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INTRODUCTION 

The human population has grown exponentially since the Industrial Revolution. 

No other species or population of organisms has been able to sustain such an extended 

period of exponential growth. Population biologists credit this rare achievement to many 

factors including medical care, sanitation, and most importantly the ability to increase the 

food supply. Advances planting and harvesting techniques, selective breeding, and crop 

rotation, collectively called the 'green revolution,' are often cited as contributing factors 

in the impressive growth of the human population. However, as the global population 

grows beyond six billion, clothing and feeding the peoples of the world becomes an 

increasingly difficult task. As with many complex problems, the key to solving this 

dilemma may lie in very basic principles. Fundamental carbon metabolism within plants 

is a fast growing area of research as scientists in the field of agricultural biotechnology 

seek to improve plant yield, resiliency, and quality. 

An ecosystem's energy budget depends on the output of its primary producers. In 

most terrestrial ecosystems, the primary producers are plants. Plants harvest a small 

fraction of the 10 Joules of solar radiation that bombard the planet daily and convert it 

into chemical energy in the form of one hundred seventy billion tons of organic material 

per year (Campbell, 1996). This plant-produced organic material and its by-products 

provide nourishment, shelter, and clothing for the world. The more insight that future 

scientists can gain into carbon metabolism in plants, the better equipped they will be as 

they continue to search for methods of improving primary productivity. 

Although all plant absorbed sunlight is initially used to produce simple sugars, 

some of the most important molecules that plants produce are polymers. A polymer is a 
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large molecule composed of small, repeated subunits. Polymers may be assembled from 

amino acids, fatty acids, nucleotides, and sugars. Polymers made of sugars are called 

polysaccharides. The family of macromolecules known as polysaccharides contains many 

members. Some polysaccharides are used as a storage material which can be broken 

down into simple sugars and used to provide energy for the cell's metabolic needs. Other 

polysaccharides function as building material, providing support and protection for the 

cell. Cellulose, a polymer of glucose subunits, is one of the most important and well-

known structural polysaccharides (Haigler and Blanton, 1999). 

Cellulose is one of the earth's most abundant biopolymers and accounts for more 

than half of all biomass on the planet (Kimura et al., 1999). By certain estimates, plants 

can synthesize one hundred billion tons of cellulose annually (Campbell, 1996). Cellulose 

is an abundant and renewable resource, which continues to be of immense economic 

importance. The average human is surrounded by cellulose in daily life. The cotton fibers 

(Fig. 1 A) used in clothing production are 94 % cellulose, and cellulose makes up over 

50% of the wood (Fig IB) used to build houses and fiimiture (Kimura et al., 1999). 
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Figure 1. (A) Cotton photograph by EM Roberts and (B) Tree photograph by RL Blanton 
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Other less obvious cellulose products abound in normal life. For example, the 

paper that this thesis is printed on is composed of cellulose from either wood or cotton 

sources. Cellulose can be subjected to various chemical and manufacturing processes to 

produce materials such as, cardboard, cellophane, rayon, adhesives, explosives, 

thickening agents in food, moisture proof coatings, and cellulose acetate, which can be 

used to manufacture satin, velvet, photographic film, and the plastic of combs and tool 

handles (Haigler and Blanton, 1999). 

Cellulose is also an important energy source. The chemical energy stored in 

cellulose is converted into heat when we bum wood. Cellulose, which composes about 

33% of all vegetable matter, also provides nutritional energy for animals such as cows, 

sheep, horses, and other animals known as mminants. These animals possess a special 

pouch in their lower intestines called a mmen that houses symbiotic microorganisms, 

which allow the animals to digest cellulose (Campbell, 1996). Although humans cannot 

digest cellulose, the fiber it provides is required for the proper functioning of our 

digestive system and is an essential part of our diet. Recent scientific studies have shown 

that diets high in fiber can reduce the incidence of certain types of cancer and can lower 

cholesterol and blood pressure (Ranhotra, 1999, Campbell, 1996). 

Plants produce cellulose as the chief component of their cell walls (Kimura et al., 

1999). Algae, bacteria, fungi, protozoa, and the tunicates, which are members of a 

subphylum of marine vertebrates, also produce this important macromolecule (Haigler 

and Blanton, 1999). The cellulose in a plant's cell wall provides it with strength and 

support much like a skeleton. Without it, plants would not be able to stand upright. 

Among the many polysaccharides composed of glucose, cellulose alone has the unique 
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stmctural characteristics that allow it to play this vital role. The unique cellulose linkage 

pattem gives it a semi-rigid, linear property that allows cellulose polymers to crystallize 

and form strong rod-like structures known as microfibrils (Figure 2). These microfibrils 

usually contain about thirty-six to one hundred molecules of cellulose each, which are 

held together by hydrogen bonds (Campbell, 1996). 

Figure 2 : The above diagram illustrates the ultrastructure of a cellulose microfibril and its context 
within the plant (Campbell, 1996). 

Starch and glycogen, two other notable glucose polysaccharides, are vastly different from 

cellulose. Humans can digest starch and glycogen, they are water soluble, and they are 

not structural molecules. The source of this contrast with cellulose lies in the orientation 

of the glucose molecules. Note that the glucose molecules in cellulose (Figure 3B) are 

linked together in opposite orientation (P-1.4). However, glycogen (not pictured) and 

starch (Figure 3 A) are composed of glucose monomers linked in the same orientation (a-

1,4). A family of enzymes known generally as cellulose synthase creates this special 

glucose linkage in cellulose. 
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Figure cellulose. Diagrammatic comparison of starch and cellulose. Although both molecules 
demonstrate a 1,4 linkage pattem, starch's a-1,4 glucose linkage (A) allows it to be digested by 
humans while the P-1,4 glucose linkage in cellulose (B) prevents humans from digesting it and 
provides cellulose with its unique structural characteristics. 

The importance and complexity of cellulose provoked extensive investigation into 

the precise nature of the site of its synthesis. This research revealed the improbability that 

an isolated enzyme could be capable of creating the ordered stmcture of cellulose 

microfibrils. A large enzyme complex was suggested as the site of cellulose synthesis as 

early as 1958 (Kimura et al., 1999). However, direct proof of the existence of a 

multimeric enzyme complex was not available until 1999 when immunogold labeling 

allowed the identification of rosette terminal cellulose synthesizing complexes in the 

vascular plant Vigna angularis (Kimura et al., 1999). These rosettes are now known to be 

composed of complexes of-36 catalytic subunits at the plasma membrane (Figure 4). 

Several studies have implicated rosette terminal complexes in cellulose microfibril 

assembly, and this is the currently accepted model (Kimura et al.. 1999). 
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Figure 4. Scanning electron microscope image of rosette complexes. Micrograph by CH Haigler 

The substrate of cellulose synthesis is a molecule known as UDP-glucose. This 

molecule contains a glucose bound to a uridine ribonucleotide and two phosphates, 

hence the name uridine diphospho-glucose. The glucose in this molecule is incorporated 

into the cellulose polymer and the hydrolysis of the bond with UDP provides energy for 

the linking reaction. As the direct substrate for cellulose polymerization, the available 

pool of UDP-glucose in the plant cell, as well as its proximity to the cellulose synthase 

enzyme, play a vital role in the extent and rate of cellulose polymerization. Although the 

substrate UDP-glucose may come directly out of the cytoplasm, recent studies in which 

isolated membranes of higher plants were supplied with UDP-glucose argue to the 

contrary. The major product synthesized by these membrane fractions was not cellulose 

(P-l,4-glucan), but callose (P-l,3-glucan) suggesting that some factor besides the mere 

presence of UDP-glucose may be necessary to allow efficient cellulose polymerization 

(Amor et al., 1995). It is possible that a protein-protein interaction exists in higher plants 

to allow more efficient channeling of UDP-glucose directly to cellulose synthase. 
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Recent studies of the enzyme sucrose synthase (SuSy) suggest that it is a 

candidate for this type of interaction. SuSy catalyzes the reaction: 

Sucrose + UDP <-> UDP-glucose + Fmctose 

Initial observations of SuSy activity resulted in sucrose formation, giving the enzyme its 

name as a synthase; however, SuSy more often fimctions to degrade sucrose (Quick and 

Schaffer, 1996). Although SuSy had traditionally been studied as a cytoplasmic enzyme, 

functioning to degrade sucrose for metabolic needs, investigators in a 1995 study 

observed that approximately half of the SuSy in developing cotton fibers (Gossypium 

hirsutum) was in tight association with the plasma membrane (Amor et al., 1995). This 

association was confirmed by immunolocalization studies on cotton fibers. Researchers 

found SuSy localized at the surface of the fiber in pattems consistent with cellulose 

deposition (Amor et al., 1995). As a result of these data, Delmer and coworkers proposed 

a model (Figure 5) suggesting that cellulose synthesis depends directly on a spatial and 

functional coupling between the enzymes sucrose synthase (SuSy) and cellulose synthase 

(Amoretal., 1995). 

Figure 5. Diagrammatic representation of cellulose synthase complexes and nascent cellulose 
microfibril (Delmer and Amor, 1995) Here SuSy is shown localized at the plasma membrane 
under sites of cellulose synthesis and channeling UDP-glucose to cellulose synthase. 
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In this model, SuSy is proposed to degrade sucrose resulting in the release of fioictose and 

UDP-glucose. SuSy may then channel the released UDP-glucose to cellulose synthase in 

the plasma membrane (Figure 5). Extensive cell wall degeneration observed in mutant 

maize endosperm that was deficient in SuSy demonstrates the importance of this 

channeling (Carlson and Chourey, 1996). 

Inherent in this model is the implication that sucrose must be available for SuSy 

to degrade, allowing the release and chaimeling of UDP-glucose to cellulose synthase. 

According to this model, the availability of sucrose within the cell plays a vital role in the 

rate of cellulose synthesis. Recent studies in starch deficient mutants revealed that the 

rate of intemode extension growth increases with increasing sucrose supply 

(Giegenberger and Stitt, 2000). The effect of the sucrose pool on the rate of cellulose 

synthesis implies that any enzymes that regulate the sucrose pool could also play a 

regulatory role in the flux of carbon toward cellulose synthesis. 

Sucrose Phosphate Synthase (SPS) is a primary regulator of the rate of sucrose 

synthesis in photosynthetic cells and sucrose-storing organs (Winter and Huber, 2000). 

The enzymes SPS and sucrose 6'-phosphate phosphatase act together sequentially to 

produce sucrose. SPS catalyzes the reaction: 

UDP-glucose + fi^ctose-6-P <-> sucrose-6'-P + UDP + H^ 

Sucrose 6'-phosphate phosphatase then converts sucrose 6'-P into sucrose. This results in 

a change in equilibrium that pulls the SPS reaction in the synthetic direction. SPS can 

also participate in a cycle of sucrose synthesis and degradation (via SuSy and/or 

invertases) in heterotrophic cells (Geigenberger and Stitt, 1991). Contrary to its name as a 
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"futile cycle", this cycle was initially proposed to have an important role in regulating the 

net direction of flux related to changing sink demand (Huber and Huber, 1996). It is 

possible that SPS functions to recycle the fructose released from SuSy-mediated sucrose 

degradation back into sucrose to replenish the sucrose pool. SPS may synthesize the 

sucrose that is degraded by SuSy, thus promoting cellulose synthesis (Figure 6). 

Figure 6. Diagram placing SPS in the context of cellulose synthesis. (Babb and Haigler, in press). 

In this case SPS activity should increase in correlation with increased rate of cellulose 

synthesis. SPS is placed in the context of cellulose synthesis (Figure 6), and in the 

context of whole cell carbon metabolism (Figure 7). 
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Figure 7. Diagram displaying carbon metabolism within the context of a whole cell, specifically a 
cotton fiber (Haigler et al., 2001). 

The SPS activity of two heterotrophic systems was analyzed in order to determine 

whether SPS plays a regulatory role in the metabolic flux of carbon toward cellulose. 

Both systems contain actively differentiating tracheary elements (TEs). TE differentiation 

is characterized by the deposition of thick pattemed secondary cell walls with high 

cellulose content. At the completion of wall deposition, the TEs undergo autolysis to 

form water channels. The activity of SPS in cultured mesophyll cells of Zinnia elegans 

induced to form TEs was monitored in vitro (Fukuda and Komamine, 1980). This system 

was chosen because of the flexibility it afforded. Several manipulations of the Zinnia 

elegans culture system were used to establish a tight linkage between the timing of 

tracheary element differentiation and rising SPS activity and to show that SPS activity 

did not depend on the availability of starch for degradation. The SPS activity of etiolated 
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Phaseolus vulgaris hypocotyls was analyzed during several developmental stages, 

allowing study of SPS activity inplanta. 

MATERIALS AND METHODS 

TE Differentiation in Z elegans culture 

Mesophyll cells (Figure 8 A) isolated from the first tme leaves (Figure 8B) of Z 

elegans L. var. Envy (Bodger Seeds Ltd.,El Monte, CA) were induced to differentiate 

into TEs in the dark in medium with sucrose as the carbon source (Fukuda and 

Komamine, 1980). 

Figure 8. (A) Diagram illustrating leaf anatomy including mesophyll cells (Campbell, 1996). (B) 
photograph by CH Haigler highlighting the first true leaves oi Zinnia elegans 

Cultures represented in the data set were begun at variable times ranging from 9 am to 12 

midnight, in order to prevent any endogenous rhythms from influencing the results. Three 

different types of media were used to allow manipulation of the timing and extent of TE 

differentiation. Both the complex inductive (Fukuda and Komamine, 1980) and the 

simplified inductive media (Roberts and Haigler, 1992) contained sufficient cytokinin 

(0.2 mg L'' 6-benzylaminopurine) to induce TE differentiation. The complex medium 

contained sufficient sucrose to support cell division and allow the production of TEs to 
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peak twice. The first peak occurred at 60 hours after culture and resulted in the 

production of small TEs. The second peak occurred at 90 hours and resulted in the 

production of larger TEs (Fig 12). The simplified medium suppressed cell division, and 

allowed more specific analysis of SPS activity due to the elimination of the production of 

large TEs at 90 hours (Figure 14). The non-inductive medium allowed the study of SPS 

activity in the absence of TE differentiation. This medium was identical to the complex 

inductive medium, except that it contained a non-inductive concentration of cytokinin 

(Fukuda and Komamine, 1980). The non-inductive medium also allowed cells to be 

maintained in culture until they had depleted their starch stores (Figure 16). This allowed 

the study of SPS activity isolated from its role in starch metabolism. 

Determining Percent Differentiation in Z. elegans cultures 

Polarization microscopy for early stage TEs (Figure 9A and Figure 13) and Bright 

Field microscopy for late stage TEs (Figure 9B) were used to count TEs among all cells 

in the culture over the time-course of differentiation. 

Figure 9. TEs within the xylem strands of a leaf shown by polarized light microscopy (A) and 
bright field light microscopy. The cellulosic secondary wall thickenings exhibit birefringence in 
the polarized light micrograph. 

Sensitive polarization methods allowed the detection of cellulosic thickenings by 

birefiingence before TEs became visible in bright-field microscopy. Although Tinopal 

LPW would have detected TEs (Falconer and Seagull, 1985) approximately two hours 
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earlier, this method was not employed because the simpler method of polarization 

microscopy was adequate to perceive the trends observed in these experiments. 

Determining the percent of autolysed TEs 

Evans Blue, a dye that permeates only dead cells (Roberts and Haigler, 1989), 

was used to quantify TE autolysis (Figure 10). 

Figure 10. Micrographs illusfrating how Evans Blue indicates TE autolysis. In (A) Evans Blue was 
excluded from the live TE on the right, whereas it penetrated the dead TE on the left. In (B), 
polarization microscopy showed that these joined cells were differentiating as TEs (even though 
the thickenings of the TE on the left appeared dark because of their opposite orientation in the 
microscope). 

The percentage of autolysed TEs out of total TEs was determined over the time-course of 

differentiation. 

Determining loss of starch in non-induced cells 

The presence or absence of starch was determined by staining the cells with I2KI 

(Gahan, 1984). Starch deposits appeared as small black or blue spots within the cell 

(Figure 16 B). 

Late-induction of starch-depleted cells 

Cells from the non-inductive culture were allowed to remain in culture long 

enough to deplete their starch stores. When starch grains were no longer observed (about 

7 days after culture), the cells were induced to form TEs by raising the cytokinin levels to 

an inductive concentration (0.2 mg L" ). 
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Growth of etiolated P. vulgaris hypocotyls 

Kidney beans (P. vulgaris) were purchased from the grocery store and were 

germinated in the dark at 28-30°C in potting soil. They grew into etiolated seedlings, 

which were characterized by hyper-elongation and a lack of chlorophyll and leaf 

development (Figure 11). The elongating hypocotyls still contained differentiating TEs to 

support water conduction (Figure 18). 

Relating TE differentiation to stages of P, vulgaris hypocotyl elongation 

Figure 11. Photographs of tall, medium, and short etiolated seedlings that were harvested at about 
3,4, and 7 days respectively, after germination. Whole seedlings (left) are cut down to just the 
hypocotyl shown on the right. These cut hypocotyls are typical of those used for SPS assay. 

Short (2-3 cm), medium (4-6 cm), and tall (7-8 cm) hypocotyls harvested at 

approximately 3, 4, and 7 days respectively after germination were analyzed (Figure 11). 

Hand sections were cut from the bottom, middle, and top of each height of hypocotyl and 
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stained with safranin [1% (w/v)]. These sections were then examined in the light 

microscope using J. Vamer's method of adhering tiie section to the bottom of tiie slide 

and then looking through the slide for clarity. This allowed the relative amount of xylem 

tissue at each stage of plant development to be photographed and analyzed (Figure 18). 

Determining the dry weight of P. vulgaris hypocotyls 

Thirty-six hypocotyls of each height were dehydrated in a 60° C oven for three 

days and then weighed. The roots and cotyledons were removed prior to dehydration. 

Preparation of Z elegans culture for SPS assay and P. vulgaris hypocotyls 

SPS assay methods were adapted from those previously published (Kerr et al., 1987; 

Copeland, 1990). At prospective harvest times, percent TEs among all cells and percent 

live TEs among all TEs were determined. When cultures had reached the desired level of 

differentiation, three flasks of Z elegans cells that differed by no more than 2% in either 

direction with regards to percent TEs and percent live TEs were combined. This 

combined cell suspension was then centrifiiged and washed three times in 0.2M mannitol 

to remove any exogenous sucrose remaining from the medium. The cell pellet was then 

combined with an equal volume of two times concentrated SPS extraction buffer [50 mM 

N-[2-Hydroxyetiiyl]piperazine-N'-[2-ethanesulfonic acid]) (HEPES), pH. 7.4; 10 mM 

MgCb; 1 mM EDTA; 1 mM EGTA; 10% (v/v) glycerol, and 0.1% (v/v) Triton X-100]. 

The pellet was frozen in drops in liquid nitrogen. On the day of SPS assay, the cells were 

ground in liquid nitrogen to a fine powder. The samples were never allowed to thaw, 

which could have decreased the activity of SPS. This frozen powder was then used to half 

fill a pre-chilled 1.5 ml microfuge tube. One milliliter of 4°C extraction buffer (plus ; 2% 

(w/v) polyvinylpolypyrrolidone) was then added, and the tube was vortexed 20 seconds 
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and stored on ice until the other samples were ready. Once all samples were prepared, 

they were again vortexed for 20 seconds then microfiiged (15,000 rpm; 20 s; 4°C). The 

supematant cell extract was removed and microfiiged two more times before use in the 

SPS assay and the BioRad Protien Assay (Herculese, CA) 

Preparation of P. vulgaris hypocotyls for SPS assay 

Bean hypocotyls of the three height classes were harvested and immediately 

frozen in liquid nitrogen. The frozen hypocotyls were stored intact at -80°C until the day 

of SPS assay. For one SPS assay sample, three hypocotyls of the same height class were 

ground together in liquid nitrogen to a fine powder. This powder was then quickly 

weighed in a chilled 1.5 ml microfuge tube without allowing the tissue to thaw. One 

milliliter of 4°C extraction buffer was then added, and the tube was vortexed 20 seconds 

and stored on ice until the other samples were ready. The supematant was then extracted 

as described above for Z elegans. This cell extract was then assayed for SPS activity and 

protein content. 

SPS assay of Z elegans culture and P. vulgaris hypocotyls 

The SPS activity of samples taken from different developmental stages of both 

systems was determined using the assay system described in the table below: 

ASSAY MIXTURE 
Component 
50 mM HEPES ph 7.4 
10 mM MgCIz 
1 mM EDTA 
10 mM Fnictose-6-pliosphate 
16.7 mM UDPG 
433 mM G6P 

Role 
Buffer to stabilize pH 
Helps stabilize SPS enzyme in assay 
Helps break cell membranes 
Substrate for SPS 
Substrate for SPS 
Activator for SPS 
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Saturating substrate and activator concentrations allowed the observation of maximal SPS 

activity free from the effects of possible in vivo regulatory molecules. Winter and Huber 

describe this type of assay as a Vmax assay, which eliminates the effect of light/dark 

modulation on SPS activity (Winter and Huber, 2000). 

SPS activity was assayed in 70^1 of reaction mixture composed of 42 îl of the 

assay mixture described above and 28 ^1 of tiie cell extract. This brought the reaction 

concentrations of fmctose-6-phosphate to 6 mM, and UDPG to 10 mM. Each sample was 

mn in replications of three reaction tubes and three blanks to normalize results for 

possible endogenous sucrose. The SPS in the reaction tubes was allowed to form sucrose 

for 10 minutes, after which 1 N NaOH was added to stop the reaction. 1 N NaOH was 

added to the blank tubes before the sample was added. All of the assay tubes were then 

boiled for ten minutes to destroy any unreacted hexoses. 12 M HCl was then added to the 

tubes to hydrolyze the sucrose into fmctose and glucose. Then 0.1% resorcinol was 

added, which reacted with the aldehyde groups in the newly liberated finctose to produce 

a pink color that was measured using a spectrophotometer (A52o)- The amount of fiuctose 

present is directly proportional to the amount of sucrose synthesized by SPS. A sucrose 

standard curve that contained known concentrations of sucrose was run in parallel with 

the assay and was treated in exactly the same manner as the assay tubes. 

SPS assay modification to measure SuSy activity 

If sufficient concentrations of fioictose were present in the cell extracts, it would 

be possible for SuSy to synthesize sucrose and increase the apparent SPS activity. To 

screen for this, a SuSy assay was run in parallel with the SPS assay on the same sample 
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(68 h Z elegans cells with high percentage TEs) by substituting fmctose in equal 

amounts for fmctose-6-phosphate. 

Statistical Analysis 

Groups were analyzed for similarity or difference by one-way ANOVA 

with randomization (1000 iterations) by use of a sub-routine written by R.E. Strauss for 

Matiab® (Natik, MA). The sub-routine, called "pairwise" is available at: 

http://www.biol.ttu.edu/Faculty/FacPages/Strauss/Matlab/matiab.htm. 

RESULTS 

System 1: Tracheary elements differentiating from isolated mesophyll cells of Z 

elegans cultured in the dark 

SPS activity increased in correlation with two waves of TE production in complex 

inductive medium 

90 h 

I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10 15 20 25 30 35 
% TEs Among All Cells 

Figure 12. SPS activity is shown in correlation with percentage of live TEs over the course of 
differentiation in complex inductive medium. Two peaks in SPS activity correspond to two peaks 
of TE production. The first peak in the percentage of live TEs at 60 hours corresponds to the first 
peak in SPS activity. The second peak in SPS activity corresponds to a second peak in TE 
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differentiation. TEs produced at this time were fewer in number than those of the fu-st peak, but 
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Figure 13. Illustration of the stages of differentiation of Zinnia cells in complex medium, (a) 0 
hour mesophyll cells observed in bright field microscopy; (b) small, TEs differentiated at 60 hours 
observed by polarization microscopy; (c) larger TEs differentiated at 90 hours observed by 
polarization microscopy. Cultures in simplified medium did not form large TEs at 90 hours. 

In figure 12, SPS activity is shown along with percent live TEs to allow direct 

comparison of SPS activity and TE differentiation. In complex inductive medium, two 

peaks of TE production were observed. Initial SPS activity in the Z elegans culture was 

low at 0, 24, and 48 hours when TE differentiation had not yet occurred. The first peak 

produced small TEs at about 60 hours after culture and corresponded to a peak in SPS 

activity. The increase in SPS activity between 56 and 60 hours corresponds to the time of 

synthesis for TEs in the first production peak. As these TEs begin to die via autolysis, 

SPS activity decreased until 72 hours. TE death beginning at 60 hours was confirmed by 

Evans blue staining (Figure 10). SPS activity then rises toward 90 hours, which 

corresponds with the second peak in TE production. Fewer TEs differentiate during the 

second peak, but they are much larger, and they have more complex cell wall pattems 

than those produced during the first peak (Figure 13B and C). These larger TEs form 

from mesophyll cells that did not differentiate during the first peak, but instead continued 

to expand until their differentiation during the second peak. The changes in TE size in 

complex medium are shown in Fig. 13 B and C. 
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SPS activity increases in correlation with increasing percentage of TEs in simplified 

inductive medium 
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Figure 14. 
medium. 
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% TEs Among All Cells 

SPS activity correlates with increasing percentage of TEs in simplified inductive 

In simplified medium, cell division was suppressed, and only one wave of 

production of small TEs (Figure 14) was observed at about 68 hours. Large TEs did not 

form in simplified medium (Figure 13C). SPS activity peaked only once in this medium 

at 68 hours, which was the time when the percentage of live TEs reached its maximum 

(Figure 14). There was no second peak in TE differentiation in this medium, and SPS 

activity did not rise again (Figure 14). 
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SPS activity increased in non-inductive medium only when TEs were induced to 

form. 
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Figure 15. SPS activity in non-inductive medium is shown before and after the induction of TE 
differentiation. A non-induced control is shown for comparison. There is no SPS activity prior to 
induction in either scenario, and there is no SPS activity in the absence of induction. 

Figure 16. (A) Cells in non-inductive medium de-differentiate into simple round structures; (B) 
starch deposits (shown as purple spots) were detected by iodine stain; (C) long TEs formed 
exclusively in late-induced cultures. 

There was no perceivable SPS activity or TE formation in non-inductive cultures 

of Z elegans mesophyll cells until the addition of the necessary cytokinin to cause their 

differentiation into tracheary elements (Figure 15). When these non-inductive cultures 

were induced to differentiate by the addition of cytokinin, SPS activity rose in correlation 

with increasing percentage of TEs (Figure 15). To check for possible endogenous cycles 

Babb -22 



in SPS activity, cultured cells were maintained in non-inductive culture until they 

depleted their starch stores at around 240 hours after culture (Figure 16 B cell showing 

starch grains). These cells showed no SPS activity until induction. After induction, 

significant increases in SPS activity mirrored TE differentiation (Figure 15). 

SuSy, SPS comparative assay 

Identical samples assayed for SPS and SuSy activity in parallel presented 

expected levels of SPS activity, and no representation of SuSy activity. 

System 2: Etiolated P. vulgaris hypocotyls 

SPS activity increased with increasing presence of xylem tissue. 
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Figure 17. SPS activity and dry weight increase as hypocotyls grow toward the medium height. 
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short 

Figure 18. Safranin staining of cross-sections of short, medium, and tall etiolated hypocotyls. 
Xylem tissue is stained dark red. 

Short hypocotyls showed very littie differentiated xylem tissue (Figure 18A). The 

abundance of xylem tissue increased as the etiolated hypocotyls grew toward medium 

height (Figure 18B). Tall hypocotyls showed almost identical amounts of xylem tissue to 

medium hypocotyls (Figure 18B and C). When dehydrated hypocotyls were weighed, 

medium and tall hypocotyls had similar weight ranges, while the range for short 

hypocotyls was the lowest (Figure 17). These observations indicate that most xylem 

deposition occurs as the hypocotyls attain the medium height. These data also suggests 

that the elongation observed between the medium and tall stages is mainly due to cell 

expansion with minimal xylem deposition. A peak in SPS activity in medium height 

corresponds to the stage of highest weight and most extensive xylem formation of the 

etiolated hypocotyls (Figures 17 and 18). 

Discussion 

In both systems studied, SPS activity mirrored increases and decreases in the rate 

of cellulose synthesis. The results of these experiments are consistent with the concept 

that SPS plays a regulatory role in the sucrose pool available for SuSy-mediated cellulose 

synthesis (Amor et al. 1995; Haigler et al. 2001). 

In differentiating Z elegans cultures, SPS activity increased in parallel with 

peaks in TE differentiation and decreased in parallel with TE autolysis. The different time 
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courses of TE initiation and autolysis in complex, simplified, and non-inductive media 

reinforce the correlation between TE differentiation and SPS activity. In every medium, 

SPS activity increased only at times of increasing TE differentiation. SPS activity 

decreased concurrently with decreases in TE differentiation and with TE autolysis 

(Figures 12, 14, and 15). 

The complex inductive medium allowed observation of SPS activity with regards 

to percent differentiating TEs and size and complexity of TEs. The first peak in SPS 

activity in complex medium at 60 hours clearly correlates with the first peak in SPS 

activity (Figure 12). The second peak in SPS activity at 90 hours correlates to the time of 

synthesis of large TEs, which contained more complexly pattemed cell walls (Figure 12 

and 13). These more complex cellulose thickenings and larger cell surfaces could require 

the synthesis of larger amounts of cellulose. It is also important to note that during the 

second peak, all of the autolyzed TEs from the first peak in TE production are still 

present and effecting the percentage of live TEs. This would explain why SPS activity 

peaks a second time while percentage of live TEs does not increase (Figure 12). 

The simplified inductive medium allowed observation of SPS activity with the 

absence of the second peak in TE production at 90 hours. The corresponding second peak 

in SPS activity was also eliminated in this medium (Figures 12 and 14). This evidence 

indicates that the fluctuations in SPS activity are not simply due to some endogenous 

rhythm. If this were the case, then cells in simplified medium would show two peaks in 

SPS activity without the second peak in TE production. The single peak in SPS activity 

naralleled the single peak in TE differentiation in simplified inductive medium (Figure 
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14). This simpler system afforded easier analysis of the relationship between SPS activity 

and cellulose synthesis. 

The non-inductive medium allowed the study of SPS activity in the absence of 

starch. It is important to demonstrate that observed SPS activity in cellulose synthesizing 

systems is separate from the well-established role of SPS in starch degradation 

(Geigenberger and Stitt, 1991; Hauch and Magel, 1998; Langenkamper et al., 1998; 

Chavez-Barcenas, et al., 2000). Observations in non-inductive cultures that were allowed 

to deplete their starch prior to the addition of cytokinin illustrate that observed SPS 

activity correlated strictly with cellulose synthesis and not starch degradation. No SPS 

activity was observed prior to the addition of cytokinin and initiation of TE 

differentiation (Figure 15). This trend held constant whether TE differentiation was 

induced before or after cells depleted their starch. 

In P. vulgaris etiolated hypocotyls, SPS activity increased in parallel with rapid 

xylem deposition and dry weight accumulation. SPS activity declined as xylem 

deposition and dry weight accumulation decreased (Figures 17 and 18). Assay of SPS 

activity in growing hypocotyls allowed analysis of SPS in planta. Qualitative 

observations of the extent of xylem deposition (Figure 18) and quantitative measurement 

of dry weight (Figure 17) indicated that hypocotyls grew most rapidly as they attained the 

medium height (Figure 17). SPS activity paralleled these trends, increasing toward its 

maximum as hypocotyls approached the medium height and declining thereafter (Figure 

17). 

SPS activity consistently correlated with rates of cellulose synthesis in both 

cultured mesophyll cells of Z elegans and etiolated P. vulgaris hypocotyls. In both of 
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these systems, the tight correspondence of SPS activity to cellulose synthesis argues that 

SPS plays a role in directing the metabolic flux of carbon toward cellulose synthesis. 

Further study of this role for SPS could involve westem blot analysis of Z elegans cells 

over the time-course of differentiation. This analysis would clarify whether perceived 

increases in SPS activity are the result of increased synthesis of SPS (more mRNA and / 

or protein) or the result of up-regulation of enzymes already in existence. It would also be 

of interest to determine whether the SPS that participates in the cellulose synthesis 

pathway is the same isoform of SPS responsible for leaf sucrose synthesis, or is a distinct 

member of a family of SPS enzymes that functions to control the flux of carbon into the 

cellulose biosynthetic pathway. This determination could be accomplished with a 

metabolite ratio experiment, or through a more direct molecular approach. 
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