
Characterization of cell type specific gene
expression in Nicotiana tabacum leaf tissue.

Item Type text; Dissertation-Reproduction (electronic)

Authors Harkins, Kristi Ruth.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:04:53

Link to Item http://hdl.handle.net/10150/185253

http://hdl.handle.net/10150/185253


INFORMATION TO USERS 

The most advanced technology has been used to photograph and 
reproduce this manuscript from the microfilm master. UMI films the 

text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any 

type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

U-M-I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9111939 

Characterization of cell type specific gene expression in Nicotiana 
tabacum leaf tissue 

Harkins, Kristi Ruth, Ph.D. 

The University of Arizona, 1990 

U·M·I 
300 N. Zeeb Rd 
Ann Arbor, MI 48106 





NOTE TO USERS 

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES WITH 

PHOTOGRAPHS WHICH MAY NOT REPRODUCE PROPERLY. 

THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 





CHARACTERIZATION OF CELL TYPE SPECIFIC GENE 

EXPRESSION IN NICOTIANA TABACUM LEAF TISSUE 

by 

Kristi Ruth Harkins 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANT SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN AGRONOMY AND PLANT GENETICS 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 990 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

th d ' rtat' d by Kristi Ruth Harkins e 1sse 10n prepare 

entitled CHARACTERIZATION OF CELL TYPE SPECIFIC GENE 
-------------------------
EXPRESSION IN NICOTIANA TABACUM LEAF TISSUE. 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

Hans f.:~Je J 10/23/90 
Date 

10/23/90 

Brian A. Lar~ins Date 

a' 10/23/90 

Date 

10/23/90 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

~ W' ~) 10/23/90 
Dissertation DirectorDavid W. Galbraith =D-a":"'t-e----------------



3 

STATEMENT BY AUTHOR 

dissertation has been submitted in partial 
of requirements for an advanced degree at The 

of Arizona and is deposited in the University 
be made available to borrowers under rules of the 

'fhis 
fulfillment 
University 
Library to 
Library. 

Brief quotations from this dissertation are allowa
ble without special permission, provided that accurate 
acknowledgement of source is made. Requests for permission 
for extended quotation from or reproduction of this manu
script in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in 
the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

Signed: ;/:ud,.? ~ 
. > 



4 

ACKNOWLEDGEMENTS 

During the past nine years that I have been associat

ed with Dr. David Galbraith, he has provided me with a very 

creative and challenging working environment. My decision 

to pursue a PhD involved both his consent and encouragement 

as my employer and advisor. I wish to thank David for 

allowing me to reach a higher potential. 

The time and advice given to me by the members of my 

dissertation committees including Dr. John Osterman, Dr. 

Dwane Wylie, Dr. James Van Etten, and Dr. George Veomett at 

the University of Nebraska and Dr. Brian Larkins, Dr. Hans 

Bohnert, Dr. Karen Oishi, and Dr. Don Bourque at the Univer

sity of Arizona has proven invaluable during the past four 

years of research towards my degree. 

The initial collaboration with Dr. Mike Bevan, Dr. 

Tony Kavanaugh and especially Dr. Richard Jefferson has 

provided me with a project that has been quite successful. 

I would especially like to thank Richard for the stimulating 

discussions and his encouraging ·words. 

My parents, Paul and Jeanine Swanson, raised me to 

believe it is possible to become or accomplish anything I 

set my mind to. Without this attitude my pursuit of this 

degree would have been very difficult. 

Finally, I wish to thank my husband Bob for all of 

the verbal and emotional support, caring, and sacrifices he 

has made during the past four years. 



5 

TABLE OF CONTENTS 

PAGE 

LIST OF ILLUSTRATIONS ••••••••.••••••••••••••••••••• 8 

LIST OF TABLES ••••••••••.•••••••••••••••.•••••••••• 10 

ABSTRACT. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 11 

1.0 INTRODUCTION AND LITERATURE REVIEW.............. 13 

1.1 Introduction .................................. . 13 

1.2 Literature Review •••••••••••••••••••••••••••••• 16 

1.2.1 Principles of flow cytometry and sorting 
using plant tissues......................... 16 

1.2.2 Transcriptional regulation of ribulose bis-
phosphate carboxylase small subunit gene.... 23 

1.2.2.1 cis-acting DNA elements.................. 23 
1.2.2.2 Tissue-specific gene expression.......... 28 

1.2.3 Transcriptional regulation of chlorophyll a/b-
binding protein gene expression............. 29 

1.2.3.1 cis-acting DNA elements.................. 30 
1.2.3.2 Tissue-specific gene expression.......... 31 

1.2.4 Transcription of cab and rbcS in carotenoid 
deficient tissue types...................... 32 

2.0 FLOW CYTOMETRIC CHARACTERIZATION OF THE 
CHLOROPHYLL CONTENT, CHLOROPLAST NUMBER 
AND SIZE DISTRIBUTION OF PLANT PROTOPLASTS ••••• 

2.1 Synopsis ...................................... . 

2.2 Introduction •••••••••••••••••••• . . . . . . . . . . . . . . . 
2.3 Materials and Methods •••••••••••••••••••••••••• 

2 • 3 • 1 B i 0 log i cal rna t e ria 1 s • • • • • • • • • • • 0 • • • • • • • • • • • • 

2.3.2 Flow cytometry •••••••••••••••••••••••••••••• 
2.3.3 Pulse processing •••••••••••••••••••••••••••• 
2.3.4 Cell sorting •••••••••••••••••••••••••••••••• 
2.3.5 Quantitative measurements ••••••••••••••••••• 
2.3.5.1 Chlorophyll •••••••••••••••••••••••••••••• 
2.3.5.2 Protoplast diameter •••••••••••••••••••••• 
2.3'.5.3 Chloroplast number ••••••••••••••••••••••• 

2.4 Results •••••••••••••••••• . . . . . . . . . . . . . . . . . . . . . . 

34 

34 

35 

37 

38 
39 
40 
40 
41 
41 
42 
43 

43 



6 

PAGE 

2.4.1 Correlatiori of chlorophyll content with chloro-
phyll fluorescence.......................... 43 

2.4.2 Relationship between chlorophyll fluorescence 
and chloroplast number •••••••••••••••••••••• 

2.4.3 Time-of-flight analyses of leaf protoplasts. 
2.4.4 Correlation of time-of-flight with cell dia-

mete r ......••.....•...•.•...•••••.••...••••. 
2.4.5 Correlation between protoplast size and chloro-

plast number .........•.............•........ 
2.4.6 Cell-specific time-of-flight measurements ••• 

2.4 Discussion .................................... . 

3.0 EXPRESSION OF PHOTOSYNTHESIS-RELATED GENE 
FUSIONS IS RESTRICTED BY CELL-TYPE IN 
TRANSGENIC PLANTS •••••••••.•••••••••••••••••••• 

3.1 Synopsis ...................................... . 

3.2 Introduction ••••••••••••••••••••••••••••••••••• 

3.3 Materials and Methods •••••••••••••••••••••••••• 

3.3.1 Plant material •••••••••••••••••••••••••••• 
3.3.2 Plasmid construction and plant 

transformation •••••••••••••••••••••••••••••• 
3.3.3 Protoplast preparation •••••••••••••••••••••• 
3.3.4 Flow analysis and sorting of protoplasts •••• 
3.3.5 Enzyme and chlorophyll assays ••••••••••••••• 

3.4 Results •........................•...•.......... 

3.4.1 Cell-specific expression of the gene fusions 

45 
47 

50 

53 
56 

59 

68 

68 

68 

72 

72 

72 
72 
74 
74 

75 

in transgenic plants........................ 75 
3.4.2 Assay sensitivity, accuracy and stability... 77 
3.4.3 Effect of Norflurazon on the expression of the 

gene fusions................................ 85 

3.5 Discussion ................................ . 

4.0 CELL-TYPE SPECIFIC EXPRESSION OF PHOTOSYN
THESIS-RELATED GENE FUSIONS IS DEMONSTRATED 
IN TRANSFECTED PROTOPLASTS ••••••••••••••••• 

•••• 

. . . . 
4.1 Synopsis ...................................... . 

4.2 Introduction .................................. . 

85 

94 

94 

94 



4.3 Materials and Methods. . . . . . . . . . . . . . . . . . . . . . . . . . 
4.3.1 
4.3.2 
4.3.3 
4.3.4 
4.3.5 
4.3.6 

Plant material ••••• . . . . . . . . . . . . . . . . . . . . . . . . . 
Plasmid constructions ••••••••••••••••••••••• 
Protoplast preparation •••••••••••••••••••••• 
Transfection protocol ••••••••••••••••••••••• 
Flow sorting of protoplasts ••••••••••••••••• 
Enzyme assays ••••••••••••••••••••••••••••••• 

4.4 Resul ts •••••••••• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
4.4.1 Factors affecting the levels of GUS activity 
4.4.2 Cell-specific gene expression in transfected 

protoplasts ................................ . 
4.4.3 Effect of Norflurazon on the expression of 

the gene fusions •••••••••••••••••••••••••••• 
4.4.4 Effect of plasmid topology •••••••••••••••••• 

4.5 Discussion •••••••••••••••••••••• • • • • • • • • • • • • • • • 

5.0 SUMMARY AND CONCLUSIONS ••••••••• . . . . . . . . . . . . . . . 
REFERENCES CITED ••••••••••••••••••••••••••••••••••• 

7 

PAGE 

97 

97 
97 
98 
98 
99 
99 

100 

100 

103 

103 
105 

109 

117 

124 



LIST OF ILLUSTRATIONS 

FIGURE 

2.1. Single parameter flow cytometric analysis of 
chlorophyll autofluorescence from leaf proto-

8 

PAGE 

plasts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 

2.2. Correlation between the flow cytometric 
measurement of chlorophyll autofluorescence 
and the actual protoplast chlorophyll 
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 

2.3 Comparison of the flow cytometric measurements 
of chlorophyll fluorescence to the number of 
chloroplasts per protoplast................... 48 

2.4 Schematic drawing of the principle for 
measuring pulse-width time-of-flight.......... 49 

2.5 Pulse-width time-of-flight analyses of leaf 
protoplasts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 

2.6 Pulse-width time-of-flight analysis of 
standard particles versus actual diameter..... 52 

2.7 Correlation between pulse-width time-of-flight 
and protoplast or pollen/spore actual 
diameter...................................... 54 

2.8 Correlation between fluorochromasia based 
pulse-width time-of-flight and actual 
protoplast diameter........................... 55 

2.9 Contour plot of a two-parameter analysis of 
chlorophyll autofluorescence versus fluor
escein diacetate fluorochromasia generated 
pulse-width time-of-flight.................... 58 

2.!0 Correlation between pulse-width time-of-flight 
measurements and actual diameter.............. 60 

3.! t Structures of the GUS expression plasmids con
taining the CaMV 35S promoter (pBI!2!.!), the 
rbcS promoter (pBI!3!.!) and the cab promoter 
( pB 1111 . 1 ) ..••..•••••.•••••••• ~ • • • • • • • • • • • . • • • 78 

3.2 Regulated cell-specific expression of the GUS 
enzyme in transgenic plants................... 79 



FIGURES 

3.3 The relationship between chlorophyll content 
and the number of protoplasts sorted on the 
basis of peak red fluorescence generated 

9 

PAGE 

time-of-flight (TOF).......................... 81 

3.4 The relationship between GUS activity and the 
number of protoplasts sorted on the basis of 
peak red fluorescence generated time-of-
flight........................................ 82 

3.5 Sensitivity of the GUS assay as a function of 
the number of protoplasts sorted on the basis 
of peak red fluorescence generated time-of-
f I i 9 h t (TO F) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 83 

3.6 Flow analysis and sorting of protoplasts 
isolated from leaf tissues of Nicotiana 
tabacum treated with Norflurazon.............. 86 

4.1 The effect of plasmid topology and medium 
composition on the level of transient 
expression.................................... 101 

4.2 Cell-type specific expression of GUS in trans-
fected protoplasts............................ 104 

4.3 Partial sequence analysis of the tobacco cab7 
gene and the cab-GUS gene fusion.............. 107 

4.4 The effect of a relaxed open circle versus 
supercoiled plasmid configuration on the 
transient expression of pBI211DG.............. 108 



10 

LIST OF TABLES 

TABLE PAGE 

2.1 The relationship between protoplast size and 
chloroplast number............................ 57 

3.1 Estimation of protoplast purity after sorting 
by reanalysis of sorted protoplasts and inte-
gration of two-parameter histogram............ 76 

3.2 The effect of cycloheximide on the cell-type 
specific expression of GUS in protoplasts 
isolated from transgenic plants............... 84 

3.3 The effect of Norflurazon on the expression 
of GUS in protoplasts isolated from herbicide 
treated transgenic plants.................... 87 

4.1 The effect of transfection medium MaMg versus 
W5 on protoplast viability.................... 102 

4.2 The effect of Norflurazon on the transient 
expression of GUS in protoplasts isolated from 
herbicide-treated tobacco plants.............. 106 



11 

ABSTRACT 

Protoplasts isolated from Nicotiana tabacum leaf 

tissue were characterized through flow cytometric analysis 

based on chlorophyll autofluorescence and cell size. For 

mesophyll protoplasts, a high correlation coefficient 

(r 2=0.973) was observed between chlorophyll content and flow 

cytometric measurement of chlorophyll fluorescence. Chloro

phyll fluorescence was found to correlate with chloroplast 

number (r2=0.992) in protoplasts isolated from a single 

leaf, however comparison of these same parameters between 

experiments utilizing different leaves yielded a poor corre-

lation. Cell size measured using pulse-width time-of-

flight generated from the chlorophyll autofluorescence 

signal was highly correlated with cell diameter (r2 > 0.99). 

Comparison of red fluorescence generated pulse-width 

time-of-flight size measurements with chloroplast number was 

also highly correlated with r 2=0.986. Fluorescein diacetate 

fluorochromasia generated pulse-width time-of-flight can be 

used to separate protoplasts which contain chloroplasts 

from protoplasts devoid of chloroplasts when analyzed with 

chlorophyll autofluorescence in a two-parameter histogram. 

Separation of the population devoid of chloroplasts on the 

basis of pulse-width time-of-flight provides an accurate 

means of measuring cell diameter. 
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The purification of homogeneous populations of proto

plasts derived from photosynthetic (containing chloroplasts) 

and nonphotosynthetic (devoid of chloroplasts) tissues was 

used as a basis to study cell specific gene expression of 

the cauliflower mosaic virus 358 promoter (CaMV), the chlo

rophyll a,b/binding protein promoter (cab) and small subunit 

of ribulose bisphosphate carboxylase promoter (rbcS), each 

fused to the gene encoding the enzyme beta-glucuronidase. 

Protoplasts from transgenic plants, each containing one of 

the. three specific constructs, were subjected to flow analy

sis and sorting to separate cells from photosynthetic and 

nonphotosynthetic tissue types. Expression of the CaMV gene 

fusion was found in both cell types, while the expression of 

the photosynthetic (rbcS and cab) gene fusions occurred 

predominantly in protoplasts isolated from photosynthetic 

tissue. A similar pattern of expression was observed in 

wild-type protoplasts transfected with the same gene fu

sions. Photooxidation induced by the herbicide Norflurazon 

had no effect on the expression of the CaMV gene fusion, but 

reduced the level of expression of both the cab and rbcS 

gene fusions in both the transgenic and the transfected 

protoplasts. 



13 

CHAPTBR 1 

INTRODUCTION AND LITERATURE REVIEH 

1.1 Introduction 

The angiosperm leaf is composed of three tissues: the 

epidermis, and the ground and vascular tissues. The epi

dermal cells cover the external leaf surface and include a 

variety of specialized cells such as, the guard cells of the 

stomata and the leaf hairs. The ground tissues comprise the 

major photosynthetic cells, the mesophyll cells, which are 

subdivided into the palisade parenchyma cells, which are 

elongated, rod-shaped and appear in rows perpendicular to 

the leaf surface, and the spongy parenchyma which comprises 

cells that are variable in shape and have lobes for connect

ing with neighboring cells. The mesophyll cells contain the 

majority of the leaf chloroplasts. The vascular tissues are 

composed of various specialized cell-types organized in the 

form of xylem and phloem, which function in both water and 

nutrient transport (39). 

The leaf functions as the photosynthetic organ of the 

plant. Much of our understanding of the process of photo

synthesis has been derived from various studies utilizing 

either isolated chloroplasts (10) or whole leaves (92) and 

has included the characterization of the light harvesting 

pigments and photosynthetic metabolites. The complex anatomy 
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of a leaf often precludes the study of the cell biology of 

individual cell types. For example, very little is known 

about the relationships that may exist between chloroplast 

number, chlorophyll content, the overall cell size and gene 

expression within these different cell types. Histological 

studies have provided some information on each of these 

cellular parameters, but these techniques typically lack the 

sensitivity and resolution required for accurate measure

ments (96). 

At the molecular level, the regulation of the expres

sion of several photosynthesis-related genes has been char

acterized based on a whole tissue extracts of either pro

tein, messenger RNA or isolated nuclei, for studies of 

translation, steady state mRNA levels or transcriptional 

regulation, respectively. The use of whole-tissue extracts 

inevitably leads to loss of information at the individual 

cell level. In attempts to provide data regarding spatial 

regulation of these genes, immunocytochemistry and in situ 

hybridization techniques, used in conjunction with tissue

printing and electron microscopy, have been employed to 

provide information about the localization of proteins and 

mRNA. However, the sensitivity of detection is limited by a 

technology which requires a minimum number of molecules 

before a visible pattern will develop. The advent of 

techniques for the production of transgenic plants has 
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expanded the use of these techniques to include studies of 

transcriptional regulation using specific promoters fused to 

stable markers that can be detected using histochemical 

approaches. Once again the results are limited by the 

sensitivity of the techniques. 

One approach to resolving the problems of cell specif-

ic gene expression within complex tissues involves 

these tissues to single cells or protoplasts. 

reducing 

As such, 

these cells become amenable to techniques of fluorescence

activated analysis and sorting. This study was undertaken 

to expand the use of existing technologies to provide infor

mation on the otructural characterization of individual leaf 

cell-types and to characterize the transcriptionally regu

lated expression of photosynthesis-associated genes in 

specific cell-types using the same technology. 
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1.2 Literature Review 

1.2.1 PrincipleD of Flow Cytometry and Sorting using Plant 

Tissues 

The development of novel technology, or the applica

tion of existing technology to new systems, typically leads 

to advances in our understanding of specific scientific 

questions. In the case of flow cytometry, this technology 

was originally developed for the characterization of blood 

cells, with emphasis on the classification of specific 

lymphocyte subsets, followed subsequently by the identifica-

'tion of cancer cells in clinical specimens. This technology 

has since expanded into research that involved the measure

ment of cell cycle kinetics, chromosome karyotyping, and 

the measurement of fluctuations in concentrations of intra-' 

cellular metabolites and ions (86). 

The flow cytometer measures cellular parameters of a 

cell suspension on a particle-by-particle basis. Cells are 

suspended in a fluid environment and are injected into a 

pressurized (13 psi) fluid stream within the flow cell body. 

The stream then passes through an 76-ym orifice at a veloci

ty of approximately 10-m/sec. A 5-watt argon ion laser beam 

is focused as a 16-ym by 160-Ym ellipse perpendicularly to 

the fluid stream, and the cells are illuminated individually 

as they pass through the beam. A characteristic of the 

argon laser is that it can be tuned to emit light from the 
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ultraviolet spectrum through a variety of specific wave

lengths, up to a maximum of 514-nm. As a cell passes 

through the laser beam, exogenous or endogenous fluorescence 

is collected on a fluorescence pickup lens located at a 

right angle to the beam (46). 

The fluorescence is focused through a small hole which 

eliminates light that is not derived from the point of laser 

intersection with the stream. This fluorescence is then 

separated from the scattered laser light by passage through 

a ~pecific barrier filter designed to either absorb or 

reflect the laser beam wavelengths and allow only the de

sired fluorescence emission wavelengths through to the 

photomultiplier tube (PMT). Two PMTs are available for the 

simultaneous measurement of both red and/or green fluores

cence emissions. The PMT functions to convert the light 

signals to proportional voltage pulses. The pulse may be in 

the form of an integral signal, which is proportional to the 

total fluorescence measured, or as a peak signal, represen

tative of the maximum intensity of the fluorescence light. 

These signala are then processed, either in a linear or 

logarithmic. form to provide an analog CC voltage in the 

range of 0 to lOVe Each individual voltage signal passes 

through an analog-to-digital converter (ACC) which converts 

it into a binary equivalent. Each data point is then stored 

in the memory of a microprocessor (46). 
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Typically, flow cytometric analyses involve the accu

mulation of two types of histogram. A one-parameter histo

gram has an x-axis of 256-channels for fluorescence measure

ments and a y-axis that is representative of the number 

within the population analyzed. A two-parameter histogram 

can be accumulated on a 64 x 64 channel scale, where the x

and y-axes represent two independent fluorescence parameters 

and the z-axis is representative of particle number. Con

veniently, it is also possible to electronically "gate" 

signals of one parameter based upon a defined detection 

range of a different parameter. For example, supposing a 

subset of cells generate a definitively lower green fluores

cence intensity than the other cells in the population, by 

setting gates around this population, and activating these 

gates when accumUlating a red fluorescence profile, it 

becomes possible to selectively analyze the red fluorescence 

that is generated only by the subset of cells containing a 

low level of green fluorescence (46). 

The time that it takes for a particle traveling at a 

constant velocity to pass through the laser beam has 

termed time-of-flight (TOF). This measurement can be 

rectly related to the shape of the fluorescence pulse 

is produced by the particle as it passes through the 

been 

di

that 

beam. 

The pulse, as it is displayed on an oscilloscope, has an x

axis time domain representative of the particle entering and 
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exiting the beam and a y-axis pulse amplitude which is 

relative to fluorescence intensity. If a particle is spher

ical with fluorescence across the entire cell surface and a 

diameter larger than the beam, then the fluorescence pulse 

width will be proportional to the diameter of the particle. 

The TOF parameter utilizes the pulse width measurements to 

generate an electronic signal that is proportional to the 

pulse width of each fluorescence signal (80,104). 

The principle of cell sorting depends upon the natural 

tendency of the fluid stream to form droplets in air. By 

applying a external harmonic disturbance to the stream 

droplet formation can become a precise event. A cell sorter 

utilizes a piezoelectric bimorphic crystal attached to the 

flow cell body to cause the stream to develop uniform undu

lations. Each undulation will become a droplet at a time 

interval that can be precisely measured. For this reason a 

particle that passes through the laser beam will enter into 

a droplet at a time interval that is known (46). An elec

tronic charge can be placed on the fluid stream before, 

during or after droplet formation. The droplets pass be

tween a positive and negative voltage field such that drop

lets with residual electrostatic charge can be deflected, 

while neutral droplets remain unaffected. The Coulter based 

Autoclone deflects all unwanted droplets, while the sort 

positive droplets maintain neutrality and are deposited 
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directly into the well of a microtiter plate. Electronic 

"windows" similar to the "gates" described previously can be 

set around a population to be sorted (46). 

Since this technology was originally developed for the 

analysis of animal cells, a comparison of the cell biology 

of plant and animal systems is warranted before progressing 

further. Some of the basic differences are outlined as 

follows. First, higher plant cells exist as a complex three

dimensional structure and maintain both a cell wall and 

plasma membrane. It is therefore necessary to disperse the 

tissue into a single cell suspension for flow analysis and 

this is accomplished with cell wall degrading enzymes which 

produce protoplasts. Within a suspension, cell diameters 

can range from 15- to 150-~ depending on the species and a 

high degree of heterogeneity can occur within anyone popu

lation of cells. Plant protoplasts aie more fragile than 

animal cells. The plasma membrane lacks a glycocalyx and 

appears to have less interaction with the cytoskeleton. 

Internally, the majority of the cell volume is encompassed 

by a large fragile vacuole known as the tonoplast. Finally, 

protoplasts require culture conditions that differ from 

animal systems. Plant cells can exist as either hetero

trophs or autotrophs depending upon the culture conditions. 

Protoplasts require a certain cell density for cell divi

sion to occur and it is often possible to regenerate a 
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complete plant from a single cell (totipotency) (114). 

These differences were taken into consideration when 

the initial experiments, many of which were performed in 

this laboratory, were designed for a flow cytometer. The 

first problem to consider was how to deal with the increased 

size and fragility of the protoplasts. In 1984 Harkins and 

Galbraith (60) used a flow cell tip with a 100-ym orifice 

diameter and were able to sort viable leaf protoplasts from 

Nicotiana with a recovery of 50%. Similar experiments were 

performed on protoplasts obtained from a cell suspension 

culture with equal success (48). The use of a 200-um flow 

cell tip at a reduced sheath pressure with a lower bimor

phic crystal drive frequency increased the sorting efficien

cy of larger particles (61,68). Aniline blue-stained pollen 

grains of variable size were used to determine the sorting 

limits of particle size for various tip diameters and proto

plasts viability was increased to 95% after sorting (61). 

Protoplast characterization requires fluorescence 

emission. The major fluorescence within the chloroplasts 

is from chlorophyll. This pigment was first utilized in 

flow analysis to separate intact from broken protoplasts 

based upon the quantitative difference in chlorophyll fluo

rescence between single chloroplasts and intact protoplasts 

(60). Others have utilized this pigment as one of the 

fluorescent markers used in combination with a second fluo-
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rochrome for the separation of somatic hybrid protoplasts 

derived from protoplast fusions (1,15,45,49,54). Another 

endogenous pigment that has been employed for flow analysis 

is found in the natural alkaloid serpentine produced in 

Catharanthus roseus suspension cells (20,21,22). 

Exogenous labeling techniques were initially studied 

for their binding capacity and evaluated for protoplast 

toxicity. Noncovalent labeling techniques have been em

ployed for targeting fluorochromes to a specific intracellu

lar location (47). For example, protoplast viability can be 

monitored through the use of fluorescein diacetate, which 

does not fluoresce until it penetrates into the cytoplasm 

where the acetate groups are cleaved by esterases (3, 98). 

Suspension cells of carrot have been labeled with carboxyfl

uorescein and scopoletin, both of which accumulate in the 

vacuole (70). Polyclonal and monoclonal antibodies that 

recognize cell surface markers on protoplasts have provided 

fluorescence tags for flow analysis (15,84). 

Fluorescein isothiocyanate (FITC) and rhodamine iso

thiocyanate (RITC) are nontoxic fluorochromes that bind 

covalently .to protoplasts. These fluorochromes have been 

used to label protoplasts isolated from leaf and Buspensions 

cells and are commonly employed in dual-color labeling of 

somatic hybrids for flow sorting (1,47). 

With the development of flow cytometric techniques 
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protoplasts to be separated on the basis of 

fluorescence, the potential exists for the 

isolation of a homogeneous population of plant protoplasts 

for further analysis at the structural and molecular level. 

It now becomes feasible to study the structural relationship 

of such elements as chlorophyll content, chloroplast number 

and cell size within a homogeneous population of plant 

cells. Light is an essential element in the photosynthetic 

processes associated with green plant tissues. At the 

molecular level, the genes that encode ribulose-1,5-

bisphosphate carboxylase (rbcS) and the chlorophyll a/b

binding proteins (cab) have been extensively studied for 

their light-regulated expression properties in whole tissue 

and within isolated nuclei. Characterization of the expres

sion of these genes at the cellular level has been limited 

by the technology available. The process of flow analysis 

and sorting of plant protoplasts therefore also provide a 

new technology for studying the expression of these genes at 

the cellular level. 

1.2.2 Transcriptional Regulation of Ribulose Bisphosphate 

Carboxylase Small Subunit Gene 

1.2.2.1 cis-Acting DNA Elements 

An increase in the transcript levels of rbcS and cab 

has been demonstrated when etiolated seedlings or dark

adapted plants are exposed to light. In 1982 Gallagher and 
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Ellis were the first to use nuclei isolated from light

treated plants for nuclear run-off experiments; they demon

strated a light-dependent increase in transcription of the 

rbcS genes (51). Additional studies provided further evi

dence that phytochrome was the photoreceptor involved in the 

photoreversible induction of rbcS gene expression in pea, 

Lemna, barley, maize and soybean (14,16,100,107,117). 

The rbcS polypeptide is encoded by a multigene family 

and the number of genes varies between species. Analysis of 

the photoregulation of the different genes within a family 

has revealed both quantitative and qualitative differences. 

In both pea and Petunia the level of expression ~etween the 

lowest and highest expressing rbcS genes differs by 5- and 

24-fold respectively (35,41). Of the five rbcS genes in 

pea, two genes account for approximately 75% of the mRNA 

found in leaf tissue (41). Of the five rbcS genes found in 

tomato, two of the individual gene transcripts are abundant 

in leaf tissue and absent in dark-grown plants, while two 

other transcripts can be readily detected in dark-grown 

plants (115). Whether this differential expression is due 

to changes at the transcriptional level or to differential 

mRNA stability has yet to be determined. Two rbcS genes 

have been identified in Nicotiana sylvestris, though differ

ential expression studies of the two genes have not been 

conducted (83). 
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With the advent of gene transfer techniques it became 

possible to determine whether the mechanism of light

regulated gene expression was conserved between different 

species and specifically what sequences are required for 

regulation (17). In 1984, Broglie et ale transferred a pea 

rbcS gene into Nicotiana tabacum and demonstrated the ex

pression of the gene to be light-regulated in a manner that 

appears to be conserved between species (19). In the same 

year, Herrera-Estrella et ale (62) transformed a chimeric 

construct containing 900-bp of the pea rbcS 5' flanking 

sequence transcriptionally fused to a marker gene into 

Nicotiana and demonstrated expression in a light-inducible 

manner in chlorophyll containing tissue. Further studies 

endeavored to define the cis-acting sequences specifically 

involved in regulation. Initial deletion analyses of the 

pea rbcS promoter led to the identification of a short 33-bp 

sequence containing the TATA and CAAT boxes, which appeared 

to confer light inducibility, although none of the 5' dele

tions were shown to completely abolish light inducibility 

(85). Timko et ale (115) provided additional information, 

in identifying a 900-bp sequence within the pea rbcS promot-

er that was required for maximized expression. This region 

was also shown to function in either orientation as an 

enhancer-like sequence. As a corollary experiment, an 861-

bp DNA fragment lacking the CAAT and TATA boxes was fused to 



26 

the constitutively expressed nopaline synthase (NOS) promot

er. This rbcS/NOS promoter fusion regulated transcription 

of the chloramphenicol acetyl transferase (CAT) reporter gene 

in a light-inducible manner, thereby providing evidence that 

the 33-bp sequence reported earlier to confer light-induci

bility was not absolutely required. 

Three regions of conserved sequence have subesquently 

been identified within the rbcS promoter and have been 

termed box II, box III and the G-box. DNA band shift stud

ies were used to identify a factor (GT-l) present in nuclear 

extracts from both light- and dark-adapted tissues which 

binds to the box II and box III regions (55). Within box II 

a core sequence, GGTTAA, was identified which when modified 

in vivo abolished expression of the rbcS-3A promoter. It 

was hypothesized that this sequence either confers light 

inducibility or possibly functions as an enhancer for a 

light-regulatory sequence located elsewhere (56,75). In 

support of this hypothesis, Lam and Chua recently fused a 

synthetic tetramer of the 15-bp box II sequence upstream of 

the cauliflower mosaic virus 355 promoter and found it 

conferred expression in chloroplast-containing cells in a 

light-inducible manner in transgenic tobacco (77). They have 

also demonstrated that a promoter containing paired box III 

elements as opposed to a box II and a box III element main

tains a transcription level that is 20-fold less than wild 
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type levels. In correlation, a promoter containing paired 

box III elements also exhibits decreased affinity for GT-1 

in vitro suggesting the modulation of transcription may 

occur through the interaction of one factor with related 

sequences (53). 

In the rbcS upstream sequences of tomato, pea and 

ArabidoPsis a conserved region has been identified, the G

box, which has been shown to bind a factor called GBF (G box 

factor) (57). Mutational studies of this region suggest a 

req~irement of the G box for transcriptional activity, 

though whether a light responsive function exists remains 

unclear (26). The GBF is also found in both light- and dark

adapted leaf extracts, although in gel shift experiments the 

GBF from dark-adapted plants has a faster mobility when 

compared with the light-adapted plant extracts suggesting 

the presence of two different proteins or modification of 

one (57). 

A further AT-rich consensus sequence has been identi

fied (121). This sequence, which binds a factor known as 

AT-1, has been termed the AT-1 box. This box was included in 

a 90-bp deletion from the tomato rbcS-3A gene which resulted 

in a large reduction in transcriptional activity. This 90-

bp region has no enhancer-like properties which suggested 

the disruption of the AT-1 box may have been responsible for 

the effect (121). The AT-1 factor binding activity has also 
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been shown in vitro to be modulated by its state of phospho

rylation. The DNA-protein complex formation is dependent 

upon the factor dephosphorylation (32). 

Transcriptional rates have recently beem shown to be 

affected by sequences 3' to the coding region in petunia 

rbcS genes (34). With the information available, a molecu

lar mechanism for light regulation of the rbcS genes has yet 

to be verified. 

1.2.2.2 Tissue-Specific Gene Expression 

The correlation of light and increased rbcS transcrip

tion in tissue containing chloroplasts has been defined in 

some detail. In general, when native rbcS steady state mRNA 

levels were measured in various tissue types within tomato, 

pea and petunia, the majority of the mRNA was localized 

within the leaf tissue. Significantly lower levels of the 

mRNA were found in stem, sepals and fruit and no detectable 

rbcS mRNA occurred in nonchlorophyll-containing tissues such 

as root, stigmas and anthers (30,35,41,93). These experi

ments, in the absence of nuclear run-off studies, provided 

no definitive information concerning the mechanisms of this 

differential regulation. 

Additional studies have involved examination of trans

genic plants containing the rbcS promoter controlling the 

expression of a stable marker gene. Chua's group used the 

CAT marker which is stable and reflects the transcription 
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rate of the promoter. A high level of CAT expression driven 

by the pea rbcS promoter was detected in transgenic tobacco 

leaf tissue, with lower levels in the stem and no expression 

in the roots (40). Alternately, Simpson and others have 

employed the marker gene neomycin phosphotransferase II 

[NPT(II)] to study cell-type specific expression under the 

control of the rbcS promoter in transgenic tobacco. The 

dissection of leaves from transgenic plants into lower and 

upper epidermis, mesophyll and midrib tissues allowed the 

identification of NPT(II) activity at high levels in meso

phyll cells with low levels in both the midrib and lower 

epidermis. The expression within the epidermis was at-

tributed to the chloroplast-containing guard cells and to 

possibly contaminating mesophyll cells within the epidermal 

peel (111). 

Cell-specific expression was also examined ~sing an in 

situ immunofluorescence technique. Aoyagi and others uti

lized the rbcS enhancer-like element transcriptionally fused 

to CAT. Thin sections isolated from transgenic tobacco 

plants were treated with anti-CAT antibody and a FITC

labeled secondary antibody. They found the pattern of FITC 

fluorescence correlated with the ultrastructural location of 

the endogenous rhcS polypeptides and chlorophyll (5). 

1.2.3 Transcriptional Regulation of Chlorophyll AlB-Binding 
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Protein Gene Expression 

1.2.3.1 cis-Acting DNA Elements 

The cab photo system II (PSII) genes are encoded as a 

gene family; at least 8 genes are present in Nicotiana 

plumbaginifolia (27). As seen for the rbcS genes, light 

induces a phytochrome mediated increase in cab rnRNA at the 

transcriptional level. This has been demonstrated in a 

variety of species including Lemna, barley and pea 

(5,72,118). 

The fusion of a 0.4-kb fragment of the pea cab promot

er fused to the NPT(II) reporter gene was enough to confer 

light-inducibility. However a 2.5-kb fragment was necessary 

to increase the level of transcription in transgenic tobacco 

(110). Within this same promoter, a 247-bp fragment was 

discovered to contain an enhancer/silencer sequence which 

when fused to a constitutively expressed NOS-NPT(II) gene 

limited expression to light-grown plants; it also repressed 

expression in roots (109). This region of sequence has 

homology with a rbcS promoter region containing box II. 

A comparison of the mUltiple cab gene sequences of 

Nicotiana plumbaginifolia led to the identification of a 

region of strong homology between nucleotides -150 and -100. 

Further comparison of this region with sequence data avail

able from cab genes of other species lead to the discovery 

of multiple conserved GATA motifs (27). In an effort to 
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determine the functionality of this region it was replaced 

with a truncated NOS promoter. This construct yielded 

constitutive expression of a marker gene in transgenic 

tobacco plants (26). In the petunia cab22R gene a 2-bp 

mutation within the GATA motif nearest the TATA box resulted 

in a five-fold reduction in transcription (52). A possible 

function for the GATA motifs may involve the regulation of 

high-level expression of the promoter in light. DNA band 

shift assays of the cab22L region containing the GAT A motifs 

identified two protein complexes binding with the DNA. A 

tobacco nuclear protein factor termed ASF-2 present in both 

light- and dark-adapted plants was later shown to bind the 

conserved GATA motifs in the cab22L promoter (76). 

The factor termed AT-1 binds an AT rich consensus 

sequence found within the upstream regions of several cab 

genes. Multiple AT-1 consensus regions have been found in 

the tobacco cabE promoter. One AT-1 box is localized within 

an AT-rich region that functions as negative element by 

reducing the level of gene expression in the light (26). 

1.2.3.2 Tissue-Specific Gene Expression 

The expression of cab genes is primarily found within 

chlorophyll-containing tissue. Northern blot analysis of 

native mRNA levels in tomato indicated high expression in 

leaves, lower expression in stems, but no detectable expres

sion in roots. Gene expression in fruit is low and de-
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creases as the fruit ripens (93). In transgenic tobacco a 

gene transcriptional fusion between cab promoter sequences 

and NPT(II) was found primarily expressed in the leaves and 

stems with no detectable expression in roots, petals or 

stigma (110). In Arabidopsis, a chimeric gene involving the 

cab-3 gene promoter and CAT showed high levels of expression 

in leaves with low expression levels in stems and roots of 

transgenic tobacco (4). The expression of a wheat cab gene 

in tobacco was regulated in a tissue-specific manner with 

high expression in leaves, lower expression in stems, and no 

expression in roots (78). Thus, the regulatory sequences 

that control tissue-specific expression are located in the 

5' region of cab genes and the mechanism regulating their 

expression is conserved between monocotyledons and dicotyle-

dons. 

1.2.4 Transcription of cab and rbcS in Carotenoid-Deficient 

Tissue Types. 

Carotenoids are pigments localized in chloroplasts 

which provide photoprotection to the plant. In the absence 

of these pigments, the internal membranes of the chloro-

plaats are ,photooxidized by light and are destroyed. Ca

rotenoid-deficient mutants have been isolated and used to 

study the involvement of plastids in the photocontrol of 

rbcs and cab transcription. Nuclei isolated from carote-
, 

noid-deficient albina mutants and wild-type barley were used 
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for nuclear run-off experiments and it was determined that 

in the mutants the level of rbcS mRNA transcription remained 

unaffected while the level of cab transcription was greatly 

reduced (11). The ghost mutant of tomato has a reduced rate 

of transcription for both rbcS and cab when compared to the 

wild-type (58). In carotenoid-deficient maize seedlings the 

level of cab transcription is rapidly reduced when the 

seedlings are grown in high light intensity (23). 

The herbicide Norflurazon mimics the photooxidative 

effect observed in the mutants just described by blocking 

the biosynthesis of carotenoids. In mustard seedlings, it 

was demonstrated that Norflurazon treatment lowers or elimi

nates the rbcS and cab polypeptides (90). In further 

studies, the steady state level of cab mRNA was almost 

eliminated while the rbcS rnRNA level was reduced to about 

40% of that of the nontreated control (102). Similarly, in 

Norflurazon-treated pea seedlings the steady state level of 

cab mRNA was greatly reduced while the rbcS mRNA level was 

reduced by less than 50% (99). In nuclei isolated from rye 

seedlings treated with the herbicide it was cl~termined that 

transcription of both the cab and rbcS genes decreased when 

the seedlings were exposed to light, although the level of 

reduction was not quantitated (37). 
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2.1 Synopsis 

Protoplasts isolated from Nicotiana tabacum leaf 

tissue were characterized using flow cytometric analysis. 

Protoplasts were sorted on the basis of chlorophyll auto-

fluorescence from a defined region on the histogram, the 

chlorophyll was extracted and the· content per cell was 

measured using fluorimetry. A high correlation coefficient 

(r2=0.973) between cellular chlorophyll content and chloro-

phyll fluorescence was determined. Within each experiment a 

high correlation was found between chlorophyll fluorescence 

and chloroplast number (r2=0.992), however a poor correla-

tion was observed between experiments utilizing different 

plants. The flow cytometric parameter pulse-width time-of

flight (PWTOF) was used to measure the distribution of 

protoplast diameters within a population. A series of 

narrow, nonoverlapping PWTOF windows were used to separated 

protoplasts on the basis of size over a range of 15 to 55 

microns. The red chlorophyll autofluorescence generated 

PWTOF parameter was linearly correlated with protoplast 

diameter (r2 > 0.99). A high cqrrelation between protoplast 

diameter and chloroplast number was observed (r2=0.986). 



35 

2.2 Introduction 

In recent years, techniques that were originally 

developed for the study of mammalian cell biology and gene 

expression have become a routine part of research for 

understanding plant development at the cellular and molecu

lar level. Mammalian cell cultures are often utilized to 

gain information about gene expression in response to spe

cific stimuli and conclusions are made based upon the as

sumption that understanding events at the single cell level 

will lead to an overall understanding of the tissue or organ 

from which the cell originated. In contrast, the 

of cell and tissue types in plant organs makes it 

to make such a comparison. 

diversity 

difficult 

The leaf is composed of three types of specialized 

tissues, which include the epidermis, the mesophyll and the 

vascular tissues (36). Specifically, in Nicotiana tabacum, 

the epidermis is a single cell layer on the adaxial and 

abaxial surfaces and, with the exception of the guard cells, 

is devoid of chloroplasts. The palisade parenchyma cells of 

the mesophyll tissue are arranged in a single layer below 

the upper epidermis and contain many chloroplasts. The 

irregular spongy parenchyma cells, which have fewer chloro

plasts, are found between the palisade and lower epidermis. 

The vascular tissues permeate the internal structure of the 
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leaf (9). 

Microscopic analysis of leaf sections and individual 

leaf cells has provided information relating such cellular 

parameters as size, chloroplast number and nuclear DNA 

content. Butterfass originally proposed that the number of 

chloroplasts per leaf cell was dependent upon the ploidy of 

the cell (25,28). More recently, studies indicate that a 

higher degree of correlation exists between cell size (plan 

area) and chloroplast number regardless of the ploidy level 

(96). Chloroplast number per unit area has also been corre

lated with the changes in photosynthetic rates during 

soybean leaf senescence. It was determined that differences 

in chloroplast activity and composition are a secondary 

factor to the overall loss of photosynthesis (42). These 

conclusions were based upon average values from whole 

leaves, while the heterogeneity of the cells within the leaf 

was not considered. The leaf consists of older nondividing 

cells which surround the actively dividing younger cells 

(101,123). The study of changes in nuclear DNA content, 

cell and nuclear size and cell division in the developing 

tissues, such as in Brassica napus L (106), provide impor

these 

but 

tant developmental information. However, once again 

parameters were not measured on a cell-by-cell basis, 

rather conclusions were based upon average values from the 

whole tissue. 
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The inaccuracies and generalizations resulting from 

microscopic analysis of plant cells may be overcome by 

rendering the leaf to protoplasts with cell wall degrading 

enzymes. Protoplasts provide a means for studying 

ic, molecular, and developmental questions at the 

level. Phytochrome- and hormone-mediated changes 

size of oat protoplasts were monitored to gain a 

understanding of the cellular response to growth 

metabol

cellular 

in the 

better 

related 

stimuli (28). At the molecular level, maize protoplasts 

transfected with a alcohol dehydrogenase I chimeric gene 

were used to demonstrate regulated expression of the gene 

(64). And finally, the study of changes in plasma membrane 

antigens on the surface of isolated protoplasts using mono

clonal antibodies provided developmental information that 

remains unavailable through other techniques (84). 

Fluorescence activated cell. sorting (FACS) techniques 

have recently been extended to plant cell research. Specif

ically, modifications have been made which enable the 

fluorescence analysis and sorting of large plant protoplasts 

(43,60,61). This technology coupled with the increased use 

of protopla~ts as relevant biological systems, prompted the 

further development of FACS methods which allow the isola

tion of homogeneous populations of protoplasts based upon 

cell size and chlorophyll content. 

2.3 Materials and Methods 
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2.3.1 Biological Materials 

Protoplasts were isolated from greenhouse grown Nico

tiana tabacum leaf tissue. Individual leaves were surface 

sterilized for 20 min in a 33% (v/v) bleach solution with 

three subsequent washes in sterilized water for 5 min each. 

The tissue was then sliced into 1 mm wide sections across 

the midrib and 20 ml of filter sterilized digestion enzyme 

(29) solution made in NTTo (50) solution was added. The 

leaf sections were vacuum-infiltrated for 90 sec and incu

bated at room temperature for 18 to 21 hr with slow shaking 

(30 rpm). The digestion mixture was filtered through 2 

layers of cheesecloth and then centrifuged for 5 min at 50 

g. Protoplasts were washed one time in NT To solution, and 

the pellet was resuspended in a 25% (w/v) sucrose solution 

made in To medium. The suspension was then overlaid with 

NTTo solution. The step gradient was then centrifuged for 

10 min at 50 g. The viable protoplasts, which float to the 

interface were collected. Fluorescein diacetate was added 

to the final protoplast mixture at a concentration of 0.5 

yg/ml. This stain served the dual purpose of measureing 

protoplast viability and providing a fluorescent signal for 

peak-width time-of-flight (PWTOF) measurements. In experi

ments involving the analysis of the protoplasts isolated 

from nonphotosynthetic (perivascular and epidermal) tissue, 
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CaCI 2 , and 20 rnM 2-(N-morpholino)ethanesulfonic acid 

at pH 5.7. 
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100 rnM 

(MES) 

Five milligrams of pollen from Carya illinoensis, 

Broussonetia papyrifera, Ambrosia elateior or spores from 

Lycopodium (Polysciences Inc., Warrington, PA) were stained 

by resuspension in a 2 ml solution consisting of 0.1% (w/v) 

aniline blue (Fisher Scientific Co., Pittsburgh, PA) and 59% 

(w/v) sucrose dissolved in phosphate-buffered saline (PBS), 

pH 9.0 (61). 

2.3.2 Flow Cytometry 

A Coulter Corp. (Hialeah, Florida) EPICS V flow cytom

eter/cell sorter was used for sample analysis. For proto

plast analysis, the 5 W argon ion laser was tuned to 457 nm 

with a power output of 120 mW. The scattered laser light 

was removed with a 510 nm followed by a 515 nm long-pass 

absorbance filter back to back. Absorbance filters possess 

50% transmittance at the designated filter wavelengths. The 

green fluorescence emission of FDA was measured after pass

ing through a dichroic interference beam splitter DC590 and 

a blue glass barrier filter BG38 that functions to eliminate 

the chlorophyll autofluorescence from the green photomul~i

plier tube (PMT). The beam. splitter DC590 functions to 

reflect the red fluorescence signals past a 590 nm long-pass 
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absorbance filter in front of the red PMT for quantifica

tion. For analysis of aniline blue stained pollen and 

spores, the argon laser was tuned to 514 nm with a power 

output of 200 mW. The scattered laser light was eliminated 

with a 530 nm and a 540 nm long-pass absorbance barrier 

filter. A mirror filter was positioned to reflect the 

aniline blue fluorescence to the 590 nm long-pass absorbance 

filter in front of the red PMT. 

2.3.3 Pulse Processing 

A Coulter Corp. multiple data acquisition and display 

computer processed the electronic pulses generated by the 

flow cytometer. A one-parameter histogram contained a scale 

of 256 channels and two-parameter histograms utilized a 

scale of 64 x 64 channels. All histograms were accumulated 

to a total of 20,000 events. Both integral and logarithmic 

red fluorescence signals were collected for analysis and 

characterization of the chlorophyll content and chloroplast 

number. PWTOF analysis required the processing of peak 

fluorescence signals and the optimal PWTOF scale consisted 

of 256 channels with 39 nsec/channel. Thus, all particle 

sizes could be resolved on a single scale. 

2.3.4'Cell Sorting 

Because of the large range of particle sizes involved 
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the EPICS V was fitted with a flow cell tip that contained a 

204 micron orifice diameter. The pressure of the sheath 

fluid was 6 PSI resulting in a flow velocity of 7.9 m/sec 

(61). The sheath fluid during protoplast analysis comprised 

0.38 M glucose, 0.28 M mannitol solution, pH 5.7. Phosphate 

buffered saline comprised the sheath fluid for all aniline 

blue experiments. Sorting of viable protoplasts required 

the use of a crystal drive frequency of 8 kHz which causes 

the stream to form droplets of uniform size 

(61). The single cell deposition device 

for sorting 

(Autoclone™, 

Coulter Corp., Hialeah, FL) was used to sort a defined 

number of cells into a 96-well microtiter plate (Costar, 

Cambridge, MA) or onto a microscope slide. 

2.3.5 Quantitative Measurements 

2.3.5.1 Chlorophyll 

The chlorophyll contained within sorted protoplasts 

was measured following a previosuly published method (7), 

with minor modifications. One hundred protoplasts were 

sorted into a microtiter well containing 30 ul of a 0.7 M 

mannitol solution. The protoplast number was verified by 

light microscopy. The protoplasts were lysed by the sequen

tial addition of 70 ul water and 100 ul of buffer containing 

100mM sodium phosphate (monobasic), 20mM 2-mercaptoethanol, 



42 

2 roM EDTA, and 0.2% Triton-X 100. The lysate was removed, 

the well was rinsed with 100 ul of water and the combined 

300 ul volume was added to 1.2 ml of acetone in a microfuge 

tube. A Perkin-Elmer MPF4A fluorometer was calibrated with 

an excitation wavelength at or near 447 nm and an emission 

wavelength of 667 nm with a bandwidth of 20 nm for quantify

ing the chlorophyll fluorescence. Chlorophyll a and b 

standards were provided by Dr. T. Cotton of the University 

of Nebraska Chemistry Department. Ten nanograms of each 

chlorophyll standard were mixed separately in 1.5 ml of 80% 

acetone. The fluorometer excitation wavelength was adjusted 

until both the chlorophyll a and b solutions gave equal 

emissions. The fluorescence of the unknown solutions were 

measured and calculated in terms of chlorophyll (pg) / 

protoplast. 

2.3.5.2 Protoplast Diameter 

Protoplasts sorted into the well of a microtiter plate 

were observed with an Olympus inverted microscope. Photomi

crographs were recorded using a 35 mm camera with Kodak Tri

X film (ASA 400). The developed negatives were mounted in a 

slide holder and the enlarged projections of the photo

graphed protoplasts were measured. The grid of a hemacytom

eter was photographed and used to calibrate the enlarged 

projections. 
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2.3.5.3 Chloroplast Number 

Prior to sorting, the instrument was standardized with 

fluorescent microspheres (Polysciences, Warrington, PA) such 

that the fluorescent signal of the beads was placed with the 

peak position in channel 154 on the integral red fluores

cence scale. Fifty protoplasts were sorted into a 3 ul drop 

of water on a microscope slide. A coverslip was then added 

and the protoplasts were observed under an oil immersion 

100X Neofluar objective on a Zeiss Standard microscope. The 

water facilitated disruption of the plasma membrane without 

complete disruption of chloroplast membranes; a good spread 

of chloroplasts was observed. 

2.4 Results 

2.4.1 Correlation of Chlorophyll content with Chlorophyll 

Fluorescence 

It has been previously established by Harkins and 

Galbraith in this laboratory that a logarithmic analysis of 

chlorophyll autofluorescence of protoplasts subjected to 

flow cytometry yields a profile that identifies two major 

popUlations (Figure 2.1A). The lower fluorescence peak was 

shown to represent free chloroplasts or partially damaged 

protoplasts and the upper peak represented intact proto

plasts (60). To further characterize the sensitivity of 



Figure 2.1:Single parameter flow cytometric analysis of 
chlorophyll autofluorescence from leaf protoplasts. A) X
axis represents a logarithmic scale of integral red fluores
cence. B) X-axis represents an integral red fluorescence 
scale based upon gates set from channels 140 - 200 on the 
profile displayed in (A). 
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this flow cytometric analysis, an integral red fluorescence 

histogram was collected of only the intact protoplasts. 

This was accomplished by the addition of electronic gates 

around the upper peak of the logarithmic profile which 

permit only signals within this region to be processed on 

the integral red fluorescence scale. This gated integral 

profile (Figure 2.18) is a linear representation of increas

ing red chlorophyll autofluorescence. In an effort to 

verify whether the red fluorescence correlates with chloro

phyll content, a defined number of protoplasts were sorted 

from 3 separate regions of the integral histogram for three 

different experiments. These windows were 5 channels wide 

and set at the mean peak position of the integral red fluo

rescence profile and at +/- one standard deviation from the 

mean peak. The chlorophyll content of the sorted proto

plasts highly correlated (r 2=O.973) with the sort position 

on the integral red fluorescence profile (Figure 2.2). 

2.4.2 Relationship Between Chlorophyll Fluorescence and 

Chloroplast Number 

The correlation between chlorophyll content and fluo

rescence was incorporated into further experiments to study 

the relationship between chlorophyll fluorescence and chlo

roplast number. In four separate experiments, the number of 

chloroplasts within individual protoplasts sorted on the 



Figure 2.2: Correlation between the flow cytometric measure
ment of chlorophyll autofluorescence and the actual proto
plast chlorophyll content. The data represents the combined 
results of three separate experiments. Fluroescent beads 
were placed at the same channel position on the histogram 
prior to flow analysis of protoplasts to adjust for instru
ment variation from day to day. The sort windows were set 
(5 channels wide) on the gated integral red fluorescence 
profile at the mean peak position and at +/- one standard 
deviation from the mean. Duplicate wells were sorted, 
measured and the averaged for each data point and for each 
experiment these points are represented by a unique symbol 
(open circle, filled circle, ~r filled triangle). The 
linear regression coefficient (r ) is equal to 0.973. 
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basis of low, medium and high levels of chlorophyll fluores

cence intensity was determined. The sort windows were 5 

channels wide with the mean channel of the integral peak 

serving as the initial channel of the medium peak. The 

initial channel of the low and high windows were set at a 

position of one standard deviation from the mean channel. 

The standard deviation was calculated from the coefficient 

of variance of the peak multiplied by the mean channel. A 

high degree of correlation existed within experiments from 

individual leaves (r2 =0.992). However, if all the assay 

points were used to calculate the regression coefficient, 

the interassay correlation was a poor r 2=0.836 (Figure 2.3). 

2.4.3 Time-of-Flight Analyses of Leaf Protoplasts 

A schematic diagram of the principle design of a jet

in-air fluid stream intersecting the laser beam is shown in 

Figure 2.4A. The laser beam forms an ellipse with a height 

of 16 urn and a width of 160 urn. The flow tip orifice is 204 

urn in diameter and at a fluid pressure of 6 PSI, the flow 

rate from the orifice is 7.9 mls or 7.9 urn/us. Protoplasts 

range in size from 15 urn to 55 urn in diameter which converts 

to time-domain measurements that range from 1.9 to 7us. 

More accurately, the addition of the laser beam width 

changes this range to betweem 4 and 9 us. The diagram in 

Figure 2.4B shows how the pulse width time-of-flight (PWTOF) 



Figure 2.3: Comparison of the flow cytometric measurements 
of chlorophyll fluorescence to the number of chloroplasts 
per protoplast. Four individual experiments were performed. 
Fluorescent beads were placed at a same channel position on 
the histogram prior to flow analysis of protoplasts to 
adjust for instrument variation from day to day. The sort 
windows were set (5 channels wide) on the gated integral red 
fluorescence profile at the mean peak position (M) and at 
+/- one standard deviation from the mean (H and L respec
tively). Six to nine measurements were made and averaged for 
each data point with an average error of 16%. Experiments 1 
through 4 are represented by symbols open circle, filled 
circle, open triangle, and filled triangle respectively. The 
a~erage linear regression coefficient for all four lines is 
r =0.992. The regression coefficient for the combined 
values is equal to 0.836. 
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Figure 2.4: Schematic drawing of the principle for measuring 
pulse-width time-of-flight. A) Diagram of particle passing 
through the laser beam. B) Schematic of the pulse-processing 
principle used in time-of-flight measurements. 
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parameter is measured. The pulse width measurement is 

turned on with a 50% rise time, and off at the 50% fall time 

window, where the pulse height is set to 100% for each 

individual signal. Time-of-flight analysis of a population 

of protoplasts using chlorophyll autofluorescence as the 

pulse signal is shown in Figure 2.5A. The green fluores

cence of FDA was used as the pulse for the PWTOF profile in 

Figure 2.58. 

2.4.4 Correlation of Time-of-Flight with Cell Diameter 

Initial experiments to characterize the PWTOF parame

ter involved the use of particles of a known diameter. 

These included fluorescent microspheres of 2 urn and 7 urn, 

and aniline blue stained pollen of a diameter of 44 urn in 

pecan (Carya illinoensis), 20.9 urn in ragweed (Ambrosia 

elateior), 13.8 urn in paper mulberry (Broussonetia papyrif

era), and 28.6 urn in Lycopodium spores. As depicted in 

Figure 2.6, a strong correlation is noted with particles 

ranging in size from 20.9 urn to 43 urn. Deviation from lin 

earity begins as the particle size approaches the diameter 

of the laser beam, as can be observed with the paper mulber

ry pollen (13.8 urn) and the fluorescent beads. 

The accuracy of the PWTOF parameter in determining 

protoplast diameter was established in the following manner. 

Sort windows were set 5 channels wide at 15 channel inter-



Figure 2.5: Pulse-width time-of-flight analyses of leaf 
protoplasts. A) Chlorophyll autofluorescence generated 
pulse-width time-of-flight profile. B) Fluorescein diacetate 
fluorochromasia generated pulse-width time-of-flight pro
file. 
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Figure 2.6: Pulse-width time-of-flight analysis of standard 
particles versus actual diameter. The particles are repre
sented in increasing size as: 2 urn and 7 urn (0.44) fluores
cent beads, 13.8 um (.134) mulberry pollen, 20.9 urn (1.32) 
ragweed pollen, 28.6 urn (2.5) Lycopodium spores and 43 urn 
(2.3) pecan pollen. Each particle diameter was measured 12 
to 22 times. The average value is given with the standard 
deviation in parentheses. An average of two to four meas
urements were made for each time-of-flight value with a mean 
error of 3%. 
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vals across the PWTOF histogram. Protoplasts were then 

sorted into a microtiter well, photographed, and their 

diameters calculated from the negatives. Aniline blue

stained pollen and Lycopodium spores were also analyzed and 

included as structurally rigid standards. A linear rela 

tionship was noted between actual size and PWTOF when chlo

rophyll autofluorescence provided the signal for PWTOF 

processing (Figure 2.7). Regression analysis of this data 

demonstrated that the y-intercept point of the best fit line 

was near 0, and that the two parameters were highly corre

lated (r2 =0.996). In two independent experiments, proto

plasts were analyzed for PWTOF based upon signal from FDA 

fluorochromasia and sorted under the aforementioned condi

tions (Figure 2.8). No correlation could be established 

between PWTOF and cell size under these circumstances. 

2.4.5 Correlation Between Protoplast Size and Chloroplast 

Number 

Once it was established that PWTOF was representative 

of cell size, it then became possible to sort protoplasts of 

a uniform diameter for further analyses. Experimental error 

that might occur from changes in instrumentation from day to 

day was alleviated by standardizing the flow cytometer prior 

to sorting with pollen and spores such that these particles 

were each designated to a specific channel. Narrow windows, 



Figure 2.7: Correlation between pulse-width time-of-flight 
and protoplast or pollen/spore actual diameters. Time-of
flight signal based upon chlorophyll autofluorescence 
(filled circles) or aniline blue fluorescence (open 
circles). 
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Figure 2.8: Correlation between fluorochromasia based pulse
width time-of-flight and actual protoplast diameters. Time
of-flight signal based upon fluorescein diacetate fluoro
chrornasia from two separate experiments (experiment 1, 
filled circles); (experiment 2, filled triangles). 
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5 channels wide, were set-up at defined size ranges across a 

PWTOF profile. In two separate experiments the number of 

chloroplasts was determined for each individual protoplast 

sorted (Table 2.1). The regression analysis of the three 

size ranges with the number of chloroplasts for both experi

ments suggests a strong correlation (r2=O.986). 

2.4.6 Cell-Specific Time-of-Flight Measurements 

It was proposed that the absence of a correlation 

between FDA-generated PWTOF and cell size was due to quench

ing of the fluorescein fluorescence by the chloroplasts 

located around the periphery of the mesophyll protoplasts. 

To investigate this hypothesis, it was necessary to select 

protoplasts derived from the epidermis and perivascular 

parenchyma of the leaf which are devoid of chloroplasts. 

The protoplast isolation protocol was modified by substitu

tion of the sugar-based osmoticum with an ion-based osmoti

cum, which allowed these less dense protoplasts to be pel-

leted via centrifugation. The two-parameter histogram of 

chlorophyll autofluorescence versus FDA generated PWTOF 

(Figure 2.9) shows two distinct protoplast populations. 

Sorting of the lower population revealed it to be devoid of 

chloroplasts and derived from non-photosynthetic leaf tissue 

(Figure 2.9A). The upper population contained chloroplasts 

and is derived from photosynthetic tissue (Figure 2.9B). 
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Table 2.1. The relationship between protoplast size and 
chloroplast number. 

Protoplast Diameters (urn) 

23.7-25.7 31.8-33.8 39.9-41.9 

Chloroplast ~ 
Experiment 1 

Experiment 2 

45.1 (7.0) 

46.3 (9.6) 

63.6 (4.8) 92.8 (15.4) 

69.9 (11.3) 94.6 (13.3) 

The number of chloroplasts is expressed as the 
S.D.), where N=10. The protoplast diameters are 
as size ranges that are equivalent to the channel 
used for sorting. 

mean (+/
presented 
position 



Figure 2.9: contour plot of a two-parameter analysis of 
chlorophyll fluorescence versus fluorescein diacetate fluo
rochromasia generated pulse-width time-of-flight. A) Two
parameter analysis of chlorophyll fluorescence (IRFL, chlo
rophyll content) and fluorescein generated time-of-flight 
(TOF, protoplast size). B) Photomicrographs of protoplasts 
sorted from the upper population of the two-parameter dis
tribution. C) Photomicrographs of protoplasts sorted from 
the lower population of the two-parameter distribution. (Bar 
= 35-ym). 
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Protoplasts from the lower population were analyzed 

for FDA generated' PWTOF and sort windows, 5 channels wide, 

were set at 10 channel intervals. A correlation of r 2 =0.980 

was observed between protoplast size and FDA PWTOF measure

ments (Figure 2.10). Mesophyll protoplast from the upper 

population were sorted and measured based upon chlorophyll 

autofluorescence PWTOF and these data points fell on the 

same line (Figure 2.10). 

2.5 Discussion 

A strong correlation exists between chlorophyll con

tent and chlorophyll fluorescence. Individual chloroplasts 

within a protoplast are exposed to the laser beam for ap

proximately 2 YS under conditions where the stream velocity 

is 7.9 mls with a beam height of 16 Ym. The fluorescence 

lifetime of in vivo chlorophyll is estimated to be 0.5 nsec 

(79). Because each molecule is excited for an equal time, a 

comparison of the flow analysis presented here with the 

previously published non-flow' studies is possible (8,63,69). 

These studies measured the fluorescence rise time (Fv ) of 

chlorophyll autofluorescence from intact tissue or isolated 

chloroplasts that were continually illuminated. A chloro

phyll fluorescence profile is composed of three sections: a 

constant time-independent fluorescence background termed Fo' 

a variable rise-time dependent Fv and a maximal fluorescence 



Figure 2.10: Correlation between pulse-width time-of-flight 
measurements and actual protoplast diameter. Protoplasts 
devoid of chlorophyll were analyzed on the basis of fluores
cein diacetate fluorochromasia generated time-of-flight 
(filled circles). Protoplasts containing chloroplasts were 
analyzed on the basis of chlorophyll autofluorescence gener
ated time-of-flight (open circles). Six to thirty micro
scopic measurements were made of protoplast diameter for 
each data point with the average value represented here. 
The average coefficient of variance for each mean diameter 
is 12.3%. 
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(Fmax ). Within the different systems studied, the rise time 

of Fv ranges from 20 to 50 us (8,63,69). From this data one 

would predict that the chlorophyll fluorescence measured 

here corresponds to the background fluorescence of Fo. 

More recently, using flow cytometry on isolated chlo

roplasts, this prediction has beens challenged (124). The 

researchers measured chlorophyll fluorescence in response to 

temperature changes, to the addition of the photosystem 

electron transport inhibitor 3-(3,4)-dichlorophenyl-1,1, 

dimethyl urea (DeMU) and to the addition of bulk quinones as 

fluorescence quenchers (2,5-dibromo-3-methyl-6-isopropyl~p

benzoquinone). Initially, the authors referred to previouB 

flash illumination research which measured a Fv rise-time 

of 0.3 us following two 10 ns flashes. They suggest that 

the time duration of 1.7 us for a chloroplast to pass 

through the laser beam is much longer than the 0.3 us re

quired for the plastoquinone reduction of Qa to Qa-' there

fore Fmax rather than Fo is measured by flow cytometry. It 

is difficult to compare the results of flash illumination 

within the nanosecond range to microsecond illumination, 

because the Fv rise-time component changes. Secondly, this 

work employed temperature dependent experiments with a flow 

cytometer that has no insulating material between the sample 

container and the flow cell body which makes it difficult to 

assume that the initial temperature of the sample in the 
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sample container is maintained during fluorescence analysis. 

The authors also state that the DeMU results corresponded to 

a fluorescence condition of either Fo or Fmax' The use of 

DBMIB yielded inconsistencies in comparison to previously 

reported work. Therefore, these weak arguments do not 

appear to overrule the assumption that Fo is the fluores

cence parameter measured in chlorophyll autofluorescence by 

flow cytometry. 

The next approach was designed to compare the chloro

phyll fluorescence with chloroplast number. From the data 

presented in Figure 2.3, it is apparent that within a leaf 

the chlorophyll content as measured by fluorescence is 

linearly related to the number of chloroplasts within each 

cell. However, it was impossible to find a common relation

ship between leaves when these parameters were measured. It 

should not be surprising that such a comparison cannot be 

made, because variables such as leaf age and position on the 

plant will affect the chlorophyll content from leaf to leaf, 

and these variables were not controlled. Ford and Shibles 

recently observed an increase, plateau, and decline in 

chlorophyll content from 55 to 99 days post-germination in 

soybean leaves, with no significant change in the number of 

chloroplasts per unit area of the leaf (42). Since the 

leaves measured for the data presented here were selected at 

random, the chlorophyll content would be expected to vary 
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from experiment to experiment. The use of the flow cytomet

ric parameter (PWTOF) to measure protoplast size would 

provide a means to verify the observation that the number of 

chloroplasts per unit area does not significantly change 

with leaf age. 

The use of flow cytometry for cell sizing was origi

nally developed to measure mammalian cell and nuclei diame

ters. In early work, a laser beam with a height of 4 am was 

utilized to measure the diameter of nuclei stained with 

propidium iodide and cell surfaces labeled with rhodamine 

isothiocyanate (112). The pulse signal derived from foward

angle light scatter were also employed for TOF measurements 

(113). 

greater 

These 

than 

measurements were accurate for particles 

10 urn. A modified application of the pulse 

processing principle was demonstrated by Eisert et ale (38), 

who utilized a flow microscope to measure absorbance signals 

of Tetrahymena pyriformis, which range in lengths up to 70 

am. Two criteria must be met for accurate TOF measurements. 

First, the particle must be larger in diameter than the beam 

height, and second, the pulse-width processing must be 

independent of the amplitude of the signal (80,104,105). 

The protoplasts used in this study have a mean diameter of 

35 urn, which is twice as large as the beam height (16 am) 

and the Coulter based hardware has been tested such that 

pulse-height dependence is observed at very low signal 
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amplitudes only. 

The lower limit of linearity for TOP measurements 

using standard optics was examined using pulse signals 

derived from fluorescent bead (2 and 7 urn), pollen (13.8 

20.9, 43 urn) and spores (28.6 urn). A high correlation 

coefficient (r2 =0.99) was observed between TOF measurements 

and microscopic size measurements for particles greater than 

14 urn. This supports the original criteria which suggests 

that as particles approach the diameter of the beam they 

generate a fluorescence pulse of constant width correspond

ing to the size of the focused beam. 

A strong linear relationship was observed between the 

chlorophyll autofluorescence based PWTOF processing analysis 

of protoplasts and actual protoplast size (Figure 2.7). The 

observation that the PWTOP signal derived from the rigid 

standard particles follows the line of best fit obtained 

with protoplasts suggests that protoplasts are not signifi

cantly distorted from their original spherical shape during 

flow analysis. Standards were routinely used to align a 

particle of known size to a designated channel number on the 

histogram. ,This process prior to analysis ensures that any 

variations in sheath pressure or laser beam shaping from day 

to day will not affect the consistency of the measurements. 

Once an accurate means for measuring protoplast size 

was established using the red autofluorescence signal of the 
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mesophyll cell-type for the PWTOF, the next question consid

ered was what is the relationship between protoplast size 

and chloroplast number. Based upon the results of pyke and 

Leech (96), who found a close correlation between cell plan 

area and chloroplast number in wheat mesophyll leaf cells, 

one would expect to see a squared relationship between PWTOF 

measurement of protoplast diameter and chloroplast number. 

However, from the results shown in Table 2.1, there is a 

strong linear correlation between PWTOF and chloroplast 

number. The heterogeneity that exists between the palisade 

and spongy parenchyma of the leaf mesophyll tissue (36) 

cannot be discerned in the microscopic measurements made by 

pyke and Leech (96). They measured the total chloroplast 

number per cell, but based their plan area measurement on a 

single focal plan. The accuracy of their results should 

therefore be questioned, because the overall inconsistency 

in cell shape from cell to cell was not considered. The 

isolation of protoplasts provides a population of spherical 

cells whose shape is uniform. Flow sorting eliminates this 

variable and allows a more accurate comparison of cell size 

and chloroplast number. 

It is also interesting to note that, although leaves 

of varying ages were chosen randomly for protoplast diges

tion, a good correlation exists between protoplast size and 

chloroplast number when the results of three separate 
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experiments are combined. Though a direct comparison cannot 

be made, others have demonstrated that in soybean during 

senescence changes in the age of a leaf do not affect the 

number of chloroplasts per unit leaf area (42). 

When FDA fluorochromasia was utilized as the pulse 

signal for PWTOF pulse processing, no correlation could be 

established between microscopic size measurements of the 

sorted protoplasts and their position on the PWTOF histo

gram. I proposed a hypothesis that suggests that the loss 

of PWTOF sensitivity may be a result of quenching of the 

fluorescein flU'.or-escence by chloroplasts located around 

periphery of the mesophyll protoplast. Based upon 

assumption, protoplasts without chloroplasts should 

the 

this 

be 

accurately measured using FDA fluorochromasia based PWTOF. 

It was first necessary to modify the protoplast prepa

ration medium to allow the isolation of the less dense, more 

buoyant epidermal and perivascular derived protoplasts. The 

replacement of mannitol as a sugar-based osmoticum with an 

ionic osmoticum provided optimal conditions for isolating 

both protoplast types as was observed under the microscope. 

The analysis of the protoplast population on a two-parameter 

histogram with chlorophyll autofluorescence on the y-axis 

and FDA fluorochromasia based PWTOF on the x-axis revealed a 

population of protoplasts devoid of chloroplasts and the 

chlorophyll containing mesophyll protoplasts (Figure 2.8). 
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It was then possible to separate protoplasts devoid of 

chloroplasts on the basis of the fluorescein generated PWTOF 

profile. The observed linear relationship between PWTOF and 

actual protoplast (without chloroplasts) diameter provided 

the evidence necessary to support the hypothesis that the 

presence of chloroplasts at the periphery of the protoplast 

quenches the fluorescein fluorescence. The observation that 

mesophyll protoplasts separated from the same population 

based upon chlorophyll autofluorescence PWTOF and measured 

microscopically follow the same regression line as the 

protoplasts devoid of chloroplasts, offers an example of the 

accuracy and flexibility of the PWTOF system. 

The data presented here demonstrates a rapid and 

accurate means of measuring protoplast size and chlorophyll 

content in a heterogeneous population of leaf cells. Using 

this technology it will be possible to isolate a homogeneous 

population of protoplasts based upon a defined size class, 

and (or) chlorophyll content for further study of develop

mental questions relating cell division, photosynthetic 

rates, and chloroplast number to leaf age. The separation of 

protoplasts from photosynthetic (chloroplast containing) and 

nonphotosynthetic (devoid of chloroplasts) tissues using 

two-parameter analysis now provides a means for looking at 

expression of chimeric genes within specific cell types. 



CHAPTER 3 

EXPRESSION OF PHOTOSYNTHESIS-RELATED GENE FUSIONS 
IS RESTRICTED BY CELL-TYPE IN TRANSGENIC PLANTS 

3.1 Synopsis 
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Protoplasts derived from photosynthetic and nonphoto-

synthetic tissues were separated by fluorescence-activated 

cell sorting from leaves of transgenic tobacco plants. 

Cell-specific gene expression was analyzed in plants con-

taining either the cauliflower mosaic virus 35S promoter, 

the chlorophyll a,b/binding protein promoter or the small 

subunit of ribulose bisphosphate carboxylase promoter each 

separately fused to the coding sequence for the beta-glucu-

ronidase enzyme. Expression of the photosynthesis-associat

ed promoters was found exclusively in protoplasts isolated 

from photosynthetic tissues, while the 35S promoter was 

active in protoplasts from both photosynthetic and nonphoto-

synthetic tissues. The use of the photooxidative agent, 

Norflurazon, to inhibit chloroplast function in the trans

genic plants, reduced or eliminated expression of the light-

regulated chimeric gene fusions, but had no effect on the 

constitutive chimeric gene fusions. 

3.2 Introduction 

The expression of the light-regulated nuclear encoded 
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genes for the small subunit of ribulose bisphosphate car

boxylase (rbcS) and the chlorophyll alb-binding protein 

(cab) has been extensively studied as noted in a recent 

review article (108). Much of what is known about the 

expression of these genes has come from the study of chimer

ic genes containing putative photoregulatory promoter and 

enhancer sequences fused to an appropriate marker coding 

sequence that can be readily assayed in transformed plant 

cells. 

Maximal expression of these genes has been localized 

within tissue containing mature chloroplasts. In particu

lar, studies involving the use of either albino mutants 

(58) or herbicide-treated plants (90,99,103) lacking mature 

chloroplasts provided the original supporting evidence for 

this localization. The absence of carotenoid biosynthesis 

in the tomato ghost mutant yielded photosynthetically incom

petent tissue for transcriptional studies of the native rbcS 

and cab promoters. Transcription activity was found only in 

the chloroplast containing cells (58). The level of endoge

nous translatable mRNA for both genes was dramatically 

reduced when mustard seedlings where germinated under red 

light illumination in the presence of the herbicide Norflu

razon, which blocks carotenoid biosynthesis (90). 

However, the use of an abnormal or perturbed 

may not represent what is occurring within a normal 

system 

plant. 
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Therefore, parallel studies have included microdissection 

and histological analysis of transgenic plants with qualita

tive rather than quantitative results. Demonstration of 

tissue-specific expression of the pea rbcS or cab promoter 

fused to the neomycin phosphotransferase II [NPT(II)] marker 

in transformed tobacco leaf tissue involved the microdissec

tion of the epidermal and mesophyll sections. The low level 

of marker activity in the epidermal layer was potentially 

the result of contaminating mesophyll cells within the 

epidermal peel (111). A second marker, chloramphenicol 

acetyl transferase (CAT), was used for in situ immunofluores

cence analysis of expression from the pea rbcS promoter in 

tobacco and was found localized within chloroplast contain

ing tissue, including the epidermal guard cells, but was 

absent from the epidermis (5). A third marker, beta-glucu

ronidase (GUS), fused to the tobacco rbcS promoter and ex 

pressed within a homologous system was studied 

cally and staining was localized within the 

containing cells (66). 

histochemi

chloroplast 

As the trend continues to provide gene expression 

information at the cellular level, the tools for measuring 

expression require increased sensitivity and accuracy such 

that quantitative measurements can be made. The complexity 

of the leaf structure demonstrates the variability that 

exists between individual cells within the leaf. In addi-
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tion to cells that vary in function (transport, photosynthe

sis, transpiration), the cells also vary in size and chloro

phyll content (38). Quantitation of photosynthetic gene 

expression at the cellular level becomes increasingly com

plicated as one begins to consider these variables. 

Reduction of the leaf tissue into a population of 

single cells through the production of protoplasts provides 

a means to study expression at the single cell level. Flow 

cytometry is a technology designed for analysis of parame

ters such as cell size and fluorescence within a population 

of single cells. This technology was originally developed 

for mammalian cell research, however in recent years adapta

tions have been made to allow flow analysis and separation 

of viable protoplasts (60,61). As outlined in Chapter 2, 

flow cytometry provides a means to separate protoplasts 

accurately on the basis of cell size and chlorophyll con

tent. Through the use of this technology it has become 

feasible to isolate a homogeneous population of plant cells 

on the basis of size and chlorophyll content, greatly en

hancing the potential for interpretation of marker gene 

expression quantitation. Secondly, the separation of 

protoplasts derived from photosynthetic and nonphotosynthet

ic tissues as discussed in Chapter 2 allows the study of 

cell type specific gene expression. 
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3.3 Materials and Methods 

3.3.1 Plant Material 

Transformed plants were maintained as apical shoots 

propagated under sterile conditions in vitro on MS medium 

(87) supplemented with kanamycin (100 yg/ml) and carbenicil

lin (500 Yg/ml). The plants were grown under continuous 

white light of 2000 lux intensity at 25 °C. Herbicide 

treated plants were grown in the MS medium plus 4 yg/ml 

Norflurazon (Sandoz, Palo Alto, CA). 

3.3.2 Plasmid Constructions and Plant Transformation 

Construction of the transcriptional gene fusions 

(pBI131.1, pBI121.1, and pBIl11.1) and plant transformation 

was accomplished by Drs. R.A. Jefferson, T.A. Kavanagh and 

M. W. Bevan at the Institute of Plant Science Research in 

Cambridge, United Kingdom. Details of the construction of 

the gene fusions and the method of plant transformation is 

documented in previously published reports (17,66,73). 

3.3.3 Protoplast Preparation 

Leaves of approximately 150 mg fresh weight were 

sliced into 1 mm wide sections across the midrib and digest

ed with 10 ml of filter sterilized enzyme solution. This 

solution consisted of 0.5 M mannitol, 10 roM CaCI 2 , 3 roM MES 
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(2-[N-Morpholino]ethanesulfonic acid) at pH 5.7 with 0.1% 

(w/v) Macerase (Calbiochem), 0.1% (w/v) Cellulysin (Calbio

chern), and 0.1% (w/v) Driselase (Sigma). Cycloheximide was 

included in the enzyme mixture at a final concentration of 

67 ~g/ml for experiments designed to determine enzyme half

life and stability. The sliced leaves were incubated for 

15-18 hr under continuous light! Protoplasts were filtered 

through two layers of cheesecloth, diluted with 2 volumes of 

ionic osmoticum W5 (154 roM NaCl, 125 roM CaC12 dihydrate, 5 

roM KCI, 5 roM Glucose, pH 5.7) and centrifuged at 60 x 9 for 

8 min (88). The pellet was resuspended in 10 ml of To 

medium (29) plus 25% (w/v) sucrose. For partial enrichment 

of protoplasts from photosynthetic and nonphotosynthetic 

tissues, the protoplast suspension was overlaid with 2.5 ml 

of 10% (w/v) sucrose dissolved in equal volumes of W5 and To 

medium. The step gradient was then overlaid with 2.5 ml of 

W5 medium and centrifuged at 60 x 9 for 10 min. Photosyn

thetic mesophyll protoplasts were predominantly found in the 

lower interface, while the achlorophyllous protoplasts 

migrated to the upper interface. The interfaces were col

lected separately, diluted with 2 volumes of W5 and centri

fuged at 60 x 9 for 2 min. Protoplast viability was meas

ured by resuspending the protoplasts in a 1/1000th dilution 

of a stock solution containing fluorescein diacetate (1 

mg/ml) in acetone (98). 
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3.3.4 Flow Analysis and Sorting of Protoplasts 

Chapter 2 provides a detailed description of the flow 

analysis and sorting methodology for separation of the 

protoplasts derived from photosynthetic and nonphotosynthet

ic tissues. A defined number of protoplasts from the two 

different cell-types were sorted into the wells of a 96-

well microtiter plate. Each well was filled with 75 ul of 

NT To (50) solution (0.5 M osmolarity) prior to sorting. 

3.3.5 Enzyme and Chlorophyll Assays 

Chlorophyll content was measured following the proce

dure detailed in Chapter 2. A detailed description of the 

development of the protocol for assaying beta-glucuronidase 

(GUS) was published by R.A. Jefferson in 1987 (65). The GUS 

assays were performed in the wells of a 96-well microtiter 

plate (Costar). The number and purity of sorted protoplasts 

in each well was confirmed using an Olympus inverted micro

scope. Each well was mixed with an equal volume of 2X GUS 

assay buffer containing 50 roM NaP04 pH 7.0, 10 roM beta

mercaptoethanol, 0.1% Triton-X 100, and 1roM ethylenediamine

tetraacetic acid, sodium salt (NaEDTA). Enzyme substrate, 

consisting of 10 roM 4-methyl umbelliferyl glucuronide 

(Sigma) in 1X GUS assay buffer, was prewarmed with the 

microtiter plate for 5 min after which a 1/10th volume was 
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added to each assay well. The plate was incubated at 37oc. 

At varying time points, 50 QI from each well was removed and 

stopped in 2 ml of 0.2M sodium carbonate (Na2C03)' The 

fluorescence was measured on a Perkin Elmer MPF 44A Spectro

fluorimeter at an excitation wavelength of 365 nm and emis

sion wavelength of 455 nm with slit widths of 15 nm. The 

absolute fluorescence was converted to concentration by 

calibrating with standards of 10 nM, 100 nM and 1 yM 4-

methyl umbelliferone (MU) in 0.2M Na2C03' 

3.4 Results 

3.4.1 Cell-Specific Expression of the Gene Fusions in Trans

genic Plants 

Sased upon the methodology outlined in Chapter 2 for 

the separation of protoplasts derived from photosynthetic 

and nonphotosynthetic cell types, an experiment was designed 

to determine the average purity in FACS separations of the 

two cell-types. When 20,000 mesophyll protoplasts were 

sorted and subjected to reanalysis, integration of the areas 

of the histogram indicated a purity of 98.2%. Sorting the 

same number of protoplasts derived from nonphotosynthetic 

tissues with reanalysis and subsequent integration gave a 

purity of 99.6% (Table 3.1). Maps of the constructs 

pSI12l.l, pSI13l.! and pSI!ll.l used to generate the trans-
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Table 3.1. Estimation of protoplast purity after sorting by 
reanalysis of sorted protoplasts and integration of two
parameter histogram. 

Integration Results * 

Cell-Type Chlorophyllous Nonchlorophyllous Total 
Sorted No. of Cells (% ) No. of Cells (% ) Number 

Chlorophyllous 3338 (96.2) 132 (3.8) 3470 

Non-
Chlorophyllous 4659 (99.6) 16 (0.4) 4675 

* The sorting and integration windows on the two-parameter 
histograms were set such that the segregation between the 
two populations was at a constant point. This point was at 
the l8-channel position on the integral red fluorescence 
scale. The population above this point was chlorophyllous 
and the population below was nonchlorophyllous. 
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formants used in this study are outlined in Figure 3.1. Two 

unique transgenic' plants, each from a different transforma

tion event were selected for each plasmid transformation. 

Protoplasts were prepared from individual leaves of each 

transformant and sorted to separate the cell types derived 

from photosynthetic and nonphotosynthetic tissues. The GUS 

assay results are given in units of cleaved substrate per 

protoplast per hour. In Figure 3.2 the results of three 

independent sorting and assay experiments for each transgen

ic plant are shown. The kinetics of the methylumbelliferyl 

glucuronide hydrolysis were measured from a series of 0, 1, 

2, and 3 hour time points for each experiment; the regres

sion analysis indicated a high degree of correlation with 

time (r2=0.992). Plants containing the CaMV-GUS gene fusion 

consistently maintained no difference in the level of ex

pression of the CaMV 35S promoter between the two cell-types 

(Figure 3.2A). In contrast, plants containing the rbcS-GUS 

and cab-GUS gene fusions maintained preferential expression 

of the enzyme in protoplasts derived from photosynthetic 

tissues. Protoplasts isolated from nonphotosynthetic tis

sues had GUS activities that were very low or undetectable 

(Figures 3.2B & 3.2C). 

3.4.2 Assay Sensitivity, Accuracy, and Stability 

Assay sensitivity was measured in the following man-



Figure 3.1: structures of the GUS expression plasmids con
taining the CaMV 35S promoter (pBII21.1), the rbca promoter 
(pBII31.1) and the cab promoter (pBIIII.I). The CaMV 
(pBII2l.l) and rbcS (pBIl31.l) constructs represent inser
tion of the appropriate promoter sequence into pBIlOl.l, an 
expression cassette containing pBinl9 (65). The cab-GUS 
(pBIlll.l) was constructed by inserting the coding sequence 
of GUS between the promoter containing the untranslated 
leader sequence from a tobacco cab gene and a DNA sequence 
containing the. 3'-polyadenylation site of the cab7 gene 
(73). This chimeric sequence was inserted into pBinl9. This 
figure represents a modified version of a figure published 
by Jefferson et ale (65) and is presented courtesy of R. 
Jefferson. 
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Figure 3.2: Regulated cell-specific expression of the GUS 
enzyme in transgenic plants. Approximately 150-300 proto
plasts containing chlorophyll (fiiled bars) or lacking 
chlorophyll (hatched bars) were assayed for GUS activity. 
The exact number per well was confirmed by light microscopy 
prior to assaying with one well assayed for each data point. 
Three independent experiments were performed in which proto
plasts were prepared from single leaves of six different 
transgenic plants. The mean values of cell-specific GUS 
activity expressed as pmol of methylumbelliferyl glucuro
nide hydrolyzed per hr per protoplast for each plant were as 
follows. Plant CaMV-GUS 21: 0.80 (chlorophyllous), 0~51 
(nonchlorophyllous). plant CaMV-GUS 30: 0.36, 0.31. Plant 
rbcS-GUS 2: 3.82, 0.09. Plant rbcS-GUS 5: 1.00, 0.10. Plant 
cab-GUS 26: 1.14, <0.03. Plant cab-GUS 27: 0.93, 0.06. 
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nero A defined number (1, 5, 10, 40 or 100) of the 

mesophyll CaMV-GUS protoplasts were sorted on the basis of a 

chlorophyll fluorescence generated peak width time-of-flight 

profile (channels 80-85) and both the chlorophyll content 

and the GUS activity were measured. In Figure 3.3 the 

protoplast number was plotted as a function of chlorophyll 

content. The corresponding correlation coefficient was 

r 2=0.987. In Figure 3.4 the protoplast number was given as 

a function of the GUS activity and the coefficient of deter

mination was r 2=0.996. The lower limits of sensitivity were 

determined from a sort of 1-5 protoplasts, where the coeffi

cient of determination was 0.973 between total GUS activity 

and number of protoplasts sorted (Figure 3.5). 

The accuracy of the extrapolation of the protoplast 

data to the actual level of GUS activity on a per cell basis 

in the leaf was tested with the addition of 50 Qg of cyclo

heximide during protoplast preparation. No effect was noted 

on either the levels of GUS activity or on the pattern of 

cell-specific gene expression (Table 3.2). In addition, 

when protoplasts were cultured for 4 days in the presence of 

cycloheximide, the in vivo half-life of the enzyme activity 

was found to be approximately 45 hours. This is well within 

the time frame of protoplast preparation and assay time 

utilized in the experiments. 



Figure 3.3: The relationship between chlorophyll content 
and the number of protoplasts sorted on the basis of peak 
red fluorescence generated time-of-flight (TOF). Proto
plasts were prepared from a leaf of a CaMV 21-GUS transgenic 
plant and a defined number (1,5,10,40 or 100) were sorted on 
the basis of a narrow TOF window (80-85 channel number) •• 
The actual number of protoplasts per well was confirmed 
using light microscopy prior to assaying for chlorophyll 
content. Multiple wells were assayed (N=2-4) for chloro
phyll content for each protoplast number and the data points 
represents the mean value from the assay results. The 
average coefficient of variance for each data point is 
25.7%. The error bars for the first three data points were 
too small to register on the graph. 
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Figure 3.4: The relationship between GUS activity and the 
number of protoplasts sorted on the basis of peak red fluo
rescence generated time-of-flight (ToP). Protoplasts were 
prepared from a leaf of a CaMV 21-GUS transgenic plant and a 
defined number (1,5,10,40 or 100) were sorted on the basis 
of a narrow TOF window (SO-S5 channel number). The actual 
number of protoplasts per well was confirmed using light 
microscopy prior to assaying for GUS activity. Multiple 
wells were assayed (N=3-S) for GUS activity for each proto
plast number and the data points represent the mean value 
from the assay results. The average coefficient of variance 
for each data point is 11.6%. A single time point of 24~hr 
was measured for each well for this assay. The error bars 
for the first three data points were too small to register 
on the graph. 
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Figure 3.5: Sensitivity of the GUS assay as a function of 
the number of protoplasts sorted on the basis of peak red 
fluorescence generated time-of-flight (TOP). Protoplasts 
were prepared from a leaf of a CaMV 21-GUS transgenic plant. 
The actual number of protoplasts per well was confirmed 
using light microscopy prior to assaying for GUS activity. 
Six wells were assayed (N=6) for GUS activity for each 
protoplast number with a series of three time points meas
ured for each set of six wells over a period of 0 to 69 
hours after the assay was initiated. A linear regression 
was calculated using the average of the six values for each 
of three time points for each protoplast number. The aver
age coefficient of variance for each set of six data points 
is 15.9%. From the regressions the calculated rate per hour 
per protoplasts number is plotted on the y-axix as a func
tion of protoplast number. The av~rage coefficient of 
determination for each regression is r =0.983. 
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Table 3.2. The effect of cycloheximide on the cell-type 
specific expression of GUS in protoplasts isolated from 
transgenic plants. 

GUS activity, pmol per hr per protoplast 
Transgenic Plant 

(Cell-Type) 

Experiment ! 
CaMV 21-GUS 

(Chlorophyllous) 

CaMV 21-GUS 
(Nonchlorophyllous) 

Experiment ~ 
CaMV 21-GUS 

(Chlorophyllous) 

CaMV 21-GUS 
(Nonchlorophyllous) 

Experiment ~ 
CaMV 30-GUS 

(Chlorophyllous) 

CaMV 30-GUS 
(Nonchlorophyllous) 

- Cycloheximide +Cycloheximide 

0.388 0.420 (108%) 

0.336 0.244 (73%) 

0.316 0.210 (66%) 

0.163 0.154 (94%) 

0.296 0.288 (97%) 

0.168 0.232 (138%) 

Pecentages in parentheses represent activity relative to the 
(-) cycloheximide value. Approximately 1000 protoplasts 
were sorted per well and each value represents the average 
activity rate from a minimum of two sorted wells. 
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3.4.3 Effect of Norflurazon on the Expression of the Gene 

FusionE 

Plants subcultured onto medium containing Norflurazon 

developed newly emerging leaves that were white. These 

leaves contained plastids that lacked thylakoids as detected 

in the electron micrographs in Figure 3.6C. It was possible 

to obtain protoplasts from these photobleached leaves and 

two parameter flow analysis (red fluorescence versus 

time-of-flight) of these protoplasts exhibited a single 

population (Figure 3.6A). Protopl~sts sorted from this 

population lacked chlorophyll autofluorescence, but were 

viable and exhibited active cytoplasmic streaming 

3.6B). The expression of CaMV-GUS in transgenic 

treated with Norflurazon was not effected (Table 3.3). 

(Figure 

plants 

The 

level of expression of the cab-GUS was completely eliminated 

by Norflurazon treatment of the transgenic plants, while 

expression of the rbcS-GUS fusion was reduced by Norflura-

zone 

3.5 Discussion 

Expression of the rbcS and cab promoters fused to the 

marker enzyme GUS has been shown to be restricted to meso

phyl cell-types in transgenic tobacco. Simpson and others 

(40,111) observed tissue-specific expression of a chimeric 

gene under the control of a rbcS promoter from pea in 



Figure 3.6: Flow analysis and sorting of protoplasts iso
lated from leaf tissues of Nicotiana tabacum treated with 
Norflurazon. (A) Two-parameter analysis of chlorophyll 
fluorescence (IRFL, chlorophyll content) and fluorescein 
generated time-of-flight (TOF, protoplast size) yielded a 
single population. (B) Viable protoplasts sorted from the 
single population lack mature chloroplasts (Bar = 3S-~). 
(C) Electronmicrograph of plastids within Norflurazon
treated leaf cells (XSOOO). 
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Table 3.3. The effect of Norflurazon on the expression of 
GUS in protoplasts isolated from Herbicide-treated transgen
ic plants. 

Transgenic plants 
CaMV-GUS 21 

CaMV-GUS 30 

rbcS-GUS 2 

rbcS-GUS 5 

cab-GUS 26 

cab-GUS 27 

GUS activity, pmol per hr per protoplast 

Control 

1.11 +/- 0.39 

0.70 +/- 0.15 

2.79 +/- 0.77 

0.39 +/- 0.06 

0.23 +/- 0.14 

0.07 +/- 0.03 

Norflurazon 

1.45 +/- 0.70 (131%) 

0.77 +/- 0.40 (110%) 

1.71 +/- 0.44 (72%) 

0.10 +/- 0.10 (26%) 

0.00 +/- 0.00 (0%) 

0.00 +/- 0.00 (0%) 

The data points are expressed as means +/- SD resulting from 
three independent experiments and are based upon the total 
number of viable protoplasts. The protoplasts were not 
sorted. The percentage values in parentheses represent 
activity relative to the control. 
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transgenic tobacco, and concluded that plastid development 

is important for activation of these promoters. The micro

dissection and in situ immunofluorescence techniques uti

lized provided only qualitative information on the expres

sion of these promoters. The ability to accurately quanti

tate the transcriptional activity of these two promoters on 

a single cell basis provides information previously unavail

able. 

The low level of GUS activity often observed in both 

the rbcS and cab protoplasts isolated from nonphotosynthet

ic tissues appears to contradict what has been published in 

the literature. This may be explained briefly as follows. 

Much of the initial work in this area involved using the pea 

rbcS gene expressed within a heterologous system, for exam

ple tobacco (5,40,111). The differences that exist between 

cis-acting sequences from the rbcS or cab promoters isolated 

from different species may affect correct regulation of 

expression in heterologous systems. Within an homologus 

expression system, the rbcS promoter from Nicotiana plumbag

inifolia fused to the CAT gene was consistently expressed 

only in photosynthetic tissue types when transformed into 

either N. plumbaginifolia or N. tabacum. The same construct 

behaved variably when transformed into Petunia hybrida 

(94,95). This study of an homologous expression system 

still provided no supporting evidence for the low level of 
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nonphotosynthetic expression levels observed in the data of 

this paper, so further possibilities were examined. 

The markers and methodologies previously used for 

detection of gene expression are limited by the sensitivity 

of the assay. The use of in situ immunofluorescence as a 

means of detecting expression of the CAT enzyme (5) or the 

NPTII enzyme detection system is not quantitative at the 

single cell level (lll). As has been demonstrated in this 

paper, the GUS enzyme detection system can provide quantita

tive information on gene expression at the single cell 

level. 

Finally, the studies that measure the endogenous 

levels of mRNA and protein for cab and rbcS cannot disregard 

the possibility that post-transcriptional mechanisms such as 

differential message stability or processing events also 

play a role in regulating protein accumulation (18). This 

body of data represents transcriptional regulation of these 

promoters. The use of a marker gene, such as GUS, which 

produces both a stable mRNA and protein allows one to disre

gard the potential for post-transcriptional changes that 

might interfere with the final conclusions. 

Two papers provide some indirect evidence which sup

ports the idea that rbcS transcription of these photosyn

thetic promoters can occur in nonphotosynthetic tissue. 

Vernet et ale (122) found translatable endogenous rbcS mRNA 
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within white callus derived from protoplasts isolated from 

Nicotiana sylvestris leaf tissue. Herrera-Estrella et ale 

(62) found a low level of CAT expression in white transgenic 

tobacco callus containing the pea rbcS promoter fused to the 

CAT reporter. 

The accuracy of this system for quantitating gene 

expression at the single cell level has been demonstrated in 

the linearity of the 1 to 5 protoplast assay experiment. 

Protoplasts of identical size and chlorophyll content also 

yielded GUS activities that were sim~lar. The half-life of 

the GUS enzyme is 45 hours which, is well within the time 

required to prepare, separate, and assay the protoplasts 

isolated from the transgenic plants. This point is critical 

to the assumption that the GUS activity on a per protoplast 

basis accurately represents the transcription levels occur

ring within the cells of the leaf. 

The CaMV promoter is known to act as a strong consti

tutive promoter in some organs of transgenic plants. The 

histological characterization of this promoter fused to the 

GUS marker enzyme demonstrated differential intensity levels 

of staining within the plant, especially noting intense 

staining in the phloem tissues of the stem (73). Aoyagi et 

ale (5) used the CaMV promoter fused to CAT for in ~itu 

immunofluorescence analysis of leaf sections finding expres

sion to be lower in the cortical cells of the stem in com-
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parison to the vascular regions. It was concluded that 

histological techniques may not be suited for determining 

subtle quantitative differences in expression levels, as 

penetration of the antibodies may vary between different 

cell types. 

The demonstration of accurate quantitation of expres

sion of the CaMV promoter fused to the GUS marker within 

individual cell-types provides a means for further analysis 

of expression occurring within the plant. Recently, tissue

specific and developmentally regulated domains within this 

promoter have been identified (12,13) in transgenic plants 

using GUS as the marker and histochemical techniques to 

localize expression. This information could be used to 

provide markers for specific cell-types and subsets of cells 

that are going through developmental changes within a leaf. 

Though at present fluorescent substrates for the in vivo 

labeling of plant protoplasts do not exist, the potential is 

there for separating leaf protoplasts based upon the 

presence or absence of expression of these CaMV domains. 

These cells could then be utilized for making cell-type 

specific cDNA libraries. 

The changes in gene expression of the photosynthetic 

chimeric constructs after treatment of the transgenic plants 

with Norflurazon correlate well with changes in the endoge

nous steady state mRNA levels in both pea and mustard seed-
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lings on Norflurazon (99,103). Analysis of the mRNA abun

dance changes in herbicide treated pea seedlings grown under 

white light conditions demonstrates a 35% drop in the rbcS 

mRNA while the cab mRNA level approaches zero (99). Within 

the same system nuclear run off assays show a marked drop in 

the level of cab transcription in white light (99). The 

steady state level of mRNA in mustard seedlings treated with 

herbicide and germinated under red light conditions indicat

ed a 60% decline in the level of rbcS mRNA and a level of 

cab mRNA that also approaches zero (103). It therefore is 

not surprising that Norflurazon treatment of the rbcS trans

genic plants causes a reduction rather than elimination of 

the GUS activity per protoplast. The level of GUS activity 

in the cab transgenic tobacco plants also corroborates 

earlier findings, being reduced to an undetectable level. 

Norflurazon treatment of the two CaMV transgenic plants has 

no effect on the level of transcription, which further 

supports the assumption that the absence of chlorophyll 

containing tissue is responsible for the loss or reduction 

of the photosynthetic gene expression. 

In summary, a very sensitive marker system for quanti

tating photosynthetic gene expression at the single cell 

level has been described. The measurement of photosynthetic 

gene expression at the transcriptional level within specific 

cell-types corroborates results found using other markers 
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and methodologies. And finally, through the use of flow 

cytornetry and sorting it is now feasible to isolate a homo

geneous population of plant protoplasts on the basis of size 

and chlorophyll content (Chapter 2) and relate these parame

ters to the transcription and translation events of a nucle

ar-encoded photosynthetic gene. 



CHAPTER 4 

CELL-TYPE SPECIFIC EXPRESSION OF PBOTOSYNTBESIS~RELATED 
GENE FUSIONS IS DEMONSTRATED IN TRANSFECTED PROTOPLASTS 

4.1 Synopsis 
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Normal tobacco leaf protoplasts were transfected with 

a construct containing either the cauliflower mosaic virus 

35S promoter, the chlorophyll a,b/binding protein promoter 

or the ribulose bisphosphate carboxylase promoter fused to 

the gene encoding beta-glucuronidase. The transfected 

protoplasts were subjected to flow cytometric analysis and 

sorting to separate the cells derived from photosynthetic 

and nonphotosynthetic tissues. After a 24-hour culture 

period, the expression of the marker enzyme controlled by 

the 35S promoter was observed in both cell types, while the 

photosynthesis-associated promoters were active only in 

mesophyll protoplasts. Inclusion of the photooxidative 

agent, Norflurazon, yielded photobleached protoplasts with 

no effect on expression of the constitutive gene fusion, and 

reduction of the level of expression of the light-regulated 

chimeric constructs. The chlorophyll a,b/binding protein 

promoter gene fusion required a unique dependence on a 

supercoiled plasmid configuration for enhanced expression. 

4.2 Introduction 

The nuclear genes that encode two chloroplast pro-



95 

teins: the small subunit of ribulose-1,5-bisphosphate car

boxylase (rbcS) and the major light-harvesting chlorophyll 

a,b/binding protein (cab), are paradigms for studying photo

regulated gene expression. Transcriptional control of the 

expression of these genes has been extensively researched at 

the molecular and cellular level (16). 

Microdissection and histological staining techniques 

used in conjunction with various gene expression markers 

have provided information on the localization of the expres

sion of these genes within various parts of the plant 

(5,66). Expression of the pea rbcS or cab promoter fused to 

the neomycin phosphotransferase II [NPTCII)] marker enzyme 

was found predominantly in mesophyll tissue when compared to 

epidermal peels from transgenic tobacco leaves (111). In 

situ immunofluorescence was utilized to detect the expres

sion of the chloramphenicol acetyl transferase (CAT) marker 

fused to the pea rbcS promoter within chloroplast containing 

mesophyll and guard cells, with expression lacking in epi

dermal cells of transgenic tobacco (5). These techniques 

provide qualitative information about gene expression at the 

cellular level, but they do not possess the reproducibility 

and sensitivity required for quantitative measurements. As 

was demonstrated in Chapter 3, the use of flow cytometrical

ly separated protoplasts in conjunction with a fluorescence 

assay for the marker enzyme GUS allows quantitative measure-
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ments of gene expression at the cellular level. 

The development of a transient expression system for 

studying the in vivo expression patterns of photosynthesis

associated promoters would provide a means to study signal 

transduction changes in response to external stimuli which 

are known to modulate the expression of these genes. Howev

er, it must first be established that the expression of the 

rbcS and cab genes in protoplasts is regulated in the same 

manner as occurs within the cells of an intact leaf. In 

specific cases, chimeric genes have been transfected into 

protoplasts under conditions in which it was possible to 

determine whether the genes were regulated properly. For 

example, the maize alcohol dehydrogenase promoter fused to a 

marker gene and transfected into protoplasts responded to 

anaerobiosis in a manner similar to the endogenous maize 

gene (64). 

The leaf is composed of heterogeneous cell types 

representing cells that vary in function (transport, respi

ration, photosynthesis) as well as in size and chlorophyll 

content (38). The development of a transient expression 

system for studying photosynthesis-associated gene expres

sion requires a means of separating the complex cell-types 

found within the leaf into a homogeneous population of 

cells~ In recent years, flow cytometry and cell sorting 

techniques have been developed which allow the analysis and 
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separation of viable plant protoplasts (60,61). As outlined 

in Chapter 2, this technology has been advanced to 

protoplasts on the basis of size and chlorophyll 

isolate 

fluores-

cence thus enabling the purification of a homogeneous popu

lation of protoplasts from the complex heterogeneous popula

tion that originally existed within the leaf. 

This research details the development of a functional 

transient expression system for the rbcS and cab promoters 

in tobacco protoplasts and the use of flow cytometry and 

cell sorting to demonstrate a pattern of cell-specific 

expression similar to that observed in protoplasts derived 

from transgenic plants in Chapter 3. 

4.3 Materials and Methods 

4.3.1 Plant Material 

Nicotiana tabacurn cv Xanthi plants were grown axeni

cally on MS medium (20) under continuous white light (2000 

lux) at 2SoC. Norflurazon was included at a concentration 

of 4 ~g/ml for experiments involving photobleaching (90). 

4.3.2 Plasmid Constructions 

Plasmids employed for transfection studies were de

rived from their counterparts used for the plant transforma

tions and described in Chapter 3. The 3.8-kb EcoRI-SalI 
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fragment from pBl111.1 was subcloned into the vector pUC8. 

The 2.85-kb HindIII-EcoRI fragment from pBI121.1 was sub

cloned into the vector pUC19 and the 3.05-kb HindIII-EcoRI 

fragment from pBI131.1 into pUC19. These new plasmids are 

named pBI211DG, pBI221DG and pBI231DG, respectively. Large 

scale plasmid isolations were purified on cesium chloride 

gradients (82). Linearized plasmids were treated with a 

1:1 phenol:chloroform extraction followed by ammonium ace

tate/ethanol precipitation and resuspension in TE buffer 

( 82 ) • Relaxation of the supercoiled pBI211DG was accom-

plished with the use of topoisomerase I (Promega, Madison 

WI) following the procedure recommended by the manufacturer. 

Plasmid relaxation was confirmed through agarose gel elec

trophoresis. 

4.3.3 Protoplast Preparation 

A detailed description of this procedure is given in 

the Material and Methods section in Chapter 3. 

4.3.4 Transfection Protocol 

The following protocol represents a modification of a 

published procedure (88). Protoplasts purified under ster

ile conditions were resuspended in medium MaMg (0.5 M Manni

tol, 15 roM MgCI2' 0.1% w/v MES (morpholinoethanesulphonic 

acid), ph 5.61 or where noted in medium w5 (154 roM NaCI, 125 
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mM CaCl2 dihydrate, 5 mM KCI, 5 mM Glucose, pH 5.6) to a 

concentration of 106 /ml. Sheared calf thymus DNA was then 

added to a final concentration of 50 ug/ml along with the 

appropriate plasmid at a final concentration of 20 ug/ml. A 

1.5 volume of a 40% polyethylene glycol (PEG) 4000MW CMS 

solution (88) was then mixed into the protoplast suspension 

and allowed to incubate at room temperature for 25 min. The 

protoplast mixture was then diluted 8 fold with sterile 

medium To (29) modified by the addition of 0.38 M glucose, 

0.154 M mannitol, and 75 ug/ml of ampicillin, and was incu

bated at 25 °c in darkness for 24 hou~s. 

4.3.5 Flow Sorting of Protoplasts 

A detailed description of the methodology of separa

tion of protoplasts derived from photosynthetic and nonpho

tosynthetic tissues can be found in Chapter 2. Sorting of 

the two cell-types was performed under sterile conditions as 

described in a previous report (60). Protoplasts were 

sorted into 150-ul of the modified To culture medium in 

wells of a 96-well microtiter plate and incubated for 24 hr 

at 25 0 C in darkness. 

4.3.6 Enzyme Assays 

Protoplast number, viability and sort purity were 

confirmed 24 hr after sorting and prior to the enzyme assay 



100 

with an Olympus inverted microscope. Viability was depend

ent on the following microscopic observations: an intact 

plasma membrane, cytoplasmic streaming and a uniform spheri

cal cell shape. The GUS assays were performed in the wells 

of a 96-well microtiter plate in a final volume of 300-~1 of 

lysis buffer. The assay methodology is explained in detail 

in the Material and Methods section in Chapter 3. 

4.4 Results 

4.4.1 Factors Affecting the Levels of GUS Activity 

Medium MaMg has been previously reported to increase 

the number of transformants derived from transfected 

plasts (88). For this reason medium MaMg was compared 

wS to determine if an effect could be observed on the 

proto

with 

tran-

sient expression levels and the results obtained in Figure 

4.1 indicate that for all three plasmids medium MaMg yielded 

a higher level of GUS activity than medium WS. As a corol

lary, the effect of MaMg and WS on the overall viability of 

the protoplasts 24 hr after transfection was monitored. The 

results in Table 4.1 reflect a consistently lower overall 

protoplast viability when MaMg was used as the transfection 

medium. 

Plasmid configuration appears to play a role in the 

transient expression levels. The plasmids pBI211DG and 



Figure 4.1: The effect of plasmid topology and medium 
composition on the level of transient expression. The plas
mid constructs were transfected in a supercoiled form or 
after linearization at the restriction site either 5' to the 
promoter or 3' to the terminator in either MaMg or W5 medi
um. Two independent experiments (filled bars and hatched 
bars) were performed and GUS activity was measured in three 
separate microtiter wells for each condition 24 hours after 
transfection. The average GUS activity value from the three 
wells measured is expressed as a function of the number of 
viable chlorophyllous protoplasts (for pBI211DG and 
pBI231DG) or of total viable protoplasts (for pBI221DG) 
determined at the end of the culture period. The highest 
(100%) GUS values (pmol of methylumbelliferone per hr per 
protoplast~ were as follows. pBI211DG: 1.20, 1.44 (MaMg); 
0.13, 0.71 (W5). pBI221DG: 14.94, 19.62 (MaMg); 9.51, 11.53 
(W5). pBI231DG: 1.50, 2.73 (MaMg); 1.08, 1.28 (W5). The 
average coefficient of variance for each data point ~s 5.4%. 



101 

pBI211DG 
100 MAMG W5 

75 

50 

25 

0 
MAMG W5 

.,-.... 100 ~ pBI221DG ~ 

~ 
004-1 75 0:; 
~ 
0 « 50 
Q) 

> 
~ 
0 25 
Q) 

a::: 

0 
MAMG W5 

100 
pBI231DG 

75 

50 

25 

o . 
Uncut 5' 3' Uncut 5' 3' 

Plasmid status 



102 

Table 4.1. The effect of transfection medium MaMg versus W5 
on protoplast viability. 

Number of Viable ProtoElasts (% ) 

Plasmid Total Number of Number of Non-
(Medium) # Photosynthetic Photosynthetic Total 

CaMV-GUS 
(MaMg) 7986 1223 (15.3) 403 ( 5 .1) 1626 (20.4) 
(W5 ) 8500 1651 (19.4) 724 (8.5) 2375 (27.9) 

CaMV-GUS 
(MaMg) 5198 197 (3.8) 86 (1.6) 283 (5.4) 
(W5 ) 4965 1153 (23.2) 426 (8.6) 1579 (31.8) 

Two. independent experiments were performed each containing 
an MaMG- and a W5-treated sample. The transfected proto
plasts were cultured in a 96-well microtiter plate. The 
total number and the viable number of protoplasts per well 
were scored 24 hours after transfection using an inverted 
microscope and a calibrated objective which allowed the 
counting of one field of view such that this data was used 
to calculate the number within the well. 
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pBI231DG required linearization at the 5' end of the gene 

for increased expression over that observed from the closed 

circular form. In contrast, expression of pBI221DG was 

higher when presented in the closed circular form. In all 

cases, expression was decreased if the plasmid was linear

ized at the 3' end of the gene (Figure 4.1). 

4.4.2 Cell-Specific Gene Expression in Transfected Proto

plasts 

Transfected protoplasts were separated into chloro

phyllous and nonchlorophyllous cell types and after 24 

hours the level of cell-specific gene expression of each 

construct was determined. Three independent experiments 

were performed with each construct and the GUS activity was 

measured in units of substrate (methyl umbelliferyl glucuro

nide) cleaved per hour per protoplast (Figure 4.2). The 

enzyme kinetics were linear over a series of four time 

points with an average r 2=0.992 for all experiments shown. 

The CaMV-GUS gene fusion was actively expressed in both cell 

types. In contrast, the photosynthesis-real ted rbcS-GUS and 

cab-GUS gene fusions were expressed predominantly in meso

phyll protoplasts with a very low level of detection in the 

achlorophyllous protoplasts (Figure 4.2). 

4.4.3 Effect of Norflurazon on the Expression of the Gene 



Figure 4.2: Cell-type specific expression of GUS in trans
fected protoplasts. Approximately 1QOO protoplasts contain
ing <filled bars) or lacking <hatched bars) chloroplasts 
were sorted after transfection into wells of a microtiter 
plate. The actual number was confirmed by light microscopy 
prior to assaying for GUS activity. For each experiment 
three wells were assayed for each condition and the average 
value is depicted on the bar graph. The average coefficient 
of variance for each bar value is 24.4%. Three independent 
experiments were performed for each construct and the mean 
values <pmol per hr per protoplasts) were as follows. 
pBI211DG: 0.96 (chlorophyllous), 0.04 (nonchlorophyllous). 
pBI221DG: 8.73, 5.97. pBI231DG: 1.84, 0.11. 
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Fusions 

Wild-type protoplasts isolated from the white leaves 

of Norflurazon-treated plants were transfected with the 

chimeric gene fusions. Norflurazon treatment had no adverse 

effect on the expression level of CaMV-GUS (Table 4.2). 

However, the level of rbcS-GUS and cab-GUS expression was 

reduced by approximately 60% of the level of expression in 

normal wild-type protoplasts (Table 4.2). 

4.4.4 Effect of Plasmid Topology 

The dependence of expression of pBI211DG on a super

coiled configuration led to the analysis of the promoter 

sequence in an effort to explain this effect. A partial 

sequence of the tobacco cab7 promoter was analyzed and five 

regions of alternating purine and pyrimidine bases were 

identified and are underlined in Figure 4.3. Under condi

tions where the plasmid is negatively supercoiled, these 

regions may form what is known as Z-DNA which has been 

suggested to play a role in ,the regulation of gene expres

sion. In an effort to verify this theory, pBI211DG was 

relaxed with topoisomerase I. The expression level of the 

relaxed plasmid was compared with' the supercoiled pBI211DG 

in transfect wild-type protoplasts. In two independent 

experiments, both plasmid configurations yield levels of 

expression that were the same (Figure 4.4). 
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Table 4.2. The effect of Norflurazon on the transient ex
pression of GUS in protoplasts isolated from herbicide
treated tobacco plants. 

GUS activity, pmol per hr per protoplast 

Transient Construct 

CaMV-GUS 

rbcS-GUS 

cab-GUS 

Control 

11.14 +/- 3.27 

1.40 +/- 0.06 

0.72 +/- 0.09 

Norflurazon 

22.02 +/- 6.97 (198%) 

0.55 +/- 0.25 (39%) 

0.25 +/- 0.10 (35%) 

The data points are expressed as means +/- SO resulting from 
three independent experiments and are based upon the total 
number of viable protoplasts. The protoplasts were not 
sorted. The percentage values in parentheses represent 
activity relative to the control. 



Figure 4.3: Partial sequence analysis of the tobacco cab7 
gene and the cab-GUS gene fusion. The two sequences are 
identical through position 552. The start of translation 
(position 554 in cab7; 577 in cab-GUS), the start of tran
scription (position 490) and the "TATA" box (position 452) 
are underlined and in boldface. The potential Z-DNA regions 
of alternating purine and pyrimidine bases are underlined 
and located at positions 97-104, 129-138, 169-177 and 244-
251. The DNA sequence information was provide by Dr. Tony 
Kavanagh from the University of Dublin, Dublin, Ireland. 
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TTAAGAGAATTATTCATCCGAATATTTAAGAATGACATAAGAAATTGTAATAAATTTTA 

1 59 
Z-DNA 

GTCATTGAAATAATTGCTAGAAAATTATTCTTTTTTAATATATATTATTTGTCTCATTG 

60 118 
Z-DNA Z-DNA 

TGAAGAAGAGGTATATACACCACTAATATTTGATAGGCCAGAAAAAACAGGTGTGTGTG 

119 177 

AACTATTGCATGGCCATGACTTACTCTTATGCTCTTGGTCAACTGGATTTTGCAATAAT 

178 236 
Z-DNA 

CCACTATCACACGTGGCAACTCTGTATTGCTTTACGAGAGGAAATCAACATTGAGTTAG 

237 295 

ATTTTCTAGACATAATAATGTATCTAAATATATCTACTCATGTTGTTGAACTTTGACAA 

296 354 

ATGGACAAGAATGCAAACGTTAAACAAATTGTTATCTTCCAATGAGAAAACAGATAATG 

355 413 
TATA BOX 

ATATTCTAAGATAATGACTTAAGTGTTTTGGAGTCATTTAAATACATTTGGTGCAAGAC 

414 472 
START 

CATGAAACTCAAGCC~TCAAGTATTCTTTGTGTAGTATAGCTTCATTCAAGAGTT 

473 531 
START 

TTTTCATTTTACTTCTACAACAatg (cab7) 

START 
TTTTCATTTTACTTCTACAACGATCCCCGGGTAGGTCAGTCCCTTatg (cab-GUS) 



Figure 4.4: The effect of a relaxed open circle versus 
supercoiled plasmid configuration on the transient expres
sion of pBI211DG. Protoplasts were transfected with each 
plasmid configuration and cultured for 24 hr. The expres
sion level of the supercoiled plasmid was set to 100% with 
the expression of the relaxed plasmid given as a relative 
percentage. Two independent experiments were performed and 
the mean values (pmol of rnethylumbelliferone per hr per 
viable mesophyll protoplast) were as follows. Relaxed 
pBI211DG: 0.33 (9.1%); supercoiled pBI211DG: 0.39 (31.2%). 
The average coefficient of variance is give in parentheses 
beside each value. 
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4.5 Discussion 

The cell-specific pattern of transient expression of 

the rbcS and cab gene fusions in tobacco protoplasts re

flects the pattern of expression in protoplasts derived from 

transgenic plants bearing the same chimeric gene fusions in 

Chapter 3. In addition, as reported in the literature using 

chimeric gene constructs (5,66,111), the expression of both 

rbcS and cab predominates within the chloroplast containing 

tissues of the plant. Based upon this information it can be 

concluded that the in vivo expression of these two photosyn

thesis-associated promoters is accurately regulated when 

transfected into plant leaf protoplasts. 

The low level of GUS activity in ncnphotosythetic 

protoplasts derived from the transgenic plants which was 

presented in the results in Chapter 3, also appears in the 

nonchlorophyllous protoplasts transfected with the same gene 

fusions as presented here. This corroborative evidence 

supports the idea proposed in Chapter 3, that the lack of 

expression within nonphotosynthetic tissue observed by 

others (5,66,111) may represent the absence of the sensitiv

ity in the.marker enzyme assays, immunofluorescence detec

tion or histochemical staining techniques required for 

detecting very low levels of marker gene activity. Indirect 

evidence supporting the potential for photosynthesis-related 

gene activity in nonphotosynthetic tissue types has been 
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discerned in callus. Endogenous rbcS mRNA has been observed 

in white tobacco callus (122), and rbcS-CAT expression has 

been 

detected in white transgenic tobacco callus (62). 

After reviewing the literature, it became apparent 

that this was the first time that regulated expression of 

the rbcS and cab promoters in chimeric gene fusions intro

duced in a transient system had been demonstrated. There 

are several potential explanations as to why this transient 

expression system was successful. The first key may reside 

in the physiological state of the protoplasts. The proto

plasts were derived from plants propagated as in vitro shoot 

cultures. Under these conditions the plants are provided 

with a controlled (light, temperature and humidity) growing 

environment. Protoplasts isolated from greenhouse leaf 

material that requires a bleach treatment for surface steri

lization exhibit a viability of approximately 50% (60). In 

contrast, the viability of protoplasts isolated from in 

vitro shoot tissue is consistently higher (85%). 

It has been demonstrated that plants maintain defense 

mechanisms against forms of environmental stress. In proto

plasts, the addition of hyphal cell wall fragments from 

certain fungi act as elicitors to modulate gene expression 

at the transcriptional level (31). It is important to keep 

in mind that the enzyme solution used to release protoplasts 
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is composed of low levels of polysaccharidases, some of 

which originate from crude preparations from fungal fil

trates. Plant cell wall fragments have also been shown to 

exist as endogenous elicitors (33). Consequently, the enzy

matic release often results in the activation of elicitor 

response pathways. Recently, a secondary effect in the 

elicitor response was observed. The synthesis of ribulose 

bisphosphate carboxylase is repressed at the steady state 

mRNA level in both fungal infected melon and potato plants 

(74,97). In the results presente~ here the low enzyme 

levels used for protoplasting coupled with increased cell 

viability, may explain why both the rbcS and cab promoters 

function when introduced transiently. 

The methodology of DNA uptake may also play an impor

tant role. Electroporation is a common means of gene trans

fer into protoplasts derived from tissue culture of maize, 

rice, wheat and sorghum (44,91). A comparative study was 

done recently between electroporation of suspension culture 

protoplasts and mesophyll protoplasts in sugar beets. The 

results indicate that mesophyll protoplasts were more sus

ceptible to damage by electroporation, as has been seen in 

rice and tobacco (81). In addition, the electroporation 

requirements for mesophyll protoplasts are less flexible "for 

transient CAT expression to occur, than for suspension 

culture derived protoplasts. 
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Transient gene expression and protoplast survival have 

been shown to be influenced by the salt composition of the 

electroporation medium. In these experiments, a similar 

effect was noted between the use of MaMg and WS. When MaMg 

was utilized the level of expression increased for all three 

constructs in comparison to WS. However the number of 

viable protoplasts measured 24 hours after transfectiori in 

MaMg was reduced 7 to 26 percent in comparison to WS. 

Negruitu and his group (88) found that the use of MaMg 

yielded a higher number of transformants when compared with 

WS. In addition, the PEG mediated DNA uptake yielded a 

higher number of transformants when compared to electropora

tion of the same cell type. 

Lastly, DNA configuration also appears to have a 

direct effect on the level of transient expression. The 

CaMV and rbcS gene fusions are expressed at higher levels 

when transfected as linearized DNA. This correlates with 

what has been noted in animal systems and may reflect im

proved entry of the plasmid into the nucleus (120). The 

exception is the cab-GUS gene fusion which yields a higher 

level of expression in the closed circular form. One of the 

characteristics of closed circular plasmids isolated from 

cesium chloride gradients is that they are negatively super

coiled. In this configuration alternating purine and pyri

midine sequences have a greater probability of forming Z-DNA 
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(89), which has been implicated in the regulation of expres

sion of the cabl gene in Arabidopsis (59). Analysis of the 

cab7 promoter sequence indicates four regions of potential 

Z-DNA formation within the first 450 base pairs upstream of 

the start of transcription (Figure 4.3). 

In an attempt to qualify this theory supercoiled 

plasmid was treated with topoisomerase I to give a relaxed 

open circle configuration. In two separate experiments when 

the level of expression was compared between the supercoiled 

plasmid and the relaxed plasmid, no difference was noted. 

One possible explanation is that gyrases are present within 

the nucleus which return the relaxed plasmid to a super

coiled configuration. Recently, transient expression of a 

heat shock inducible promoter fused to the GUS gene was 

demonstrated to be positively regUlated by supercoiling in 

tobacco protoplasts (2). The authors suggested that the AT

rich regions within the promoter, known to be involved in 

transcription, may function as regions recognized by topoi

somerase or as regions which .melt in response to heat shock 

causing torsional stress up and downstream which in turn 

modulates expression. The exact mechanism by which this 

positive regulation is occurring is unclear, but the identi

fication of two promoters regulated in this manner suggests 

that DNA configuration can play an important role in the 

regUlation of gene expression. 
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other workers have reported an absence of the endoge

nous rbcS mRNA in Nicotiana plant protoplasts (122). The 

ability to detect rbcS promoter activity in protoplasts 

through the measurement of a stable marker is representative 

of the level of gene activity at the transcriptional level. 

The mRNA originating from the chimeric construct would 

differ in both the coding region and the 3' non-translated 

region when compared to the endogenous message. The absence 

of endogenous mRNA in protoplasts could therefore be due to 

a difference in mRNA stability, rather than a loss of tran

scription (18). 

In comparison to the results presented in Chapter 3, 

the cell-specific regulation of the rbcS and cab promoters 

introduced transiently showed the same pattern as seen in 

transgenic plants, active in photosynthetic tissue with 

reduced expression in nonphotosynthetic cells. The levels 

of expression of the photosynthesis-related promoters within 

transgenic plants and transfected wild-type mesophyll cells 

are similar as well. This suggests that in chlorophyllous 

cell-types, the promoter copy number is not the limiting 

element but rather the concentration of regulatory proteins 

may control the level of expression per cell. In contrast, 

the transient level of activity of the CaMV promoter is 

significantly higher than in plants transformed with the 

CaMV-GUS chimeric construct. In this case the increased 
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number of chimeric constructs introduced transiently into 

the cell correlates with a higher level of gene expression. 

The regulatory factors would not be limiting in this case. 

The Norflurazon mediated photooxidative destruction of 

the chloroplast thylakoids reduces but does not eliminate 

expression of the rbcS and cab gene fusions. In earlier 

work Norflurazon-treatment of both mustard and pea seedlings 

causes the steady state mRNA level of rbcS to decline to 

40% of the level found in normal non-treated plants, 

(99,103). The reduction of the transient expression of the 

rbcS promoter correlates well with earlier findings and in 

addition, yields values that are comparable to those derived 

from Norflurazon-treated transgenic plants carrying the same 

gene fusion (Chapter 3). 

The reduction in the transient expression of the cab

GUS construct in Norflurazon-treated protoplasts does not 

correlate with the complete loss of endogenous cab message 

observed in pea and mustard seedlings treated with Norflura

zon (99,103). In addition, from data presented in Chapter 

3, transgenic cab-GUS expression can not be detected when 

the plants are cultured on Norflurazon. This suggests that 

the difference is probably not due to the comparison of 

endogenous message stability with the expression of a stable 

marker enzyme. One can propose a theory to explain this 

which assumes that Norflurazon treatment causes either an 
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increased production of a negative regulatory factor or a 

decreased affinity for a positive regulatory factor. Keep-

ing this in mind, the transfection of multiple copies of the 

cab-GUS construct would either titrate the abundant negative 

regulatory factors allowing an increase in transcription to 

occur, or increase the probability of the positive regulator 

binding long enough to initiate transcription. 

In summary, the first transient expression system for 

studying cell-specific transcription of two light-regulated 

promoters (rbcS and cab) has been developed. The pattern of 

transient cell-specific expression of these promoters cor

roborates a similar pattern in transgenic plants identified 

in Chapter 3 and correlates with other research findings 

that utilized different markers and methodologies. This 

suggests that the transcriptional regulatory machinery is 

functional within isolated protoplasts which could be used 

as an in vivo transcriptional assay system for studying the 

positive or negative regulatory roles played by the cis

acting sequences identified within each of these two promot-

ers. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The development of techniques for the flow cytometric 

analysis of plant cells has been a major emphasis in this 

laboratory. The leaf tissue can be separated into individu

al cells called protoplasts with the use of cell wall de

grading enzymes. The natural autofluorescence of the 

endogenous pigment chlorophyll, provides a convenient means 

of analyzing a population of plant protoplasts on the fluo

rescence activated cell sorter. Prior to this work, methods 

for the sorting and subsequent culture and regeneration of 

protoplasts analyzed on the basis of chlorophyll fluores

cence have been developed (60,61). The next logical step 

was to determine if chlorophyll fluorescence could be relat

ed to the actual chlorophyll content within the protoplast. 

Based upon the results presented in Chapter 2, a very strong 

linear correlation exists between chlorophyll fluorescence 

and actual cellular content. 

Chlorophyll is the major antenna molecule involved in 

the transfer of light energy for the photosynthesis process. 

Because this is a major cellular process in plants, many 

studies have been performed on whole leaf extracts as well 

as on· isolated chloroplasts. 

Butterfass proposed that the number of chloroplasts 
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per plant cell was a function of the ploidy DNA content level 

of the cell (3) •. Based upon microscopic studies, pyke and 

Leech (10) recently demonstrated that a closer correlation 

existed between cell plan area and chloroplast number, than 

was found with ploidy and chloroplast number. The results 

presented in Chapter 2 further suggest a better correlation 

exists between cell diameter and chloroplast number. The 

flow cytometric parameter time-of-flight (TOF) was estab

lished as an accurate means for measuring the diameter of 

chloroplast containing protoplasts. As the accuracy and 

reproducibility of the techniques change, the picture of 

developmental mechanisms occurring within the cell becomes 

clearer. 

Recently, leaf age was studied with respect to chloro

plast number using microscopic analysis of fixed leaf tissue 

and chlorophyll content was measured from whole leaf ex

tracts. The conclusion that the loss of photosynthetic 

activity as the leaf ages is related to a loss of chloro

plast composition, rather than chloroplast number per cell 

(4) demonstrates the value of accurate information obtained 

at the cellular level when observing a developmental change 

in the leaf. As established in chapter 2, a strong correla

tion exists between the number of chloroplasts and the size 

of the protoplasts when leaf age was not a controlled fac

tor. However, with the comparison of chloroplast number and 
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chlorophyll fluorescence, linearity was observed within each 

experiment but the overall correlation between experiments 

was poor. This supports the findings of Ford and Shibles in 

that as a leaf ages, the chloroplast number per cell area 

does not change, but the chlorophyll content does. 

The ability to distinguish between chloroplast 

taining and protoplasts devoid of chloroplasts using 

flow cytometric parameter measurements of chlorophyll 

rescence versus TOF, provided a new means to study 

con-

the 

fluo

cell 

specific gene expression within a homogeneous population of 

protoplasts. The localization of transcriptionally regulat

ed expression of the photosynthesis-related genes encoding 

the small subunit of ribulose bisphosphate carboxylase 

(rbcS) and the chlorophyll a,b/binding protein (cab) within 

the cells of the leaf has been studied using chimeric con

structs in transgenic plants. The methodologies for detect

ing expression of the stable marker genes vary. Simpson et 

al., using microdissection techniques, observed expression 

of the marker gene encoding neomycin phosphotransferase 

fused to rbcS and cab promoters in the mesophyll tissues 

with low levels detected in the epidermal peels of transgen

ic tobacco (13). Histochemical techniques were used to 

demonstrate localization of the rbcS promoter fused to the 

marker gene for B-glucuronidase (GUS) in chloroplast con

taining cells (9). In situ immunofluorescence of tissue 
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sections was used to demonstrate the expression of chlo

roamphenicol acetyltransferase when fused to the rbcS pro

moter in transgenic tobacco (2). Though these techniques 

all provide consistent qualitative information on the ex

pression of the photosynthesis-related genes studied, the 

sensitivity of the techniques is such that quantitative 

differences that may exist between cab and rbcS gene ex

pression in different cell-types cannot be observed. In the 

next phase of the research presented, the goal was to devel

op a system to quantitate expression within a homog~neous 

population of specific cell-types. 

Chlorophyllous and nonchlorophyllous protoplasts were 

isolated from transgenic plants which contained either the 

cauliflower mosaic virus 35S (CaMV) promoter, the cab or the 

rbcS promoter fused to the GUS marker gene. A sensitive 

fluorometric assay was utilized to quantitate expression on 

a per protoplast basis. The accuracy and sensitivity of 

detection was demonstrated by the linear correlation ob

served between GUS activity and protoplast number when one 

to five protoplasts isolated from a CaMV-GUS transgenic 

plant were sorted on the basis of a uniform size (TOF). 

Expression of the CaMV-GUS chimeric construct was relatively 

equivalent in both cell types. The photosynthesis-related 

promoters were found to be predominan'tly active in mesophyll 

cell types with a low level of activity in the protoplasts 
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derived from nonphotosynthetic tissues. 

Protoplasts have been utilized to study the regulated 

transient expression of chimeric gene constructs. Anaerobic 

induction of the maize alcohol dehydrogenase 1 promoter 

fused to a marker gene was demonstrated in maize suspension 

protoplasts (8). Leaf protoplasts have been utilized to 

demonstrate heat shock inducible expression of a heat shock 

promoter chimeric construct (1). The next logical approach 

was to determine if the mechanisms of regulation for the cab 

and rbcS promoters existed in isolated protoplasts, and if 

so, whether this regulation occured in a cell-specific 

pattern similar to that observed in transgenic plants. In 

Chapter 4, an existing protocol was successfully applied for 

transfecting chimeric constructs into wild-type protoplasts. 

The expression pattern mimicked the pattern observed in 

transgenic protoplasts with transient expression of the 

CaMV-GUS construct found in both cell types. The photosyn

thesis-related gene fusions were expressed predominantly in 

the mesophyll protoplasts, with a low level of expression 

detected in the protoplasts derived from nonphotosynthetic 

tissues. The absence of translatable rbcS mRNA in isolated 

leaf protoplasts observed in work done elsewhere (14), 

suggested that the use of chimeric gene fusions measured-the 

transcriptional activation of the gene and obviated the need 

to consider post-transcription regulatory effects such as 
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mRNA stability or processing. 

The low level of expression of the photosynthesis 

-related genes in both the transient and transgenic nonchlo

rophyllous cell types was not observed using other tech

niques (2,9,13) and may likely reflect the increased sensi

tivity of the fluorometric GUS detection system. Evidence 

for the expression of the rbcS promoter in whole white 

callus tissue by others suggests that this may be the case 

( 7,14) • 

The herbicide Norflurazon, an inhibitor of carotenoid 

biosynthesis, was used to induce photooxidative damage of 

the chloroplasts under white light conditions. 

isolated from the white leaves of transgenic 

Protoplasts 

plants were 

analyzed for gene expression levels. No effect was observed 

on the level of expression of the CaMV-GUS. A reduction in 

the rbcS-GUS expression and a complete loss of cab-GUS gene 

expression was noted. These results reflect what others have 

observed measuring the endogenous mRNA levels of herbicide

treated mustard and pea seedlings (11,12). Transient ex

pression of the same constructs in Norflurazon-treated white 

protoplasts yielded similar results with the exception of 

the cab-GUS construct, which was active at reduced levels in 

the wild-type protoplasts. 

'In conclusion, the development of flow cytometric 

techniques for the isolation of homogeneous populations of 
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protoplasts, used in conjunction with a sensitive detection 

system for measuring gene activity at the transcriptional 

level now provides a means for accurately measuring changes 

that occur within the cell as the leaf develops. The tech

niques now exist for accurately measuring chlorophyll fluo

rescence (content), chloroplast number, and cell and genome 

size as they relate to changes in leaf position and age 

during development. At the molecular level, the demonstra

tion of regulated transient expression of photosynthesis

related promoters within protoplasts suggests that the 

regulatory machinery remains intact and functional within 

isolated protoplasts. This in vivo system has the potential 

to be used for studying promoter-promoter interactions, and 

defining the effect of cis-acting sequences using co-trans

fection techniques. 
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