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ABSTRACT 

The relationships between chlorophyll levels, photosyn

thetic rates and palisade chloroplast morphology (determined 

with stereological techniques) were investigated using two 

groups of cotton varieties grown in open fields. The first 

group was studied for two years and consisted of four 

strains, T-125, T-166, T-231 and T-766, which had no differ

ences in net photosynthesis per leaf area of tissue (mg 

carbon dioxide/dm^/h). However, T-125 and T-166 had less 

total chlorophyll per leaf area of tissue than did T-231 and 

T-766. The second group, consisting of T-249 and T-301, had 

no differences in total chlorophyll, but did have differenc

es in net photosynthesis per area of leaf tissue—T-249 had 

a significantly lower rate of photosynthesis per leaf area 

than did T-301. 

The amount of chlorophyll per volume of leaf tissue was 

positively correlated to the number of chloroplasts per cell 

and to the palisade cell volume. Increased photosynthesis 

per area of leaf tissue was positively correlated to in

creased total thylakoid membrane per chloroplast and 

increased chlorophyll a/b ratios in strains with equivalent 

chlorophyll levels per area of leaf tissue. In strains with 
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differences in chlorophyll levels, an increased rate of 

carbon dioxide fixation was not related to increased surface 

area of thylakoid membrane or chlorophyll a/b ratios; how

ever, increased photosynthesis per volume of leaf tissue was 

negatively correlated to the number of chloroplasts per 

cell, palisade cell volume, and total chlorophyll level per 

volume of leaf tissue. Photosynthesis per area and per vol

ume of leaf tissue were negatively correlated to 

photosynthate accumulation in the chloroplasts. Differences 

between the strains studied in chlorophyll levels and photo

synthetic rates measured on a per area of leaf tissue basis 

were partially removed when differences in leaf thicknesses 

were considered. Some variation from year to year in 

chlorophyll levels and palisade chloroplast morphology was 

found in the strains that were studied for two years. 
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CHAPTER I 

INTRODUCTION 

The main objective of research involving crop plants is 

to increase the yield of useful products. The greatest po

tential for achieving further increases in yield is through 

genetic and chemical manipulation of light interception over 

the season and of partitioning photoassimilates (Gifford, 

1984). This study focussed on increasing the potential for 

manipulating light interception by examining the relation

ships between chlorophyll levels, photosynthetic rates and 

chloroplast morphology. 

Chlorophyll levels and photosynthetic rates have been 

shown to be correlated to yield and to be genetically con

trolled. In pearl millet, chlorophyll was positively and 

significantly correlated with grain yield and exhibited dom

inant and additive gene action with pronounced maternal 

effects (Mehndiratta and Phul, 1983). In studies on 20 va

rieties of soybean, high photosynthesising plants were 

consistently found to be high yielders (Dornhoff and Shi-

bles, 1970). 

Photosynthetic rates and amounts of chlorophyll per leaf 

area have also been positively correlated with leaf 



thickness (Charles-Edwards, et a].., 1974). Net 

photosynthesis per dm^ was negatively correlated with leaf 

thickness in 15 different angiosperm species including Gos-

sypium hirsutum (El-Sharkway and Hesketh, 1965). However, 

Chabot and Chabot (1977) found the relationship between pho

tosynthetic rate and leaf anatomy not to be as significant 

in woodland strawberries grown under varying light and temp

erature conditions. 

Photosynthate accumulation has been reported to inhibit 

photosynthesis (Chabot and Chabot, 1977); however, other 

correlations between photosynthetic rates and chloroplast 

composition have not been well defined. Within the same 

species of evergreen grass, Deschampsia flexuosa (L.) Trin., 

seasonal decreases in photosynthetic rate measured by oxygen 

evolution were associated with changes in the ultrastructure 

of chloroplasts, namely thylakoid membrane architecture 

(Aro, et̂  £i« / 1985). However, Simpson and Von Wettstein 

(1980) found that it was not possible to discern a usable 

relationship between chloroplast ultrastructure and photo

synthetic deficient mutants of barley. These studies 

indicated that, although differences in thylakoid membranes 

were correlated to differences in photosynthetic rates, 

equivalent thylakoid structure was not indicative of 

equivalent photosynthetic rates. 



A major obstacle encountered in defining relationships 

between chlorophyll levels, photosynthetic rates and chloro

plast ultrastructure involved the ability of the 

investigator to discern subtle differences in chloroplast 

morphology (Goodenough and Levine, 1969 and Naito, et_ al., 

1980). Stereology, defined as the three dimensional inter

pretation of two dimensional information (DeHoff and Rhines, 

1968), provided a means for the detection of small structur

al changes in cells and a means of correlating these with 

physical and biochemical measurements (Berlin, et̂  al., 1982, 

Fagerberg, 1983, and Santos and Salema, 1983). Three of the 

basic parameters of stereology were used in this study— 

volume density (Vv), numerical density (Nv), and surface 

density (Sv). These measurements were then used in conjunc

tion with the cell volume to determine the number of 

chloroplasts per cell (N) and the average volume (Vo) of the 

chloroplast (Weibel, 1979). 

The stacking pattern of thylakoids is known to vary. For 

example, differences in thylakoid organization were reflect

ed by the chlorophyll a/b ratios in studies of D. flexuosa 

(Aro, et al., 1985). Evidence has been obtained that 

glutaraldehyde fixed thylakoid membranes shift to the 

thermodynamically most favorable configuration in the buffer 



before the fixative has time to inactivate them (Anderson, 

1975 and Papageorgiou and Isaakidou, 1978). 

Chlorophyll levels and photosynthetic rates have general

ly been measured on a per area of leaf tissue basis 

(El-Sharkway and Hesketh, 1965, Chabot and Chabot, 1977, and 

Burke, et^ B1. , 1984). However, differences in chlorophyll 

levels and photosynthetic rates per leaf area have been 

shown to be attributed to differences in leaf thickness 

(thicker leaves have a larger biochemical system under the 

unit area), and these differences have been removed when 

chlorophyll levels and photosynthetic rates were evaluated 

on a per volume of leaf tissue basis (Charles-Edwards, et_ 

al., 1974). For this study, chlorophyll levels and photo

synthetic rates were evaluated on both a per area and per 

volume of leaf tissue basis. 

The strains of cotton used for this investigation were 

selected based on the results of a two year study in which 

several hundred varieties of cotton were screened for 

chlorophyll levels and photosynthetic rates. Two strains, 

T-231 and T-766, were selected as having higher than average 

chlorophyll levels, and two others, T-125 and T-166, were 

selected as having lower than average chlorophyll levels. 

All four had statistically similar photosynthetic rates per 



area of leaf tissue. Two more strains, T-249 and T-301, 

were also examined. These exhibited no significant differ

ences in chlorophyll levels; however, T-249 plants had a 

significantly lower photosynthetic rate per dm^ than T-301 

plants. 

The purpose of this investigation was to examine the re

lationships between chlorophyll levels, photosynthetic rates 

and palisade chloroplast morphology with the following ob

jectives: 

1. Determine if differences in chlorophyll levels were 

correlated to differences in chloroplast morphology 

in plants exhibiting no differences in photosynthetic 

rates. 

2. Determine if differences in photosynthetic rates per 

area of leaf tissue were correlated to differences in 

chloroplast morphology using plants that exhibited no 

differences in total chlorophyll per area of leaf 

tissue. 

3. Determine if photosynthate accumulation per chloro

plast was related to the photosynthetic rate per area 

or per volume of leaf tissue. 

4. Evaluate total chlorophyll and photosynthetic rate 

measurements made as amount per area of leaf tissue 



on a per volume of leaf tissue basis to determine if 

differences between strains were removed when leaf 

thickness was considered. 

5. Determine if differences in chlorophyll levels and 

palisade chloroplast morphology were consistent for 

the same strains of cotton grown from year to year. 



CHAPTER II 

MATERIALS AND METHODS 

Plant Material 

To avoid problems associated with increases in photosyn

thetic rates and chlorophyll levels upon seed set (Dornhoff 

and Shibles, 1970), all strains selected for this study ex

hibited a photoperiodicity that did not allow flowering 

during the Lubbock growing season. Cross-breeding of the 

strains investigated with cv. RQSX produced fully flowering 

plants with similar properties to the original strain inves

tigated (Quisenberry, 1985). The plants used were grown 

side by side in open fields under irrigated conditions dur

ing the summers of 1983 and 1984. Analyses were made 80 

days after planting and were performed on the second young

est, fully expanded leaf. All leaves used received full 

sunlight. No shading effects were involved. Corresponding 

regions of the leaf were used for each analysis to insure 

uniformity in sampling. All experimentation was performed 

on tissues that were collected between 10:00 a.m. and 12:00 

a.m. 
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Chlorophyll Levels 

Data pertaining to amounts of chlorophyll for the first 

year's investigation was provided by Dr. John J. Burke (per

sonal communication). I duplicated his procedure in the 

second year as described below. 

Following photosynthetic rate measurements and microscopy 

sampling, leaves were removed from the plants and immediate

ly placed in plastic bags on ice in the dark and taken to 

the lab. A size five cork borer was used to punch out two 

leaf disks from the region of the leaf between the midrib 

and first major lateral vein. The disks where minced and 

placed in two ml of 80% acetone for 48 h. The extracts were 

then analyzed spectrophotometrically by the procedure of Ar-

non (1949) to determine total chlorophyll per cm^ leaf 

tissue and chlorophyll a/b ratios. 

Photosynthetic Rates 

Net photosynthesis was measured using a Li-Cor 6000 pho

tosynthesis meter. This device allowed for measurements to 

be made while the leaf was still on the plant. Measurements 

were transformed to mg carbon dioxide/dm^/h and were 

recorded for the second year only. 



Dry Matter Determinations 

Above ground dry matter production was determined by cut

ting the plants off at the cotyledonary node, placing the 

tissue in a drying oven (37 C) for two weeks, and weighing 

the plant material. Measurements were made in the second 

year only. 

Sampling for Microscopy Studies 

A 16 gauge needle attached to a syringe filled with 6% 

glutaraldehyde in 0.1 M buffer (pH 6.8) was used to punch 1 

mm diameter disks from the leaf while the leaf was still on 

the plant. (To improve fixation of tissues and enhance the 

quality of electron micrographs, the buffer used was changed 

from cacodylate in the first year to phosphate in the sec

ond.) Tissue samples were taken between the midvein and the 

first major lateral vein. Only one leaf disk was taken from 

each individual plant. The disks from each strain were 

transferred to vials containing the same fixative mixture. 

The vials were stored at 4 C overnight. Samples were then 

rinsed in buffer, postfixed in osmium tetroxide in the same 

buffer, dehydrated in a graded ethanol series followed by 

propylene oxide, and embedded in EMbed 812 (Electron 

Microscopy Sciences, Ft. Washington, PA). 
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The same leaf disks were used for making transverse 

sections for light microscopy and transmission electron mi

croscopy, then reoriented and used for paradermal sections 

for light microscopy. This allowed for the direct compari

son of the results for determining cell volumes without 

introducing errors due to differences in individual plants. 

Leaf Thickness and Palisade Cell 
Height 

Transverse sections, 2 pm thick, were stained with 1% to-

luidine blue-0.5% methylene blue in 1% sodium borate 

(Millonig, 1976) and photographed with a Zeiss photomicro-

scope. A true transverse section was determined to be one 

in which individual palisade cells were continuous from the 

upper epidermis to the spongy mesophyll cells. A calibra

tion grating was taken with each roll of film and used 

during photographic enlargement to provide precise magnifi

cations of the final prints. Micrographs used in this study 

were magnified x 510. Eight randomly selected palisade 

cells and the corresponding leaf thicknesses were measured 

on each micrograph. The regions around the veins were 

avoided because the palisade cells were shortened in this 

area. Only one micrograph was analyzed per leaf disk; 

however, four such disk were used per strain for a total of 
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32 measurements per strain, each year that strain was 

studied. 

Palisade Cell Area and Volume 

Serial paradermal sections, 4 pm thick, were collected 

sequentially. Sections were stained and photographed in the 

same manner as the transverse sections. Two sections were 

selected as being from the upper or lower palisade region 

based upon the appearance of adjacent sections—the upper 

region was one section below the upper epidermis, and the 

lower region was one section above the spongy mesophyll 

area. The section exactly halfway between these was consid

ered to represent the middle palisade region. Two 

non-overlapping areas of each of these three regions were 

photographed yielding a total of six photographs per leaf 

disk. With four leaf disks sectioned per strain, this fur

nished 24 micrographs for examination per strain per year 

studied. Final print magnification for this study was x 

1480. 

Cross sectional areas of cells were determined by point 

counting methods. A lattice system with spacing between the 

lines equal to 15 mm was superimposed on to each micrograph. 

The points of intersection that lay on top of a cell profile 
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were counted. This number was then multiplied by the area 

represented by each point in pm^ (see stereology section for 

discussion). The product represented the total area of all 

palisade cells in the micrograph and was divided by the num

ber of cells in the micrograph to determine the average 

cross sectional area of each cell. Errors due to counting 

in this manner were minimized by utilizing the precautions 

mentioned under stereological procedures. 

Volume determinations were made by multiplying the mean 

cell height by the corresponding mean cell area. 

Chloroplast Morphology 

Silver to grey, transverse sections were cut with a dia

mond knife, collected on 300 mesh copper grids, stained with 

2% uranyl acetate followed by Reynolds lead stain (Reynolds, 

1963), and observed using transmission electron microscopy. 

To eliminate the potential error of photographing the same 

cell in serial sections, only one section per leaf disk was 

photographed. Investigator bias was eliminated and the pos-

siblity of overlapping prevented by photographing only the 

areas of tissue lying in a predetermined position relative 

to the grid bars (Berlin, et al̂ ., 1982). Initial 

magnification was x 4,500 the first year and x 5,400 the 
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second. As with the light micrographs, a calibration 

grating was photographed with each set of pictures and used 

in photographic enlargement to insure that the final magni

fication was X 17,500 for the first year and x 22,300 for 

the second. 

The chloroplasts from only the palisade cells were ana

lyzed because the majority of photosynthesis takes place in 

this layer of leaf tissue (Terashima and Inoue, 1985). This 

also reduced the number of micrographs analyzed and elimi

nated errors associated with determining the volume of 

spongy mesophyll cells. 

Using the formulas from Weibel (1979), it was determined 

that 100 chloroplasts per strain needed to be analyzed to 

insure that the relative standard errors from the stereo

logical methods used would be less than 5%. In the first 

year, this was accomplished by taking eight micrographs from 

each of four tissue blocks for each strain or a total of 32 

micrographs per strain. This proved to be statistically in

adequate to detect some of the differences between the 

strains; therefore, the scheme for the second year was 

modified to six micrographs for each of six tissue blocks, 

or a total of 36 micrographs, for each strain. Although 

this increased the total number of micrographs per strain by 
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only four, the efficiency of the experiment was greatly 

improved by increasing the number of individuals examined 

(Shay, 1975 and Gundersen and Osterby, 1981). 

The mean chloroplast volume, number per cell, volume den

sity, surface density of thylakoid (grana and stroma 

lamellae combined), etc., were determined from these micro

graphs using the stereological techniques described below. 

The percent of the chloroplast occupied by starch and lipid 

was also determined by stereology. Ballentine and Forde 

(1970) showed that starch estimated visually from electron 

micrographs paralleled biochemical estimations. 

Stereological Procedures 

Test line selection. Three to four micrographs from each 

Strain were randomly selected for a preliminary study to de

termine the most appropriate test line system for the 

components examined. Several different line spacings and 

configurations were investigated. 

For preliminary investigations, line systems were 

obtained by photocopying graph paper of varying line 

spacings onto transparent acetate—the same as that used 

for overhead projectors. However for the final 
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measurements, the test lines were hand drafted onto clear 

acetate to avoid distortion due to photocopying. The ace

tate was then placed on top of each micrograph to collect 

stereological data. 

Based upon the preliminary results and the charts from 

Weibel (1979) describing the expected relative probable er

ror based on volume density or surface density versus total 

points counted, a 20 mm square lattice system was selected 

to determine cell points, cytoplasm points, chloroplasts 

points, and intercepts with thylakoid membranes, both grana 

and stroma lamellae, while a 10 mm square lattice system was 

used to determine the number of points over starch and lipid 

bodies. For surface density of thylakoid membranes, the to

tal number of intersections with the test lines was counted. 

Relative standard errors due to point counting methods with 

these two test systems was estimated to be less than 5% 

(Rally, 1964 and Weibel, 1979). 

Counting convention. To avoid possible errors in count

ing organelle or cell profiles when the complete profile was 

not seen on the micrograph, the following convention was 

utilized (Weibel, 1979). Points or intersections were 

counted if these fell on any portion of the organelle; 

however in determining the number of organelles per 
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micrograph, only complete traces or those that were 

interrupted by the right or bottom margins were counted. 

Those incomplete profiles which intersected the top or left 

margins were not counted. 

Using a grid system for evaluating micrographs required 

that the following conventions be implemented. If the lower 

left corner of a square of the lattice fell on top of an or

ganelle, then that square was counted and its representative 

area was attributed to that organelle. However, if the des

ignated point of intersection did not fall on top of an 

organelle even if the remainder of the square was filled 

with that organelle, the point was not counted, and the area 

was not attributed to that organelle. 

The area represented by one point was determined by di

viding the distance between lines by the final magnification 

of the micrograph and squaring the quotient. A conversion 

factor of four was used to relate the 20 mm and 10 mm sys

tems. 

Formulas. Volume density (Vv), the decimal percent of a 

reference system, such as a cell, that was occupied by a 

component, such as chloroplasts, was estimated by measuring 

the total area of the components (Ao) and dividing by the 
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area of the reference system (A). A grid system 

superimposed over the micrograph was used to estimate Ao/A. 

The ratio of the number of points falling over the component 

profiles (Po) to the number of points falling on the refer

ence system profile (P) was equivalent to Ao/A and, 

therefore, Vv (Weibel, 1979). 

Vv = Po / P 

The total surface area of thylakoid membranes per chloro

plast (Sv thylakoid), was estimated in a similar manner. A 

system of lines was applied to the micrograph and the number 

of intersections of the thylakoid membranes with these lines 

(I) was counted. The total length of line that fell on 

chloroplasts (L) was also measured. Sv was then calculated 

by the following equation (Weibel, 1979): 

Sv = 2 X I / L 

L was divided by the final print magnification to obtain the 

true length in pm. 

Nv, the number of particles per volume, was directly re

lated to the number of particles per area (Na) by the 

following equation (Weibel, 1979): 

1 (Na)3''2 
NV = X --' 

beta {Vv)^'^ 
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where Na equaled the number of particles per area counted 

and beta was a dimensionless constant which related the par

ticle volume and its mean cross sectional area. Beta values 

were obtained by calculating the length/diameter ratio of 

intact profiles and utilizing the charts from Weibel (1979). 

Chloroplasts and starch bodies were considered to be ellip

soids, while lipid bodies were considered to be spheres. 

Vv and Nv were used in conjunction with the cell volume 

to determine the number of chloroplasts per cell (N) and the 

mean chloroplast volume (Vo). 

N = Nv * Volume of Cell 

Vo = Vv / Nv 

Errors introduced by the finite thickness of the sec

tions, known as the Holmes Effect, were ignored based on two 

criteria—the section thickness was consistent for all ex

perimental units and the particle diameter, chloroplasts, 

starch or lipid bodies for transmission electron microscopy, 

was much greater than the section thickness (Toth, 1982). 

Other considerations for the shrinkage of tissues while 

embedding for transmission electron microscopy, etc., were 

also neglected since the correction factors for this 

comparison type study would have been similar in each case 

(Steer, 1981). 
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Statistical Analysis 

The magnitude of numbers generated in this stereological 

study necessitated the use of a computer system to analyze 

the data. The statistical subroutines provided by SAS (Sas 

Institute, Inc., 1982) were incorporated into a program 

which utilized the stereological formulas mentioned previ

ously. 

Hand calculations were used on randomly selected data 

sets to verify the integrity of the computer program. 

Cumulative means were used to determine whether a large 

enough number of micrographs were being examined to insure a 

relative standard error of less than 5%. 

Analysis of variance was performed on the data in con

junction with Duncan's Multiple Range Test to detect 

differences in the means and to determine the relationship 

between chloroplast morphology (Vv, Sv, Nv, N, and Vo), 

chlorophyll levels, and photosynthetic rates (Steel and Tor-

rie, 1980 and SAS Institute, Inc., 1982). 



CHAPTER III 

RESULTS 

Chlorophyll Study 

Gross morphology and physiology. At the time of sam

pling, the T-231 and T-766 plants were much smaller and had 

darker green leaves than T-125 and T-166 plants. This was 

reflected by the amount of above ground dry matter and the 

total chlorophyll/cm^ (Table 1). T-231 and T-766 had sig

nificantly less above ground dry matter than did T-125 and 

T-166. The leaves of T-231 and T-766 were thicker than than 

those of T-125 and T-166 (Figure 1), and this difference was 

consistent from year to year (Table 1). 

T-125 and T-166 plants remained significantly lower in 

total chlorophyll on a per area of leaf tissue basis than 

T-231 and T-766 from year to year; however when differences 

in leaf thickness were considered, only T-166 plants re

mained significantly low and only T-766 plants remained 

significantly high for total chlorophyll per volume of leaf 

tissue for both years (Table 1). 

Between the four strains, photosynthetic rates per leaf 

area were not different; however rates per volume of leaf 

20 
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tissue were different. T-766 plants had a significantly 

lower rate of carbon dioxide fixation than did plants from 

T-231 or T-166 (Table 1). On a per volume basis considering 

both years, T-766 plants had more chlorophyll/cm^ and a low

er rate of net photosynthesis/cm^ than did T-166. Plants 

from T-125 and T-231 either were not different from T-166 or 

T-766 or varied from year to year. 

Palisade cell morphology. Palisade cell morphology of 

all strains remained fairly consistent from year to year 

(Table 2). T-125 plants had significantly fewer cells/pm^ 

but a larger mean cross sectional area than T-166 and T-231. 

Plants from T-231 and T-766 had longer palisade cells (Table 

2) and thicker leaves (Table 1) than.did those from T-125 

and T-166. T-166 plants had the smallest mean palisade cell 

volume for both years, while T-231 had the largest cell vol

ume in the first year, and T-766, the largest in the second 

(Table 2). 

Chloroplast morphology. The increase in total chloro

phyll per volume of leaf tissue was positively correlated 

with an increase in the number of chloroplasts per palisade 

cell. In the second year, T-166 plants had fewer 

chloroplasts per cell than did T-766 (Table 3). No 

differences were detected in the number of chloroplasts per 
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cell in the first year; however, this was due primarily to 

the sampling scheme—although the statistical differences 

between strains for the number of chloroplasts per cell were 

not significant, the differences between plants of the same 

strain were significant. Increasing the number of plants 

studied in the second year reduced the within strain error 

and made differences between strains in the number of 

chloroplasts per cell detectable. No other differences in 

the chloroplasts of these four strains were found. For both 

years of study, Vv chloroplasts, mean chloroplast volume and 

Sv thylakoids (grana and stroma lamellae combined), per 

chloroplast were statistically the same (Table 3), and visu

al observations revealed no differences between the strains 

(Figure 2). 

Photosynthetic rate per volume of leaf tissue showed a 

negative correlation to photosynthate accumulation per 

chloroplast (Table 3). T-166 plants were higher in net pho

tosynthesis per volume of leaf tissue and their chloroplasts 

had significantly less starch and lipid accumulation than 

did plants from T-766 for the second year of study. No cor

relation was made for the first year because photosynthetic 

rates were not reported. 
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Photosynthesis Study 

General morphology and physiology. T-249 and T-301 

plants were similar in size and appearance, had no real dif

ference in above ground dry matter production, and had 

equivalent pg chlorophyll/cm^ and pg chlorophyll/cm^ (Table 

1). T-301 had a higher chlorophyll a/b ratio than did 

T-249. The photosynthetic rate per leaf area was higher for 

T-301; however when leaf thickness was considered, no sig

nificant differences in the rates of carbon dioxide 

fixation/cm-^ leaf tissue were found between T-249 and T-301. 

Palisade cell morphology. Palisade cells from T-249 and 

T-301 had no significant differences in general morphology 

(Table 2). The only real difference in gross morphology in 

these two strains was in leaf thickness (Table 1). This ap

peared to be due solely to an increase in the thickness of 

the spongy mesophyll layer of the leaf (Figure 3, a and b) 

since the height of the palisade cells was not different for 

these strains (Table 2). 

Chloroplast morphology. T-301 chloroplasts had 

significantly more total surface area of thylakoid membrane 

per chloroplast than did T-249 chloroplasts (Table 3). No 

differences in the stacking pattern of the thylakoids were 
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visually detected in the micrographs analyzed (Figure 3, c 

and d). As in the chlorophyll study, the Vv chloroplast per 

cell and the mean chloroplast volume were not different for 

the strains studied (Table 3). The number of chloroplasts 

per cell was also statistically the same. 

The amount of starch per chloroplast was lower in T-301 

plants, while the amount of lipid was not different between 

the two strains (Table 3). 
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S t r a i n 

T-125 
T-166 
T-231 
T-766 

T-125 
T-166 
T-231 
T-766 

T-249 
T-301 

TABLE 2 

PALISADE CELL MORPHOLOGY 

Number 
per 
Area 

xlO'^/pon^ 

Mean Cros 
Sec t iona l 

Area 

pon^ 

Chlorophyll Study: 
6.21^ 
7.40^ 
7.52^ 
6.90^ 

129.2^ 
111.6^ 
108.9^ 
114.4^ 

s 
Cel l 

Height 

j^m 

First Year 

109.6^ 
101.5*^ 
150.4^ 
126.4^ 

Chlorophyll Study: Second Year 

5.60^ 
6.81^ 
6.63^ 
5.66^ 

147.8^ 
124.2^ 
128.7^ 
143.9^ 

Photosynthesis 
8.26 
7.90 

105.5 
109.6 

94.4^ 
96.8^ 

110.2^ 
114.6^ 

Study 
79.6 
84.8 

Cel l 
Volume 

xlO^ ym^ 

14.15^ 
11.33^ 
16.38^ 
14.44^ 

13.94^ 
12.03^ 
14.20^ 
16.56^ 

8.59 
9.55 

A R P 
«.,D,v- Means within the same column for the same year and 
study with the same superscript were not different (P > 
0.05) using Duncan's Multiple Range Test. Columns with
out superscripts had no significant differences. 
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S t r a i n 

T-125 
T-166 
T-231 
T-766 

T-125 
T-166 
T-231 
T-766 

T-249 
T-301 

VvD 

0 .329 
0 .332 
0 .345 
0 .281 

0 .298 
0 .325 
0 .284 
0 .323 

0 .367 
0 .296 

TABLE 3 

CHLOROPLAST MORPHOLOGY 

Number 
p e r 
C e l l 

Mean 
Chlp t^ 
Volume 

pan^ 

Chlorophyll Study: 
7 4 . 3 
5 9 . 2 
66 .0 
73 .4 

8 6 . 4 
9 6 . 3 
97 .4 
69 .7 

Chlorophyll Study: 
95 gA.B 
7 8 . 0 ^ 

101 .5^»^ 
108 .9^ 

64 .9 
65 .7 
61 .2 
66 .9 

Sur face 
Area 

Thylakoid 

yjr?/}jofrr 

First Year 
6.11 
5 .38 
6.12 
6 .71 

Second Year 

6 .23 
5 .02 
5 .84 
7 .18 

Photosynthesis Study 

6 6 . 3 
77 .0 

6 2 . 2 
52 .7 

6 .10^ 
8 . 4 0 ^ 

S t a r c h 
pe r 

Chlpt 

% 

7.26 
8.14 
6 .33 
8 .43 

14.78^»2 
1 2 . 5 1 ^ 
1 7 . 0 1 ^ ' ^ 
18 .86^ 

16 .76^ 
6 .89^ 

L i p i d 
p e r 

Chlp t 

% 

8.062»^ 
1 0 . 6 7 ^ ' ^ 
1 2 . 0 0 ^ 

7 . 3 6 ^ 

4^99A,B 
3 . 9 3 ^ 
5^32A,B 
5 . 6 1 ^ 

5 .32 
5 .25 

A,B,C Means within the same column for the same year and study with 
the same superscript were not different (P>0.05) using Duncan's Multi
ple Range Test. Columns without superscripts had no significant 
differences. 

D Volume fraction of cell occupied by chloroplasts. 

E Chloroplast. 
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CHAPTER IV 

DISCUSSION 

Chlorophyll Study 

The amount of chlorophyll per area leaf tissue was posi

tively correlated to leaf thickness in T-125, T-166, T-231 

and T-766. Similar findings were reported by Charles-Ed

wards, £t al. (1974) for different angiosperm species 

including G. hirsutum. The amount of chlorophyll per volume 

of leaf tissue was not correlation to leaf thickness. 

No correlation could be drawn between leaf thickness and 

photosynthetic rate per area in this study. All strains 

used had equivalent photosynthetic rates per area but dif

ferent leaf thicknesses. Photosynthetic rate per volume of 

leaf tissue showed a small, negative correlation to leaf 

thickness. 

The classification of T-125 and T-231 as being a low 

chlorophyll strain and a high chlorophyll strain respective

ly, was consistent for each year only on a per area of leaf 

tissue basis. When leaf thickness was considered, both were 

in the low chlorophyll group the first year and the high 

chlorophyll group the second. This made it extremely 

34 
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difficult to determine relationships between chlorophyll 

levels and chloroplast morphology; therefore, correlations 

were formulated based on the data from T-166 and T-766 which 

were consistent for both years. T-125 and T-231 generally 

followed these patterns if one considered the variation from 

year to year and used chlorophyll per volume measurements. 

The plants from the lower chlorophyll strains had signif

icantly fewer chloroplasts per cell than did those from the 

higher chlorophyll strains. The number of chloroplasts per 

cell was positively correlated to palisade cell volume. 

These were the only correlations found between chlorophyll 

levels and palisade chloroplast morphology in this study. 

Although Nv was considered to be difficult to measure (Toth, 

1982), the results found in this study seemed logical in 

that the percent of the cell occupied by chloroplasts (Vv) 

was not different while the palisade cell volume was larger 

for the the higher chlorophyll plants. This indicated that 

the larger cells had a correspondingly larger total volume 

of chloroplasts per cell. Since chloroplast size was not 

different in any of the strains studied, the increases in 

total volume of chloroplasts per cell must have been 

attributed to an increase in the number of chloroplasts per 

cell. The failure to detect differences in the number of 
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chloroplasts per cell in the first year was probably a 

result of the statistical inefficiency of the sampling 

scheme—the statistical differences between plants of the 

same strain were significant; however, the differences be

tween the four strains were not significant. With the 

revised sampling scheme of the second year, more individual 

plants were examined. The within strain error was reduced 

and differences in the number of chloroplasts per cell were 

detected. 

No differences in Sv thylakoids or in chlorophyll a/b 

ratios were found between the chloroplasts of any of the 

strains. The consistency of the chlorophyll a/b ratios (Ta

ble 1) for both years strongly indicated that the stacking 

pattern of the thylakoid membranes was not different (Al-

berte and Thornber, 1977 and Aro, et^ al̂ ., 1985). Because Sv 

thylakoids per chloroplast was not different, it was con

cluded that the chloroplasts from T-125, T-166, T-231 and 

T-766 had no differences in thylakoid organization or amount 

per chloroplast. 

The lower chlorophyll strains had less starch and lipid 

accumulation per chloroplasts and a correspondingly higher 

rate of photosynthesis. This was in agreement with evidence 

that photoassimilate accumulation in the chloroplast may 
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inhibit the rate of carbon dioxide fixation (Chabot and 

Chabot, 1979). 

Photosynthesis Study 

Leaf thickness was not correlated to total chlorophyll 

per area in the two varieties used for the photosynthesis 

study. T-249 and T-301 plants had differences in leaf 

thickness but no differences in total chlorophyll per area 

or total chlorophyll per volume of leaf tissue. 

Leaf thickness was found to be positively correlated to 

photosynthetic rate per area; however, studies by El-Shark

way and Hesketh (1977) involving different species of plants 

showed leaf thickness to be negatively correlated to photo

synthetic rate per area. In the photosynthesis study, no 

correlation could be made between leaf thickness and photo

synthetic rate per volume of leaf tissue because the 

photosynthetic rates for T-249 and T-301 were the same on a 

per volume of leaf tissue basis but T-301 had thicker 

leaves. Charles-Edwards, et al., (1974) reported a similar 

finding in temperate grass varieties of Lolium perenne and 

L. multiflorum. 
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No correlation could be made between photosynthetic rates 

and general chloroplast morphology for T-249 and T-301. 

Both strains had equivalent Vv, cell volumes, chloroplast 

volumes, number of chloroplasts per cell, and photosynthetic 

rates per volume of leaf tissue; however, rates of photo

synthesis per area of leaf tissue were greater for plants 

from T-301. 

Net photosynthesis was positively correlated to the total 

surface area of thylakoid membrane per chloroplast and to 

the chlorophyll a/b ratio. Plants from T-301 had a higher 

photosynthetic rate per leaf area, higher chlorophyll a/b 

ratio, and more thylakoid membrane per chloroplast than did 

those from T-249. The differences in the chlorophyll a/b 

ratios indicated that plants from T-301 and T-249 possibly 

differed in the arrangement of thylakoid membranes (Alberte 

and Thornber, 1977 and Aro, e_t al., 1985); however, visual 

inspection revealed no differences in the stacking patterns 

of T-249 and T-301 thylakoids. 

Increased starch accumulation was correlated with de

creased photosynthetic rate per area of leaf tissue in the 

photosynthesis study. In the chlorophyll study, increased 

photoassimilate accumulation was correlated to decreased 

photosynthetic rate per volume of leaf tissue. 
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Summary 

The relationships between the amount of chlorophyll, pho

tosynthetic rate and chloroplast morphology determined in 

this study are summarized below: 

1. The number of chloroplasts per cell was positively 

correlated to the total amount of chlorophyll per 

volume of leaf tissue and to palisade cell volume. 

2. Increased photosynthetic rate per area of leaf tissue 

was correlated to increased total surface area of 

thylakoid membrane per chloroplast and increased 

chlorophyll a/b ratio in strains exhibiting differ

ences in photosynthetic rates per area but exhibiting 

no differences in total chlorophyll. In strains with 

differences in photosynthetic rates and chlorophyll 

levels per volume of leaf tissue, increased photosyn

thetic rate was not related to increased thylakoid 

membrane per chloroplast or chlorophyll a/b ratios; 

however, photosynthetic rate per volume of leaf tis

sue was negatively correlated to the number of 

chloroplasts per cell, palisade cell volume, and to

tal chlorophyll per volume of leaf tissue. 

3. Photosynthetic rates per area and per volume of leaf 

tissue were negatively correlated to photosynthate 

accumulation in the chloroplasts. 
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4. Differences between the strains studied in 

chlorophyll levels and photosynthetic rates measured 

on a per area of leaf tissue basis were partially re

moved when differences in leaf thicknesses were 

considered. 

5. In the chlorophyll study, chlorophyll levels and pal

isade chloroplast morphology were not consistent from 

year to year for all strains. Only T-166 and T-766 

exhibited similar properties both years. 

Because the plants utilized in this study were non-flower

ing, these correlations cannot readily be extended to 

incorporate yield approximations. This information should, 

however, still be of interest to plant breeders in that dif

ficult to measure parameters were shown to be correlated to 

more easily determined ones. Chloroplast morphology was 

difficult to determine and required transmission electron 

microscopy, photosynthetic rate determinations required 

elaborate equipment, but chlorophyll was easily determined 

with acetone and a spectrophotometer. Traditionally, 

chlorophyll levels and photosynthetic rates have been meas

ured on a per area of leaf tissue basis (El-Sharkway and 

Hesketh, 1965 and Chabot and Chabot, 1977); however, the 

correlations found in this investigation indicated that 

total chlorophyll per volume of leaf tissue and 
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photosynthetic rate per volume of leaf tissue measurements 

were much more useful in predicting the number of chloro

plasts per palisade cell and the amount of thylakoid 

membrane per chloroplast. 

Chlorophyll could be used to predict plant yield. Based 

only on dry matter accumulation, the lower chlorophyll 

strains were the better producers. This does not take into 

account the fact that seed set causes changes in chlorophyll 

levels and photosynthetic rates. Dornhoff and Shibles 

(1970) found that the increases in photosynthetic rates dur

ing seed set for soybean were not consistent for all 

varieties studied; however, their measurements were reported 

on a per area of leaf tissue basis only. Further investiga

tions with the flowering hybrids of the cultivars used in 

this study are needed to determine if the chlorophyll level, 

photosynthetic rate and chloroplast morphology correlations 

are consistent when a fruit load is applied to the plant and 

if above ground dry matter accumulation without a fruit load 

is positively correlated to useful product yield—i.e., cot

ton fibers. 
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