/15°C cycle. However, 

HS-200 had greater than 300 nmol/g fiber of glc 6-P on 18 DPA, whereas SJ-1 and Coker 

312 did not achieve tiiis level until 22 DPA (4 days after cycling began) and 24 DPA (6 

days after cycUng began), respectively . The other metabolites such as fructose 6-

phosphate (fru 6-P), glucose 1-phosphate (glc 1-P), and uridine diphosphate glucose 

(UDPG), did not show consistent changes in their levels at 15°C compared to 34°C 
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(Martin, unpubUshed). These data suggest that increased levels of glc 6-P may help to 

adapt to cool temperatures, but they also indicate that there is still a restriction in flux 

through the pathway beyond the formation of glc 6-P. Further analysis of activities of 

relevant enzymes may clarify where this restriction lies. 

Cellulose Biosvnthetic Pathway 

Cellulose is probably synthesized from UDPG by cellulose synthase. The 

uncertainty exists because the cellulose synthase has not yet been purified from higher 

plants and caused to work in vitro. From the biosynthetic pathway of metabolites closely 

related to cellulose synthesis, it is obvious that UDPG can be generated through two 

different pathways (Figure 1.4). It can arise from the activity of UDPG-

pyrophosphorylase on glc 1-P or from sucrose synthase acting in the cleavage direction. If 

the latter mechanism was operating in our in vitro culture system, which is suppUed with 

glucose as preferred carbon source, sucrose would have to be synthesized within the ovule 

and/or fiber. It has been demonstrated that l4C-sucrose is synthesized from l4C-glucose 

supplied to cultured ovules (Carpita and Delmer, 1981). This synthesis would probably 

require the activity of sucrose phosphate synthase (SPS) since sucrose synthase is now 

thought to work primarily in the cleavage direction in non-photosynthetic tissues (reviewed 

in Amoretal., 1995). 

Recentiy, Amor et al. (1995) identified a membrane-associated form of sucrose 

synthase and demonstrated its role in synthesis of cellulose in cotton. Semi-permeabiUzed 

cotton fibers were provided with 14C sucrose as substrate and higher incorporation rates 

towards cellulose synthesis than callose synthesis were observed during the period of 

secondary wall synthesis. This was the first demonstration of high rate cellulose synthesis 

from exogenous substrate in a higher plant system; repeated prior attempts to achieve this 

with 14C-UDPG as substrate had failed. Therefore, the results strongly suggest that 

sucrose is an obligatory substrate for cellulose synthesis; probably sucrose synthase is 
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closely coupled to cellulose synthase. Therefore, these results support the idea that SPS 

would be required in the in vitro system and might be related to cool temperature sensitivity 

and tolerance. 

Sucrose Phosphate Svnthase (SPS) 

SPS catalyzes the formation of sucrose phosphate from UDPG and fru 6-P in 

higher plants. Glc 6-P and inorganic phosphate are key metabolite effectors that regulate 

the activity of this enzyme (Kerr, Kalt-Torres, and Huber, 1987). Doehlert and Huber 

(1983) demonstrated that SPS is activated by glc 6-P, which decreases the Km for fru-6-P 

and increases the Vmax- Activation of SPS by glu 6-P was antagonized by inorganic 

phosphate. They also suggested that glc 6-P and inorganic phosphate bind to allosteric 

sites on the enzyme (Doehlert and Huber, 1983). Siegl, Carol, and Stitt (1990) reported 

that protein phosphatase 2A (PP2A) is a major SPS phosphatase in spinach. PP2A 

activates SPS by dephosphorylation. Okadaic acid and Microcystin-LR are specific 

inhibitors of PP2A, and, therefore, can enhance SPS activity (Siegl, Carol, and Stitt, 

1990). 

SPS is an important controlling step in regulating levels of cotton leaf carbohydrates 

and carbon export, and it is thought to be more important than sucrose synthase for these 

functions (Hendrix and Huber, 1986). SPS functions in non-photosynthetic tissue in 

many ways such as synthesis and export of sucrose in germinating seeds and sprouting 

tubers (Reimholz, Geigenberger, and Stitt, 1994), accumulation of sucrose in the cold to 

act as a "cryoprotectant" (Guy, Huber, and Huber, 1992), and modulation of sucrose 

synthesis and degradation via futile cycles of these tissues (Reimholz, Geigenberger, and 

Stitt, 1994). SPS is generally thought to act as a synthetic enzyme in vivo, and it probably 

also has this role in in vitro cotton cultures. 
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Environmental Controls 

Field grown plants and plants grown under controlled environment were studied by 

Cheikh and Brenner (1992), and they reported that field grown plants have higher levels of 

ABA, starch, sucrose, and SPS activity. They attributed these differences to temperature, 

water availability and light intensity in these environments (Cheikh and Brenner, 1992). 

Hendrix and Huber (1986) reported that SPS activities varied diumally in cotton 

leaves. They observed increased SPS activity throughout the photoperiod and a decrease in 

activity at the onset of the dark period (Hendrix and Huber, 1986). In contrast, Perera, 

Hartmann, and Holaday (1995) observed almost equal maximum levels of SPS activity 

during the photoperiod and the dark period. 

Holaday et al. (1992) measured SPS activities in spinach and bean at 10°C. They 

observed higher SPS activities and increased photosynthetic capacity in spinach during 

acclimation to cold temperature. In contrast, lower levels of SPS activities and decreased 

photosynthetic capacity were observed in bean, even though significant increases occured 

in the activities of other enzymes related to photosynthesis. Therefore, bean was 

considered as a chilling sensitive plant, and inhibition of SPS activity might be a primary 

cause of its sensitivity. 

Guy, Huber, and Huber (1992) reported that SPS activity and protein level were 

increased by low temperature (5°C) treatment in spinach, whereas sucrose synthase and 

invertase were not increased. They proposed that increase in SPS activity may aid in 

providing necessary food energy for adjustment of metabolism to low temperatures. 

High Performance Liquid Chromatography (TiPLG) 

HPLC has also frequentiy been used to study plant carbohydrates as shown by the 

following two examples. Using HPLC, Tobias, Boyer, and Shannon (1992) reported 

higher sucrose and hexose phosphates levels and lower starch levels in a starch-deficient 

genotype of maize endosperm in contrast to lower amounts of hexose phosphates observed 
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in normal endosperm. The reduced quantities of hexose phosphates indicate the sucrose 

mobilization for starch synthesis (Tobias, Boyer, and Shannon, 1992). Kanabus, 

Bressan, and Nicholas (1986) observed that in cultured carrot cells fed exogenous sucrose, 

sucrose levels disappeared after 3 days whereas fructose and glucose levels increased, 

suggesting the activity of invertase in hydrolysis of sucrose. 

Objectives 

I hypothesized that SPS, an enzyme required for sucrose synthesis, was a 

controlling step in the temperature sensitivity of cellulose synthesis during secondary wall 

deposition in cotton fibers. To test this hypothesis, I compared the SPS activity in cotton 

fibers grown in vitro and harvested at constant 34°C and on both sides of a 34°C/15°C 

cycling regime. Activity in in vivo fibers from plants growing in the greenhouse and at 

28°C in a growth chamber were studied for comparison. I also investigated the levels of 

sucrose in collaboration with Kirt Martin by using HPLC. These studies were done with a 

cool-sensitive variety (cv. Acala SJ-1) and a more cool-tolerant cultivar (cv. Paymaster HS-

200), and some experiments included a variety with intermediate cool tolerance (cv. Coker 

312). 
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CHAPTER II 

MATERIALS AND METHODS 

Cotton Cultivars 

The cultivars used in this study were cv. Acala SJ-1 (cool-sensitive), cv. 

Paymaster HS-200 (partially cool-tolerant), and cv. Coker 312 (partially cool-tolerant, but 

less so than HS-200). These cultivars were classified as cool-sensitive and cool-tolerant 

based on their cellulose synthesizing capacity and recovery pattems (Haigler, Taylor, and 

Martin, 1995) as previously explained in Chapter L 

In Vitro Ovule Culture 

The ovules were removed from a flower (one day post anthesis; 1 DPA) by 

dissecting the ovary under aseptic conditions. Prior to dissection ovaries were surface 

sterihzed 10 min with diluted commercial bleach containing (1-2% final sodium 

hypochlorite) and rinsed 3X with sterile distilled water. Ovules were cultured in a tissue 

culture medium (pH 5.0) containing 120 mM glucose and the plant hormones gibberelic 

acid (0.5 mM) and a-naphthalene acetic acid (0.5 mM), which promote fiber initiation and 

elongation (Haigler et al., 1991). Glucose was used as a carbon source in in vitro culture 

because ovules grown on sucrose form extensive callus. 

Ovules were cultured at 34ooC constant temperature until 18 DPA and then exposed 

to cycling temperatures (12 h at 34ooC/12 h at 15«>C). By 18 DPA, secondary wall 

deposition has begun in cultured ovules. Two incubators were running simultaneously on 

an oppositely timed 34°C/15°C cycle so that both 34°C and 15°C samples could be 

harvested at the same time. Ovules were typically harvested on 1, 8, 18, 21, 24, and 27 

DPA at constant 34ooC and on 18,21,24, and 27 DPA at both temperature sides of the 

cycle after cycling began at 18 DPA. For particular experiments, ovules were sometimes 

transferred to cycling temperature at 16 DPA or 20 DPA and harvested on 16, 19, and 22 
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DPA or 20, 23, and 26 DPA, respectively. Ovules were typically harvested at 12 p.m. (4 h 

after shift in cycling temperatures on that day). Time of harvest varies in only one 

experiment where ovules were harvested at 7 a.m., 12 p.m., 7 p.m., and 12 a.m. 

Fiber Extraction 

Fibers were extracted by taking ten ovules from a flask, quickly blotting them on a 

paper towel, and placing them in a mortar containing Hquid nitrogen. The fibers were 

scraped from ovules using forceps and scalpel and the ovules were removed. The fibers 

remaining in the mortar were ground to a fine powder with a cooled pestle. These fibers 

were quickly weighed and extracted differendy to determine activity of SPS and sucrose 

content by HPLC (see below). 

For in vivo studies, flowers were tagged in the greenhouse or growth chamber on 

the day of flowering. The greenhouse was regulated to an approximate temperature of 30-

35«>C day and 20-22ooC nights. In later in vivo studies, plants were maintained in a 

growth chamber at constant 28<»C to avoid temperature variations. Cotton bolls were 

plucked on 8, 18, 21, and 24 DPA, carefully opened with a knife, and fibers were 

extracted from one locule. Fibers were frozen and ground as previously described and 

assayed for SPS activity. 

SPS Enzvme Extraction and Assay 

Without thawing, fibers were transferred to a 12 mL conical glass centrifuge tube 

containing grinding solution (1 mL). The reagents in the grinding solution were 50 mM 

HEPES (pH 7.4), 10 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 10% glycerol, and 0.1% 

Triton-X-100. Fibers were mixed in grinding solution with the help of a plastic pestle for a 

few seconds and the homogenate was centrifuged in an Eppendorf microcentrifuge 

(14,000 rpm) at room temperature for 20 seconds. The supematant was used as plant 

extract for SPS assay. The plant extract obtained on 8 DPA {in vitro and in vivo) contained 
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not only fibers, but also some part of the ovules due to the difficulty of complete separation 

at this early stage. 

SPS was assayed by measuring fru 6-P dependent sucrose formation from UDPG 

(Cheikh and Brenner, 1992). The assay mkture (42 \sL) contained 8 mM UDPG, 4 mM 

fill 6-P, 10 mM MgCl2, 20 mM glc 6-P, 50mM HEPES, ImM EDTA, (pH 7.4). Glu 6-P 

acts as an activator by increasing Vmax and decreasing Km for fm 6-P. In tiie presence of 

inorganic phosphate, more glc 6-P is required to activate the same percentage of SPS 

enzyme than if inorganic phosphate is absent (Copeland, 1990). SPS has its optimum 

activity at pH 6.5 to 7.5. The reactions were irtitiated by adding 28 ^L of fiber extraction 

solution to the assay mixture. The mixtures were incubated at 30ooC (varied in one 

experiment conducted at different assay temperatures) for 5 min and then terminated by 

adding 70 piL of 1 N NaOH. Unreacted fructose and fhi 6-P were destroyed by immersion 

of tubes in a boiling water bath for 10 min because SPS activity is measured later by 

reaction between resorcinol and the fructose formed from sucrose 6-phosphate or sucrose 

by addition of strong acid. After cooling tubes to room temperature, 250 pL of 0.1% 

resorcinol and 750 |iL of concentrated HCl were added, followed by incubation for 8 min 

at 80o«C. The tubes were cooled to room temperature with running water. Resorcinol 

reacts with fructose and gives a complex with a pink color, and the absorbance of this 

solution was measured at 520 nm (Kontron spectrophotometer, model Uvikon 930). The 

background value was determined by adding NaOH immediately before addition of fiber 

extract in the microcentrifuge tubes, which were marked as blanks. The standard curve 

was established using sucrose. 

Sugar Determination by High Performance Liquid 
Chromatographv 

Before fiber extraction by trichloroacetic acid (TCA) for HPLC determination of 

sucrose, ovules were washed in pentaerythritol to remove adhering medium and its sugars. 

At preferred time points (12 DPA at constant 34°C and 18, 21, and 24 DPA at constant and 
13 



cycling temperatures) ovules were removed from media, quickly blotted using a paper 

towel, and transferred to a sieve vessel immersed in a Petri dish containing 120 mM 

pentaerythritol (pH 5.0) for washing. Pentaerythritol solution was maintamed at the same 

temperatures as cultures to be assayed. After three quick washes, the ovules were carefully 

blotted 3X on paper towel and placed in a mortar containing liquid nitrogen. The fibers 

were separated, ground, and weighed as described previously. 

Weighed fibers were then transferred to a pre-cooled small mortar placed on ice and 

2 mL of ice cold 10% TCA was added. The TCA procedure has been previously described 

for extraction of sugars and sugar phosphates in carrot cells (Kanabus, Bressan, and 

Nicholas, 1986). After further grinding for 15 min, the homogenate was transferred 

equally into two 1.7 mL microcentrifuge tubes and centrifuged (4 min, 14,000 rpm, 4ooC). 

The supematants from both tubes were combined into a 12mL conical glass centrifuge tube 

placed on ice. In each of two pre-cooled microcentrifuge tubes, 600 ^L of supematant and 

800 jiL organic separation mixture (1,1,2 trichlorotrifluoroethane : n-trioctylamine, 3 :1 

vA )̂ were added and shaken vigorously for 1 min. After centrifugation (4 min, 14,000 

rpm, 4°C), the top-most aqueous layer was transferred into another set of pre-cooled 

microcentrifuge tubes then frozen with liquid nitrogen and stored at -80°C before HPLC 

analysis. 

Glucose, sucrose, ftuctose and hexose phosphates were separated by HPLC 

(Beckman, model 210A) using a Sugar Pak I Column (Waters), maintained at 80°C by a 

column heater and temperature controlled water bath. The samples (20 ̂ iL) were injected 

and eluted with 50 mg/L Na2Ca EDTA and monitored by a differential refiractometer 

(Altex, model 156). The information regarding the selection of column and temperature 

conditions was obtained from Tobias, Boyer, and Shannon (1992), who used a Sugar Pak 

I Column to separate neutral sugars and starch from samples extracted from mutant maize 

endosperms. Flow rate was maintained at 0.6 mL/min. Glucose, sucrose, fructose, and 

hexose phosphates were separated and identified by variation in retention times (confirmed 
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by comparing with retention times of standards). Concentrations were automatically 

determined from peak heights based on standard curves previously run for each metabolite. 

Experimental Replication 

There was no rigid system relating days of culture set-up to particular series of data 

points. On each culture day, 4-6 flowers were used to set-up 6 flasks (15-20 ovules each) 

with ovules from different flowers randomized between flasks. Then flasks were used as 

needed for any experiment, although there was a tendency for data for 12, 18, and 21 DPA 

to be collected from the same set-up. 

Each data point in all graphs shown in the Chapter m is the average of three 

replications of each extraction (except for in vivo growth chamber SPS activity 

graphs).done on three separate days. For SPS activity graphs, each extraction was then 

assayed in four replications so that each data point is an average value from 12 assays. 

For in vivo (growth chamber) SPS activity graphs, each data point is an average of 

6 repUcations of each extraction. Three replications were obtained from each of two 

plantings; one set of plants was planted in December and another in April. 

For HPLC each extaction was mn only once so that each data point is an average 

value from 3 samples. 

In all graphs, symbols represent mean values and the error bars in each figure 

represent the standard deviation within these repUcations. To obtain the error bars, the 4 

replications from each extraction (if available) were averaged, then the 3-6 mean values 

corresponding to separate extractions were averaged and used to obtain the final mean and 

standard deviations.. 
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CHAPTER m 

RESULTS AND DISCUSSION 

In vitro SPS Activity 

SJ-1. HS-200. and Coker 312 ovules exposed 
to cycling temperatures on 18 DPA 

The study of SPS activity in cv. Acala SJ-1, a cool-sensitive variety of cotton, 

demonstrated Uiat at 34°C constant there is a continuous increase in activity up to 27 DPA 

(Figure 3.1). It is interesting that activity increases greatly as secondary wall deposition 

commences and progresses. Fibers harvested on the 15°C side of the cycle showed 

decreased activity on 18 DPA compared to 34°C constant, and activity remained constant 

through 27 DPA. Fibers harvested on the 34°C side of the cycle showed a gradual decrease 

in activity from 18 DPA to 27 DPA. Therefore, a cycling temperature regime affects SPS 

activity; it failed to rise on either side of a 34°C/15°C cycle. In cv. Paymaster HS-200, a 

more cool-tolerant variety of cotton, SPS activity increased continuously from 12 to 24 

DPA. SPS activity levels were nearly the same at constant 34°C and also on both sides of a 

34°C/15°C cycle (Figure 3.2). 

For both graphs discussed above, data points were normalized per gram of fiber. 

In SJ-1 when data points were normalized per ovule from which fibers were harvested 

(Figure 3.3), the average values tend to follow a similar pattern as described for 

normalization per gram fiber. When data points were normalized per ovule in HS-200 

(Figure 3.4), more separation in average values was observed (perhaps not statistically 

significant), but die trend was similar for all three temperature conditions (Figure 3.4). It is 

clear that values were closer together for cv. Paymaster HS-200 than for cv. Acala SJ-1 

(Figure 3.3). On 18 DPA, the day of transfer, SPS activity in SJ-1 decreased after 4 h at 

15°C, whereas SPS activity remained the same in HS-200. In HS-200 the SPS activity is 

also higher at constant 34°C on 18, 21, and 24 DPA when compared with SJ-1. 
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Coker 312, a variety of cotton that is intermediate between SJ-1 and HS-200 in cool 

tolerance, demonstrated contmuous increase in SPS activity from 12-24 DPA at constant 

34°C (Figure 3.5), and this pattem is similar to those of SJ-1 and HS-200 (Figures 3.1 and 

3.2). SPS activities in Coker 312 were lowered on both sides of a cycle, and their levels 

are almost the same at both cycUng temperatures (Figure 3.5). This pattem is tiie same as 

for SJ-1, but it should be noted that the absolute activity under cycling is higher than in SJ-

1 under cycling. When data points were normaUzed per ovule in Coker 312, the average 

values tend to foUow a similar pattem as described for normaUzation per gram (Figure 3.6). 

However, in contrast to normalization per gram, average values were almost equal for 21 

DPA and 24 DPA fibers maintained at 34°C constant. 

Therefore, extractable SPS activity in HS-200 is not so adversely affected by 

temperature as in SJ-1 or Coker 312. Two possible reasons include: (1) HS-200 might 

have better capabiUty to maintain SPS gene expression or activity under cool temperatures; 

or (2) a high-rate mode of ceUulose synthesis might be less cool-sensitive than another 

mode. This later possibility relates to recent studies of Martin (unpubUshed) on rates of 

cellulose synthesis. HS-200 is two days ahead in shifting to high-rate cellulose synthesis 

compared to SJ-1, and HS-200 has already made the shift by 18 DPA, the day of transfer 

to cycling temperature (Figure 3.7). SJ-1 achieved the same rate of ceUulose synthesis 

about two days later. It is possible that a low-rate mode of cellulose synthesis relies on 

UDPG production through UDPG-pyrophosphorylase, whereas a high-rate mode relies on 

cleavage of sucrose by sucrose synthase. Therefore, if SJ-1 has not yet shifted into high-

rate mode on 18 DPA, exposure to 15°C cycling might prevent this shift, with a 

corresponding lack of increase in SPS activity. In contrast, HS-200, having already made 

this shift, might not be so adversely affected. To test this possibiUty, the foUowing 

experiment was designed. 
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SJ-1 Ovules Exposed to Cvcling Temperatures on 
20 DPA and HS-200 Ovules on 16 DPA 

For comparative studies, similar developmental stages are necessary, so an 

experiment was conducted by transferring SJ-1 on 20 DPA and HS-200 on 16 DPA. This 

replicates the previous experimental design, except for the shift in time. Fibers were 

harvested and assayed for SPS activity on 12, 16, 19, and 22 DPA for HS-200 and on 12, 

20, 23, and 26 DPA for SJ-1. The SPS activities followed a pattem similar (Figures 3.8 

and 3.9) to the previous experiment (Figures 3.1 and 3.2) in which both SJ-1 and HS-200 

cultures were transferred on 18 DPA. 

The above results demonstrate that exposing ovules of either cultivar to cool 

temperatures 2 days earlier or later during the period of secondary wall synthesis (at low or 

high rate of cellulose synthesis) does not change the effect (or lack of effect) of cool 

temperature on SPS activity. The results also emphasize the possibility that the SPS gene 

is differentially expressed in response to cool temperature in these cultivars. 

SPS Activities Measured at Different Time 
Points in a Day 

The variation of SJ-1 SPS activities between 34°C constant and both sides of 

cycling could possibly be due to an internal diurnal rhythm that became unsynchronized. 

To test this possibility a series of experiments was performed by harvesting and assaying 

for SPS using 24 DPA ovules of SJ-1 and HS-200 at four different time points in a day (7 

a.m., 12 p.m., 7 p.m., and 12 a.m.) with corresponding temperatures indicated in Table 

3.1. The results showed that activities remained almost the same throughout the day 

despite alternating temperature conditions (Figures 3.10 and 3.11), and activity levels were 

nearly the same as observed previously (Figures 3.1, 3.2, 3.8, and 3.9). For SJ-1, SPS 

activity at constant 34°C was much higher than at either side of the cycling temperature 

regime (Figure 3.10). In HS-200 the activities at different time points remained the same at 
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Table 3.1. Temperature differences in cycling incubators at different time points in a day. 

Time Points 

Incubator 7 a.m. 12 p.m. 7 p.m. 12 a.m. 

34°C/15°C-incubator 15°C 34°C 34°C 15°C 

15°C/34°C-incubator 34°C 15°C 15°C 34°C 
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both constant and cycling temperatures (Figure 3.11). This lack of diurnal fluctuation 

contrasts with previous results with cotton leaves in which two peaks of highest SPS 

activity were observed at 12 p.m. and at 2 a.m. (Perera, Hartmann, and Holaday, 1995). 

This difference is perhaps not surprising since fibers are cultured in the dark and the 

proposed role of SPS in the fiber is not related to light-based, photoautotrophic 

metaboUsm. 

SPS Activities Measured at Different Assay 
Temperamres 

SPS enzyme was extracted from fibers and assayed at 15°C, 22°C, 30°C, 34°C, 

40°C instead of the normal assay temperature (30°C). The purpose of this study was to 

determine if low SPS activities observed for SJ-1 at 30°C could be explained by an 

isoenzyme with different temperature sensitivity. 

The results of this study shows that a similar pattem existed in both cultivars across 

aU assay temperatures. In both SJ-1 and HS-200,15°C and 22°C were sub-optimal 

temperatures for SPS activity, whereas 30°C, 34°C, 40*̂ 0 support the highest activity 

(Figures 3.12 and 3.13). The average percentage activation values (Table 3.2) were 

calculated from the percentage differences between the SPS activity levels at lower (average 

of 15°C and 22°C) and higher temperatures (average of 30°C, 34°C, and 40°C). Therefore, 

evidence for SPS isoenzymes with different temperature sensitivity was found under these 

assay conditions. Isoenzyme-I, found in SJ-1 ovules under cycling, is less temperature 

responsive (will activate only 10-20% at higher temperatures). Isoenzyme-H, found in 

HS-200 ovules maintained at constant 34°C and cycling temperatures, is highly responsive 

to higher temperatures, showing 80% activation. The data from SJ-1 ovules maintained at 

34°C constant indicate a 60% activation by high temperature, which is simUar to isoenzyme 

n from HS-200. More replications would be required to determine if this is indicative of a 

third isoenzyme. Perhaps to maintain the same level of SPS activity under cool 

temperatures, SJ-1 relies on an isoenzyme that cannot be highly activated by higher 
26 
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Table 3.2. Average percentage activation from lower to higher temperatures. (Lx)wer = 
average of 15°C and 22°C; higher = average of 30°C, 34°C, and 40°C from 
figures 3.12 and 3.13). 

Cultivars 34°C constant 34°C/ 15°C cycUng 15°C/34°C cycUng 

HS-200 80 80 80 

SJ-1 60 20 10 
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temperamres. It is possible that this relates to the poorer recovery abiUty from 15°C of 

cellulose synthesis upon rewarming of SJ-1. 

It can also be noted that the SPS activity in cycUng cultures sampled at 15°C is 

consistentiy greater than in cycling cultures sampled at 34°C. The former cultures were in a 

cycling 15°C/34°C incubator, whereas the latter cultures were in a cycUng 34°C/15°C 

incubator. It can be also seen in Figure 3.10 that this difference between incubators is 

reflected in different levels of SPS activity on both sides of the cycle in each incubator. 

These data may indicate that the precise time of exposure to 15°C on 18 DPA imprints the 

culture in a way that is transmitted throughout its life time, with earUer exposure (by 12 h) 

leading to higher SPS activity. Understanding the validity of and explanation for this 

observation would require further experiments. 

In vivo SPS Activity 

The in vivo study of SPS in SJ-1 fibers grown in the greenhouse demonstrated a 

similar pattem of increase from 18-24 DPA (Figure 3.14) as was observed at constant 34°C 

in vitro. However, the activity was higher than that observed in vitro (Figures 3.1 and 

3.8). The reason for the great difference in the 8 DPA data point, which includes parts of 

the ovule in vivo and in vitro, is not understood. For later in vivo studies, fibers were 

obtained from plants which were maintained in growth chamber at 28°C. In both SJ-1 and 

HS-200, SPS activities increased from 12-24 DPA (Figures 3.15 and 3.16) in a similar 

pattem as was observed in vitro when ovules were maintained at constant 34°C (Figures 

3.1, 3.2, 3.8, 3.9). In contrast to die in vitro activity of SJ-1 SPS compared to HS-200, 

in vivo SPS activities were almost equal in botii SJ-1 and HS-200. No explanation is 

available for the generaUy depressed SPS activity in Acala SJ-1 in vitro compared to in 

vivo. 
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High Performance Liquid Chromatographv (TTPI .n 

The main purpose of this experiment was to see whether fiber sucrose pools 

correlated with SPS activity. Not only sucrose but also fmctose, glucose and hexose 

phosphates were measured finom the same sample because of the high separation abiUty of 

HPLC. 

Sugar Pools 

In both SJ-1 and HS-200, the sucrose pools increased from 12 DPA (primary waU 

deposition) to 18 DPA (secondary wall deposition) at constant 34°C (Figures 3.17 and 

3.18). On 18 DPA, SJ-1 demonstrated a drop in sucrose levels at 15°C (Figure 3.17), 

whereas this drop was not observed in HS-200. Note that this correlates with SPS activity 

in SJ-1 and HS-200 upon exposure to 15°C. In botii SJ-1 and HS-200, sucrose pools 

were almost equal at 34°C constant (Figures 3.17 and 3.18). Also for both cultivars, the 

sucrose pool showed a tendency to decrease over time under both cycling temperatures 

compared to 34°C constant, with only a sUghtiy greater decrease in SJ-1 observed by 24 

DPA. It can be noted, however, that the sucrose pool for SJ-1 dropped more sharply on 

18 DPA (first exposure to 15°C) than for HS-200. In general, however, these data provide 

evidence that sucrose pool size is highly regulated and does not decrease commensurately 

with the large decrease in SPS activity under cycling temperatures observed for SJ-1. 

However, since these data say nothing about flux through the pool, it remains possible that 

the cool-temperature insensitivity of SPS activity in HS-200 is related to the increased cool 

tolerance of this cultivar. 

The glucose pool declined during secondary waU deposition, and its level was 

approximately equal at all temperature conditions in botii varieties (Figures 3.19 and 3.20). 

The fmctose pool also declined continuously in both varieties, and its level was almost 

equal at constant 34°C and on either side of a cycle (Figures 3.21 and 3.22). Because of 

the large deviations in the repUcations, one can only say tiiat there is a tendency to higher 
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values for finctose under cycling temperatures. The large experimental error in 

measurement of hexoses may be due to extensive flux through them metaboUcaUy or it 

could due to urudentified instrument error. 

Conclusions 

Different activity levels of SPS in response to cycUng temperatures have been 

observed in three different cultivars of cotton. In SJ-1 and Coker 312, SPS activities 

decreased during cycling temperatures when compared to constant 34°C, whereas in HS-

200 the SPS activity remained the same as constant 34°C during cycling temperatures. 

Both in vitro and in vivo at constant temperature, the SPS activity increased in direct 

proportion to fiber developmental age with especiaUy rapid increases during the period of 

secondary waU deposition. A similar pattem persisted in SJ-1 and HS-200 under variable 

conditions such as transferring ovules to cycUng temperatures on different DPA, assaying 

at different time points in a day, and assaying at different assay temperatures. These data 

can be interpreted to indicate that: (a) a low or high rate mode of cellulose synthesis does 

not relate to cool-sensitivity of fiber SPS activity; (b) fiber SPS activity is not regulated by 

an intemal biological rhythm; and (c) SPS isoenzymes with different temperatute 

responsiveness may exist. Lower temperatures (15°C and 22°C) were sub-optimal for 

extractable fiber SPS activity, whereas higher temperatures (30°C, 34°C, and 40°C) were 

optimal. Sucrose pools decreased over time under cycUng temperatures in both varieties, 

but there was no difference between SJ-1 and HS-200 comparable to tiie difference m SPS 

activity. However, there may be a higher demand for sucrose in HS-200 than SJ-1, so 

tiiat flux tiirough die pool is greater. Fructose and glucose pools were similar at all 

temperature conditions in SJ-1 and HS-200. 

The sucrose syntiiesized by SPS can be used by sucrose synthase working in the 

cleavage direction to prxxiuce UDPG, which will tiien be used in syntiiesis of cellulose by 

die catalytic action of ceUulose syntiiase (Amor et al., 1995). The data included above are 
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consistent witii the hypotiiesis that die ceUulose syntiiesis patiiway mediated by sucrose 

syntiiase is cool-sensitive in part because SPS activity is lowered during cycUng 

temperatures. This could lead to decreased activities of other enzymes involved in ceUulose 

synthesis because of lower amounts of substrate. These HPLC results do not reveal 

anything about flux through the sucrose pool. The future research of Kirt Martin with 

pulse chase experiments analyzed by HPLC wiU give a better idea about the flow of carbon 

through the sugar pools. It is important to note that even HS-200, in which SPS activity 

does not decrease with cycling, is only partiaUy cool-tolerant (Haigler, Taylor, martin, 

1994), indicating that other temperature restrictions may operate beyond ceUulose substrate 

supply. However, changing the temperature response of fiber SPS in other cultivars to be 

equal or superior to HS-200 can be predicted to increase their cool tolerance in cellulose 

synthesis. 
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