
THE RELATION OF NUCLEIC ACID
METABOLISM TO COTYLEDON DEVELOPMENT

IN PUMPKIN (CUCURBITA PEPO L.)

Item Type text; Dissertation-Reproduction (electronic)

Authors Pegelow, Edward James, 1941-

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 13:50:44

Link to Item http://hdl.handle.net/10150/287761

http://hdl.handle.net/10150/287761


I I 
71-28,662 

PEGELOW, Jr., Edward James, 1941-
THE RELATION OF NUCLEIC ACID METABOLISM TO 
COTYLEDON DEVELOPMENT IN PUMPKIN (CUCURBITA 
PEPO L.) 

The University of Arizona, Ph.D., 1971 
Botany 

University Microfilms, A XEROX Company, Ann Arbor, Michigan 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED 



THE RELATION OF NUCLEIC ACID METABOLISM 

TO COTYLEDON DEVELOPMENT IN PUMPKIN 

(CUCURBITA PEPO L.) 

by 

Edward James Pegelow, Jr. 

A Dissertation submitted to the Faculty of the 

DEPARTMENT OF BIOLOGICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN BOTANY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 1 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Edward James Peerelow, Jr. 

entitled The Relation of Nucleic Acid Metabolism to 

Cotyledon Development in Pumpkin (Cucurbita pepo 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy with a Major in Botany 

j7/9 7/ 
Dissertation Director Date 

After inspection of the final copy of the dissertation, the 

follov/ing members of the Final Examination Committee concur in 

its approval and recommend its acceptance:*" 

/?7' 

Ma, *i H V 

cvq. lylta ̂  ̂  / ?>/ 

7̂. dT J J 9 ?/ 
(7 ) 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University-
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of 
this manuscript 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 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: 



ACKNOWLEDGMENTS 

I am deeply grateful to Dr. Kaoru Matsuda for his 

advice, support, time, and effort during my graduate pro

gram and for the considerable amount of his time and advice 

that went into the preparation of this manuscript. 

I also wish to thank Dr. Paul Bartels, Dr. Robert 

Mellor, and Dr. Homer Bloss for their help and guidance 

throughout my graduate study and for their suggestions 

regarding this dissertation. Thanks are also due to Dr. 

Stanley Alcorn for his critical reading of this manuscript. 

I wish to acknowledge the helpful advice of Dr. 

Albert Siegel and Dr. John Potter on many occasions, the 

suggestions of Dr. Frank Katterman and Dr. Paul V/hitfield 

concerning DNA isolation and purification, and the assist

ance of Mr. Donald Lightfoot and Miss Dorothy Hardin in 

ultracentrifugal analyses. Information relevant to the 

topic of this dissertation has also been contributed by Mr, 

Willard Clay, Mr. John Anderson, Mr. Douglas Johnson, and 

Mr. Brian Grimwood. A special thanks is extended to Miss 

Marian Slavin for expert technical assistance and unfailing 

good cheer. I am very grateful to Miss Alison Hyde for doing 

a superb job on the illustrations for this dissertation. 

And, of course, my heartfelt thanks go to my wife, 

Jo, whose support and devotion made another dream come true. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF TABLES vi 

LIST OF ILLUSTRATIONS vii 

ABSTRACT viii 

CHAPTER 

1. INTRODUCTION AND REVIEW OF LITERATURE .... 1 

Morphological and Physiological 
Development of the Cotyledons 
of Germinating Dicot Seedlings 2 

Protein Metabolism of Cucurbit 
Cotyledons k 

RNA Metabolism of Cotyledons 
of Germinating Seedlings 10 

DNA Metabolism of Cotyledons 
of Germinating Seedlings 17 

2. MATERIALS AND METHODS 21 

Chemical Composition of Cotyledon 
Tissues 22 
Chlorophyll 22 
Nucleic Acids 23 
Protein 26 

Ribosome Sedimentation 26 
Determination of Cell Number . 27 
Respirometer Readings 28 
Ribonuclease Assay . 28 
DNA Extraction and Purification ...... 29 
RNA/DNA Hybridisation 33 
Equilibrium Ultracentrifugation of DNA . . 33 
RNA Extraction, Purification, and 

Characterization ............ 34 
Incorporation of Tritiated Nucleosides 
into Cotyledons 36 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 
CHAPTER 

3. RESULTS 40 

Chemical Composition and Respiratory 
Ability of Pumpkin Cotyledons 43 

Nuclease Treatment of Tritium-
labelled Nucleic Acid Fractions . . . . . 49 

RNA Metabolism in Pumpkin Cotyledons . . . 53 
Ribosomes and Ribosomal-RNA of 
Developing Pumpkin Cotyledons 58 

DNA Metabolism in Pumpkin 
Cotyledons 63 

if. DISCUSSION AND CONCLUSIONS 74 

REFERENCES CITED ..... 90 



LIST OF TABLES 

Table Page 

I. Cotyledonary area of light-grown pumpkin 
seedlings of various ages ^2 

II, Average respiratory rates of cotyledons 
from light-grovm pumpkin seedlings 
of various ages if8 

III. The effect of nuclease pretreatment of 
tritium-labelled cotyledon homogenates 
on the subsequent recovery of TCA-
insoluble radioactivity .... 51 

IV. Incorporation of tritiated uridine into 
cotyledons of light-grown pumpkin 
seedlings of various ages 55 

V. Extractable ribonuclease activity in 
cotyledons of light-grown pumpkin 
seedlings of various ages 59 

VI. Incorporation of tritiated thymidine 
into cotyledons of light-grown 
pumpkin seedlings of various ages 65 

VII. Cotyledonary cell number in light-
grown pumpkin seedlings of various 
ages 68 

VIII. Hybridization of DNA's from cotyledons 
of light-grown pumpkin seedlings of 
v a r i o u s  a g e s  t o  r o o t  r - K N A  . . . . . . . . .  7 2  

vi 



LIST OF ILLUSTRATIONS 

Figure Page 

1. General appearance of light-grown 
pumpkin seedlings during the 1st 
week after planting Zf1 

2. Compositional changes in cotyledons 
of light-grown pumpkin seedlings 
during the 1st week after planting ...... k5 

3. Compositional changes in cotyledons 
of dark-grown pumpkin seedlings 
during the 1st week after planting if6 

Incorporation of ^H-uridine into the 
TCA-insoluble fraction of cotyledons 
of pumpkin seedlings developing in 
light " 56 

5. Ultracentrifugal analysis of ribosome 
extracts from cotyledons of (A) 2-
day-old and (B) Af-day-old light-
grown pumpkin seedlings ..... 60 

6. Gel electropherograms of RNA extracts 
from cotyledons of 2- , 3~ > , and 
7-day-old light-grown pumpkin seedlings .... 62 

7. Incorporation of ^H-thymidine into the 
TCA-insoluble fraction of cotyledons 
of pumpkin seedlings developing in 
light 66 

8. Microdensitometer tracings of UV-
absorption photographs of pumpkin 
cotyledon DNA's in a CsCl density 
gradient 70 

vii 



ABSTRACT 

Morphological and biochemical events accompanying 

development of the cotyledons of pumpkin (Cucurbita peno 

L., cv. Small Sugar) plants were observed during the 1st 

week-of germination and early seedling development at 38 

C, with a particular emphasis on the relation of nucleic 

acid metabolism to cotyledon development. Cotyledons 

emerged from vermiculite just prior to the 3rd day after 

planting and, on exposure to light, they greened and 

expanded rapidly, and exhibited a persistent leaf-like 

function. In agreement with studies by others, cotyledons 

of both light- and dark-grown seedlings showed an over-all 

loss in dry weight and protein content during the 1st week 

of development. 

The DNA content of cotyledons of both light- and 

dark-grown seedlings tripled between the 1st and 4th days 

of seedling development, and remained at the higher value 

for the remainder of the 1st week. This tripling of DNA 

was not correlated with cell division, since cell counts 

revealed only a 70% increase in cotyledonary cell number 

between days 1 and 5. Labelling studies with ̂ H-thymidine 

revealed that there was a peak of incorporation of absorbed 

thymidine into the DNA of the cotyledons on about the 3rd 

day of seedling development. This suggests that labelling 

viii 



studies can be used to study the regulation of DNA 

replication in pumpkin cotyledons. Isopycnic ultracen-

trifugaticn of cotyledon DNA's as well as artificial RNA/ 

DNA hybridization studies, showed that there were no 

consistent qualitative changes in pumpkin cotyledon DNA's 

during early seedling development; all samples contained 

a satellite DNA of buoyant density 1.707 and a main band 

DNA of buoyant density 1.695. Hybridization experiments 

with DNA's isolated from cotyledons of various ages re

vealed that a maximum of approximately one percent of the 

genome codes for cytoplasmic ribosomal-RNA (r-RNA), which 

represents about if0,000 r-RNA cistrons/cell. 

The RNA content per cotyledon also increased betv;ee 

the 1st and 1+ th days and later declined, but the fluctua

tion in RNA content was much more dramatic in the coty

ledons of light-grown seedlings. The period of maximum 

gain in RNA, as well as DNA, of light-grown cotyledons 

nearly coincided with the time of seedling emergence, 

cotyledon expansion and greening, extensive root devel

opment, and increasing respiratory activity of the coty-

ledons. Labelling experiments with vH-uridine revealed 

that there was a peak of incorporation of absorbed uridine 

into the TCA-insoluble fraction of the cotyledons during 

the time of rapid increase in total RNA. The activity of 

extractable cotyledonary ribonucleases was not found to be 

correlated with the fluctuations in RNA content. 



Chloroplastic (70 S) ribosoraes were detected in 

ribosome extracts from 3- to 5-day-old cotyledons, but not 

in those from younger cotyledons. Polyacrylamide gel 

electrophoresis of cotyledonary RNA extracts revealed that 

the cytoplasmic r-BNA's (25 S and 18 S) were accumulated 

earlier in cotyledon development than were the chloroplastic 

r-RNA's (23 S and 16 S), which accumulated rapidly at about 

the time of cotyledon greening and the appearance of chloro

plastic ribosomes. There was an observed degradation of 

the 23 S chloroplastic r-RNA component, as reported by 

other workers, beginning on day ^ and becoming quite pro

nounced by day 7 of cotyledon development. 



CHAPTER 1 

INTRODUCTION AND REVIEW OF LITERATURE 

The cotyledons of germinating seedlings have long 

been considered nutritive tissue whose contents were de

graded and then used for the growth of the developing root-

shoot axis. In the past 20 years, however, a number of 

workers recognized that both synthesis and degradation of 

macromolecules, such as protein and RNA, occurs in the 

cotyledons of a variety of germinating seedlings. This 

production of macromolecules suggests that cotyledons play 

a far more complex and interesting role in seedling devel

opment than was previously imagined. Presently, little is 

known about the nature and amounts of nucleic acids and 

proteins that are synthesized and their role in seedling 

growth. The objective of this study is to investigate 

the relation of nucleic acid metabolism in cotyledons to 

the growth of germinating seedlings. Since preliminary 

studies showed that seedlings of pumpkin (Cucurbita -pe-po L. 

cv. Small Sugar) grew rapidly and had other desirable 

features, this plant has been used exclusively for the 

research. 

1 
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Morphological and Physiological 
Development of the Cotyledons 
of Germinating Dicot Seedlings 

Soon after planting, the cotyledons of dicot seeds 

imbibe water and usually gain in fresh weight for some 

period of time. During the same interval, however, the 

dry weight per cotyledon may decrease significantly due to 

depletion of storage materials. In epigeal dicot seed

lings, the cotyledons commonly turn green shortly after 

seedling emergence from the soil. In some plants this 

period of greening is short and is followed by a period 

of yellowing, shriveling, and eventual abscission of the 

cotyledons. However, members of the Cucurbitaceae have 

a type of epigeal germination in which the cotyledons turn 

green, expand rapidly, and function for periods ranging 

from several weeks to several months. 

Fresh weight increases (93) and expansion rates 

(16) have both been used to measure cotyledonary growth 

in germinating cucurbit cotyledons and such studies have 

shown that the onset of growth occurs dramatically. For 

example, Brown (16) found that the surface area of detached, 

as well as attached, pumpkin cotyledons approximately 

doubled between the 2nd and Zfth days of growth in light at 

25 C. Brov/n correlated this growth with increased vacu

olization of the cells and felt that the uptake of water 

by the rapidly growing cotyledons was primarily an osmotic, 

rather than imbibitional, phenomenon. 



Although the relationship is not clear, rapid 

growth of cotyledons is knov/n to occur concomitant with 

rapid chlorophyll synthesis. Lewington, Talbot, and Simon 

(52) found that greening cotyledons of light-grown cucumber 

seedlings increased dramatically in fresh weight, rate of 

expansion, and total chlorophyll content. In this regard, 

Treffry, Klein, and Abrahamsen (91+) reported that light-

grown soybean seedlings, whose cotyledons also are persist

ent, showed a nearly simultaneous increase in cotyledonary 

chlorophyll content, fresh weight, rate of expansion, and 

respiration on the 10th day after planting at 26 C. 

A number of studies with excised cotyledons have 

shown that the total amount of expansion can be signifi

cantly increased by addition of growth regulators to the 

water in which they are floated (3, 48, 50). Banerji and 

Laloraya (3) found that both chlorophyll synthesis and cell 

expansion of isolated pumpkin (Cucurbita Tjeno) cotyledons 

was inhibited by chloramphenicol, a compound known to 

inhibit protein synthesis in bacteria (1^) and which is 

also believed to specifically inhibit protein synthesis 

on chloroplastic, but not cytoplasmic, ribosomes in higher 

plants (31). Interestingly, the action of this inhibitor 

could be overcome by adding kinins to the incubation medium 

(50). Although one can now only speculate about the 

relationships existing between growth and the greening 

process, it appears likely that specific types of protein 



and nucleic acid synthesis must be similarly' involved in 

these processes, and the control of their synthesis is 

affected by growth regulators. There is presently a 

relatively limited amount of information about protein 

and nucleic acid synthesis in cotyledons. 

Protein Metabolism of Cucurbit Cotyledons 

Historically, studies on protein metabolism of 

cucurbit cotyledons were conducted long before nucleic 

acids were recognized as having key roles in protein syn

thesis; Chibnall (26) has reviewed the early work on the 

protein metabolism of cucurbit and other dicot cotyledons. 

These studies have been supplemented with more recent stud

ies on cotyledonary protein metabolism and the combined 

results have led to speculation on the functional rela

tionship of some specific proteins to the type of metabolism 

found in the Cucurbitaceae. 

Extensive studies on the breakdown of storage 

protein in cotyledons have been conducted with several 

cucurbit species. Wiley and Ashton (98) reported that the 

total protein content of dark-germinated intact squash 

(Cucurbita maxima) cotyledons decreased approximately 30% 

by the ij-th day of germination. Penner and Ashton (76) 

found that the activity of a crude proteolytic enzyme from 

these cotyledons reached a maximum on the 3rd day after 

planting and decreased thereafter. The latter results 



suggest that the formation and/or activation of proteases 

that act on storage proteins occurs early in germination. 

Wiley and Ashton (98)  stated that most of the 

protein hydrolyzed in squash cotyledons during the 1st 

week of germination was transported to the developing axis 

Removal of the embryonic axis before germination yielded 

homogenates that had little proteolytic activity (77). 

However, detached cotyledons germinated in the presence of 

10 mM benzyladenine (a cytokinin), or with detached embry

onic axes (3 per pair of cotyledons), developed proteolyti 

activity similar to intact cotyledons. Since the devel

opment of proteolytic activity was found to be sensitive 

to actinomycin D (an inhibitor of DNA-dependent ENA poly

merase) , there is an indication that the proteases are 

synthesized de novo- The data further suggest that the 

proposed die novo synthesis occurs in the cotyledons of 

squash in response to a kinin-like hormone produced by 

the embryonic axis and transported to the cotyledons. 

Increased activities of fat utilizing enzymes are 

also known to occur early in the germination of cucurbit 

seedlings. Stiles and Leech (92) found that approximately 

50% of the dry weight of mature pumpkin seeds is storage 

fat, so the enzymes involved in the metabolism of this 

fat would be expected to be of great importance in the 

early stages of germination of this species. Beevers (6) 

reported that the storage fat disappeared from the 
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cotyledons of pumpkin (Cucurbita nepo) during the first days 

of germination of light-grovm seedlings and was converted 

to sucrose, on a nearly gram-for-gram basis. The glyoxylate 

pathway, which is characteristically found only in fatty 

plant tissue, disappeared as the pumpkin cotyledons pro

gressed from fatty storage tissue to foliose cotyledons 

(6). Isocitritase, a key enzyme in the glyoxylate pathway, 

reaches a peak activity in 2-to 5~day-old cotyledons of 

several cucurbits (6, 19, 37, 39, 49, 79). Malate syn

thetase, another enzyme of the glyoxylate cycle, also 

shows a peak of activity on days 3 to 4 in cotyledons of 

germinating cucurbits (6, 39). 

Presley and Fowden (79) treated the cotyledons of 

dark-grown (26 C) pumpkin seedlings with azetidine-2-

carboxylic acid, an analogue of proline (which was assumed 

to produce non-functional enzymes), and found that the 

activities of isocitritase and acid phosphatase reached 

a maximum on the 4th or 5th days after planting, just as 

in the control cotyledons. The activities of these two 

enzymes was not significantly inhibited, even when enough 

of the proline analogue was present to severely stunt the 

growth of the seedling radicle. These workers concluded 

that isocitritase activity in pumpkin cotyledons must 

arise by an activation of preformed macromolecules, not 

by a de novo synthesis. On the other hand, Hock and 

Beevers (39) obtained different results when they treated 
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dark-grown watermelon (Citrullis vulgaris) seedlings with 

actinomycin D and cyclohexamide. The activities of iso-

citritase and malate synthetase in untreated cotyledons 

increased rapidly during the first 3 to k days after 

planting at 30 C, then subsequently declined. Actinomycin 

D inhibited the appearance of the enzymes only when added 

during the first 36 hours of germination, whereas cyclo

hexamide dramatically stopped growth of the seedling and 

the appearance of enzyme activity v/hen added any time before 

the 3rd day. Although these data suggest a requirement 

for de novo synthesis of RNA*s and proteins, Hock and 

Beevers were not certain that their data should be inter

preted as an increase in activity of these glyoxylate cycle 

enzymes due to an activation of enzyme precursors formed 

during the first days of germination, or to a de novo 

synthesis of enzymes, reutilizing stable m-KNA formed 

during the 1st day of germination. The inherent dangers 

in interpreting inhibitor data are discussed in a review 

by Filner, Wray, and Varner (32). 

Although there is no unequivocal basis for deter

mining that the activity of fat utilizing enzymes in pumpkin 

cotyledons represents activation of existing proteins or 

a synthesis of new enzymes, there is clear evidence for a 

de novo synthesis of isocitritase (33, 57) and malate 

synthetase (57) in peanut cotyledons. The activity of 

these enzymes has been correlated with the appearance of 
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glyoxysomes in peanut cotyledons (58)  and castor bean 

endosperm (13). Particles resembling the glyoxysomes of 

castor bean endosperm have been reported to occur in cot

yledons of germinating squash (Cucurbita maxima) and water

melon (Citrullus vulgaris) seedlings (13). 

The activities of enzymes that utilize the degra

dation products of other storage materials also have been 

studied in the Cucurbitaceae. Smith and Greene (85) in

vestigated the amino acid composition of the seed globulins 
f 

of pumpkin (Cucurbita moschata). squash (Cucurbita maxima), 

watermelon (Citrullus vulgaris), cucumber (Cucumis sativus), 

as well as two non-cucurbit species (hemp and tobacco), and 

they found that arginine represented about 16% of the total 

protein in all cases. The relative amounts of the other 

amino acids varied somewhat, but each of the species had a 

distinctive distribution of these amino acids in its 

globulins, with the exception of pumpkin and squash, whose 

globulins were identical. The remarkably high arginine 

content of certain seeds has fascinated many workers and 

resulted in an intensive study of the metabolism of arginine 

in pumpkin (Cucurbita moschata) cotyledons. In contrast to 

the report of V/iley and Ashton (98), who said that most of 

the products of degradation of storage protein in squash 

(Cucurbita maxima) cotyledons were transported to the axial 

tissue, Chou and Splittstoesser (27) found that pumpkin 

(Cucurbita moschata) cotyledons hydrolyzed 80% of their 
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protein reserves by the 9th day of dark-germination at 

28 C, but only 50% of the resulting free amino acids had 

left the cotyledons by this time. By the 15th day of 

growth in darkness, the cotyledons had degraded 90% of the 

storage globulin, and 50% of the hydrolyzate had been 

transported to the axis. Splittstoesser (899 90) injected 

arginine-U-^C into the cotyledons of etiolated pumpkin 

(Cucurbita moschata) seedlings of various ages and followed 

the metabolism of free arginine in this tissue. The cot

yledons of 3-day-old seedlings showed the highest incorpo

ration of arginine into cotyledonary protein (about 

30%), whereas older cotyledons progressively declined in 

ability to convert this amino acid into protein. 

Splittstoesser (89, 90) also has shown that most free 

arginine is either incorporated into cotyledonary protein 

(as arginine) or respired to CO^ in the cotyledons, via a 

hybrid ornithine cycle/Krebs cycle. Very little intercon-

version between arginine and other amino acids appears 

to occur in young pumpkin cotyledons; the carbon skeleton 

of injected arginine is respired to C0 3̂ while the nitrog

enous component is reduced to ammonia, which eventually 

finds its way into newly synthesized amino acids. 

Although specific studies conducted thus far with 

the Cucurbitaceae have not shown conclusively that new 

enzymes are synthesized in their cotyledons, the results 

from other cotyledon systems suggest that much of the 



increased activity found in cucurbit cotyledons is due to 

new protein synthesis. At the present time, it seems 

reasonable to believe that the magnitude of enzyme fluctu

ations, as well as such morphological changes as greening, 

can best be explained by inferring that there is an orderly 

production of new proteins. Since protein synthesis 

necessarily depends on RNA production, one must also believe 

that an orderly production of RNA's occurs in the cotyle

dons of germinating seedlings. 

RNA Metabolism of 
Cotyledons of Germinating Seedlings 

There is little information available in the liter

ature on the metabolism of ENA in cucurbit cotyledons, but 

relevant information can be gleaned from published studies 

on other types of dicot cotyledons. Dicot cotyledons can 

be placed into two general classes based on their period 

of cotyledonary RNA accumulation. In general, hypogeal 

cotyledons have a high RITA content in the mature seed, but 

the amount significantly declines during germination. On 

the other hand, many epigeal cotyledons, such as those of 

pumpkin, have a relatively low initial EISA content but 

they accumulate RNA during the early phases of the germina

tion process. 

Peanuts were the first plant reported to have coty

ledons whose total RNA content increased during early ger

mination stages (21, 22, 66). The increase in cotyledonary 
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"32 RNA was accompanied by an active incorporation of ^ P 

orthophosphate into RNA (25, 66). Cherry (22) reported 

that the maximal cotyledonary RNA content occurred on the 

Jfth and 6th days after planting, depending upon the cultivar 

of peanut studied, and declined thereafter. Interestingly, 

the respiratory rate, mitochondrial content, and DNA content 

of the cotyledons followed a pattern of development and 

subsequent decline that was very similar to that of the 

RNA content. Subsequent studies have shown that cotyledons 

of other dicot species also increase markedly in their 

total RNA content during early stages of germination. For 

example, the RNA content of radish cotyledons was found to 

first increase and subsequently decrease, with the maximal 

content occurring at 3 to 4 days (kk, 72.). A preliminary 

report by Chou and Splittstoesser (27) indicated that 

etiolated pumpkin (Cucurbita moschata) cotyledons reach a 

maximal RITA content on the 5»th day of germination at 28 C. 

More recently, Vedel and D'Aoust (95) found that the total 

mucleic acid content of light or dark-grown cucumber 

(Cucumis sativus) cotyledons increased dramatically between 

days 5 and 7 after planting at 20 C. Although the relation

ship of RNA to other aspects of cotyledonary metabolism 

is not clear, results of this type show that active RNA 

synthesis occurs at the time of other dramatic physiological 

alterations. 



12 

Increases in cotyledonary RNA would presuppose that 

RNA-biosynthetic enzymes must also increase in activity, 

but no studies of RNA polymerases in cotyledons of ger

minating seedlings have been published to date. On the 

other hand, a number of workers have attempted to correlate 

the appearance or disappearance of RNA in developing plant 

organs with changes in the activity of ribonuclease. 

Barker and Douglas (4) suggest that ribonuclease performs 

a degradative function in the cotyledons of germinating 

peas, but has a synthetic role in the root and shoot of 

the germinating seedling. Ledoux, Galand, and Huart (51) 

found a parallelism between increasing RNA content and 

•ribonuclease activity in the shoots of germinating barley 

seedlings, and they interpreted this to mean that ribonu

clease plays a synthetic role in barley shoots. Kessler and 

Engelberg (k7) maintain that the net ribonuclease activity 

in developing apple leaves is synthetic at some stages of 

development and degradative at other stages. They suggest 

that there must be tv/o or more forms of ribonuclease 

distributed throughout the different cytoplasmic fractions 

of the apple leaf, some with a primarily anabolic function 

and some v/ith a catabolic role. In contrast, Cherry (23) 

reported that cotyledonary ribonuclease activity increased 

several fold between days 8 and 9 of germination in peanut, 

at the time the cotyledonary RNA began to gradually decline. 
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The activity of ribonuclease in plant tissues has 

been shown to increase significantly following a variety 

of experimental manipulations, such as mechanical injury 

in tobacco leaves (2), desiccation of tomato leaves (29), 

and potassium deficiency in corn shoots (40). Since rib

onuclease assays are usually conducted with crude homogenates 

of plant tissue, the relationship between such results and 

the in vivo situation is highly questionable. For this 

reason,, and in view of the conflicting reports on synthetic 

or degradative functions for this enzyme (or enzymes), the 

role of ribonuclease in the cotyledons of germinating seed

lings remains obscure. 

The ribosomal RNA (r-RNA) status of certain cotyle

dons has also been studied by following the pattern of 

formation of ribosomes, which contain about 85% of the total 

RNA found in these organs (88). These studies have shown 

that germination results in changes in intracellular 

distribution of ribosomes, as well as changes in total 

ribosome content. Coccuci (in a personal communication 

to E. Marre, 69) pointed out that the cotyledons of Cucumis 

melo contained almost no ribosomes in the mature seed, but 

the number of ribosomes increased greatly upon germination. 

This report indicates that at least one type of cucurbit 

cotyledon differs from those of certain other dicot species, 

which contain numerous free ribosomes in the mature seed, 



such as soybean (94)> mungbean (11), peanut (28), horse 

bean (75), and cotton (97). 

The realization that chloroplasts contain 70 S 

ribosomes (62, 63) has prompted investigations into the 

nature of the r-RNA's associated with this type of ribosome. 

Loening and Ingle (55) used the technique of polyacrylamide 

gel electrophoresis to demonstrate the presence of 23 S, 

16 S, and 13 S r-RNA's in chloroplast ribosomes of greening 

radish cotyledons, whereas cytoplasmic (80 S) ribosomes 

were found to contain only 25 S and 18 S r-RNA's. Earlier 

attempts at fractionating plant RNA's by methylated-albumin-

kiesselguhr (MAK) chromatography, such as the studies by 

Cherry and Chroboczek (24) on the RNA of peanut cotyledons, 

had not revealed the presence of any RNA's unique to the 

chloroplast. Ingle and Key (44) re-evaluated the technique 

of MAK chromatography for plant RNA's, utilizing the 

superior resolving power of polyacrylamide gel electro

phoresis, and concluded that considerable aggregation of 

r-RNA's was inherent in MAK chromatography. 

Loening and Ingle (55) found that gel electropho

resis of nucleic acid preparations from non-green radish 

tissues revealed mainly 25 S and 18 S r-RNA species, but 

greening radish cotyledons contained 25 S, 23 S, 18 S, 

16 S, and 13 S r-RNA's. The 13 S peak was believed to be 

a degradation product of the relatively labile 23 S RNA 

(42). The molecular weights of 25 S, 23 S, 18 S, 16 S, 



15 

and 13 S r-RNA's were considered to be 1.28 M (1.28 x 10^), 

1.1 M, 0.71 M, 0.56 M, and O.kO M, respectively ( if2, 53). 

The apparent lability of the 23 S chloroplastic 

r-RNA species was first noticed by Spencer and Whitfield 

(87) and was subsequently extensively investigated by 

Ingle (Zf2). In gel electrophoretic studies of RNA's 

extracted from radish cotyledons, Ingle noted discrepancies 

in the distribution of total and labelled chloroplastic 

r-RNA1s. Since chloroplastic ribosomes are considered to 

contain 1 molecule of 23 S r-RNA (1.1 M) and 1 molecule of 

16 S r-RNA (0.56 M), Ingle expected the total absorbance 

(at 265 mu) of the 23 S r-RNA to be twice that of the 16 S 

r-RNA. The absorbance ratio of the two molecules, 

A.jg^, was less than the expected 2:1, but the ratio of 

newly synthesized 23 S/16 S r-RNA's (based on the distri

bution of radioactivity incorporated into these RNA's) 

was very close to the theoretical. These data suggested 

that the chloroplastic r-RNA1s underwent some type of 

modification following their synthesis. However, Ingle 

et al (45) later found that the addition of 10 mM Mg +̂ 

ions during the RNA isolation and fractionation procedures 

allowed the accumulated 23 S/16 S ratio to approach the 

theoretical 2:1. On the other hand, the 2 types of r-RNA 

unique to the cytoplasmic (80 S) ribosomes, 25 S and 18 S 

r-RNA's, were found to be relatively stable in radish 
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cotyledon tissue. The ratio of both newly synthesized and 

accumulated 25 S/18 S r-RNA's was 2:1, even in the absence 

of Mg2+. 

Ingle (42) showed that chloroplast r-RNA's were 

accumulated in radish cotyledons at a later time in ger

mination in light than were the cytoplasmic r-RNA*s; the 

greatest rate of synthesis of chloroplastic r-RNA's oc

curred on the 3rd day after planting, while the maximum 

accumulation per cotyledon was reached on day 5. On the 

4th day, light-grown radish cotyledons had only 12% more 

cytoplasmic r-RNA content than dark-grown cotyledons, 

whereas the light-grown cotyledons had accumulated approx

imately 200% more chloroplastic r-RNA during the same 

period. The synthesis of cytoplasmic r-RNA's in these 

cotyledons was most rapid during the first few days of 

germination, resulting in the maximum content/cotyledon 

being reached by the 3rd day of germination. The rate of 

chloroplast r-RNA synthesis in dark-grown radish cotyledons 

was only about one-third of that in light-grown controls, 

but the content of chloroplastic r-RNA's in dark-grown 

cotyledons eventually approached that of the controls (43). 

The techniques of Loening, Ingle, and other workers 

have recently been applied to the RNA's of germinating 

cucumber (Cucumis sativus) cotyledons. Vedel and D'Aoust 

(95) found that the dramatic increase in cotyledonary 

nucleic acid content between 5 and 7 days after planting 
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in light or darkness was characterized by a significant 

synthesis of 23 S and 16 S r-ENA's (of the chloroplasts 

and etioplasts). In dark-grown cotyledons, the total RNA 

content was considerably less than in light-grown cotyle

dons, although the period of synthesis of etioplastic RNA 

was prolonged in the etiolated cotyledons. It appears that 

the cotyledons of germinating cucumber seedlings exhibit 

changes in their RNA complement that are at least as 

dramatic as those reported in radish (42). The relatively 

slow development of the cucumber seedlings could have been 

due to the low temperature prevailing during germination 

(20 C), although this was the same temperature used by 

Ingle to germinate radish seedlings (42). 

DNA Metabolism of 
Cotyledons of Germinating Seedlings 

The DNA metabolism of cotyledons during seedling 

germination has generally received less attention than the 

other aspects of cotyledon physiology reported in the 

literature. This is probably due to the fact that devel

oping cotyledons were often reported not to change in total 

DNA content during germination, as in mungbean (65) and 

cotton (97) > or that their DNA content actually progres

sively declined during germination, as in horse bean (74). 

Evidence is now accumulating, however, to support a more 

dynamic metabolism of cotyledonary DNA during the early 

stages of germination in a variety of seedling types. The 
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cotyledons of peanut (23, 66), radish (72), pea (7), and 

cucumber (52, 95) are seen to increase in total DNA content 

during the first days of seedling growth. This increase 

in cotyledonary DNA during germination is apparently not 

always correlated with an increase in cotyledonary cell 

number. 

Peanut cotyledons show an approximate 2-fold in

crease in DNA content by the 10th day after planting, but 

no cell division in these cotyledons has been observed 

during seedling growth (23). On the other hand, the 

doubling in the cotyledonary DNA content of radish seedlings 

by the ifth day after planting is accompanied by a 50% 

increase in cotyledonary cell number (72). The picture 

in cucurbit cotyledons is particularly confusing: cucumber 

(Cucumis sativus) cotyledons have been shown to fluctuate 

in total DNA content with no accompanying change in cell 

number (52); watermelon (Citrullus vulgaris) cotyledons 

expand rapidly during germination with no accompanying 

cell division (99); the expansion of squash (Cucurbita 

maxima) cotyledons is accompanied by an incorporation of 

thymidine-2-^C into cotyledonary tissue (59); and ger

minating pumpkin (Cucurbita neno) cotyledons are reported 

to increase in cell number (3). It should be noted, how

ever, that an increase in DNA content per cell in the 

absence of mitosis is quite common in higher plants (91). 
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The resulting endopolyploidy could explain an observed in

crease in total DNA per cotyledon in the absence of cell 

division. 

There are few techniques available for observing 

qualitative changes in the DNA's of developing plant organs, 

although the technique of analytical centrifugation in CsCl 

gradients can resolve certain DNA components having a 

buoyant density significantly different from the bulk of 

the cellular DNA. Green and Gordon (36) have catalogued 

such "satellite DNA's", chloroplastic or mitochondrial, 

from 16 plant species. Also, Matsuda and Siegel (70) have 

found a nuclear satellite DNA in leaves of Chinese cabbage, 

pinto bean, and pumpkin. The nuclear satellite of pumpkin 

(Cucurbita petio) could be isolated and, by use of the 

technique of artificial RNA-DNA hybridization, found to 

be enriched approximately ten-fold in the citrons coding 

for r-RNA's. These findings suggest that the pumpkin 

satellite DNA is closely associated with the production 

of r-ENA's, but it has not yet been shown to be associated 

with the nucleolus, in a manner analogous to the situation 

in amphibians (9). There have been no reports of changes 

in the relative amount of nuclear satellite DNA in devel

oping plant organs, due to an asynchronous replication of 

this DNA. Indeed, the only report to date of any asyn

chronous change in the genome of a higher plant is a recent 

report by Chen and Osborne (20), who have found a 30% 
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loss in r-RNA cistrons during the germination of wheat, a 

plant with no resolvable nuclear satellite DNA. 

The presence of "rapidly labelled" (metabolic) 

DNA in 7-day-old cucumber cotyledons has been described, 

which was not found to be specifically associated with 

the plastid or mitochondrial fractions of these cotyledons 

(82). A later investigation of rapidly-labelled DNA in 

soybean hypocotyl tissue by Sobota, Leaver, and Key (86) 

revealed that this DNA fraction was probably due to bacte

rial contamination, and not to any endogenous fraction of 

the higher plant DNA. Lonberg-Holm (%) has reported the 

presence of a similar rapidly labelled DNA component in 

lettuce seedlings contaminated with bacteria, but this DNA 

was absent in sterile seedlings. It would appear that 

reports of rapidly-labelled DNA's in higher plants should 

be viewed with suspicion unless suitable controls have 

been used to eliminate a bacterial contribution to the 

results obtained. 



CHAPTER 2 

MATERIALS AND METHODS 

Cucurbita -pepo L. cv. Small Sugar was grown in 

38 C growth chambers under an 8:00 A.M. to 8:00 P.M. 

photoperiod, using a mixture of fluorescent and incandes

cent lamps as a light source. Many of the earlier exper

iments were conducted using 3000 ft-c, but in later exper

iments a chamber having 800 ft-c illumination at plant 

height was utilized. Pumpkin seeds were planted in 5 rows 

in a small opaque plastic tray (29 cm by 20 cm by G.k cm) 

containing 2 liters of verrniculite, the seeds were covered 

with 1 liter of vermiculite, and the tray watered with 1200 

ml of modified Hoagland*s solution (38), containing 0.03 

g/liter Iron Chel 138 (Geigy). The planting of seeds and 

harvesting of cotyledons were done at noon. 

For some experiments, seedlings were transferred 

to hydroponic culture; the roots were washed free of vermic

ulite and inserted through 2 cm holes in a 30 cm by 20 cm 

plastic sheet, which had been previously wrapped with 

aluminum foil. A loose-fitting cotton plug was used to 

support each seedling, and the sheet was then placed on 

top of a 29 cm by 20 cm by G,k- cm tray that was filled with 

2000 ml of half-strength nutrient solution. 
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Chemical Composition 
of Cotyledon Tissues 

Chemical compositions of pumpkin cotyledons were 

determined using lyophilized tissues. These were prepared 

by grinding known amounts of freshly harvested cotyledon 

tissue with liquid nitrogen, in a pre-chilled mortar and 

pestle, to a fine powder; this was then transferred 

quantitatively to a tared beaker and lyophilized. The 

dried powders were weighed and transferred to tightly 

capped vials and stored in a freezer until use. 

These studies required a number of centrifugation 

steps; unless noted otherwise, all centrifugations were 

conducted for 5 Ein at 5,000 rpm, using a Sorvall RC-2B 

centrifuge and SS-3k rotor, held at 1 to 1+ C. 

Chlorophyll 

The chlorophyll content of pumpkin cotyledons was 

determined by a modification of the method of Arnon (1). 

All proceedures were carried out in a darkened laboratory. 

A 10 mg sample of lyophilized tissue v/as ground in an ice 

cold mortar with 1 to 2 ml of cold 80% acetone, in the 

presence of 50 mg powdered CaCO^# The extract was trans

ferred quantitatively to a 15 ml Corex tube and made to 

exactly 10 ml with the acetone solution. The extract was 

well mixed, then incubated at if C in the dark for 2 hr. 

After centrifugation, the of the supernatant was 



determined and the total chlorophyll concentration v;as 

derived by use of Arnon's formula: 

Chlorophyll (mg/liter)=0Dg^2 x 29.0 

Nucleic Acids 

RNA and DNA contents were determined using the 

technique of Smillie and Krotkov (84-), as modified by 

Dr. Paul G. Bartels, Department of Biological Sciences, 

University of Arizona (personal communication). 

One hundred to 200 mg of lyophilized plant tissue 

was ground in an ice-cold mortar with approximately 1 ml 

of cold 0.05 M formic acid in methanol. Additional cold 

methanol-formic acid was added gradually as grinding 

progressed and the homogenate was transferred quantitatively 

to a centrifuge tube, using a total of 10 ml of solution. 

The homogenate plus washings was centrifuged and the super

natant discarded. The pellet was first extracted with 5 

ml of cold 0.2 N HC10^ for 10 min, then extracted twice 

with 10 ml aliquots of cold 95% ethanol. Ten ml aliquots 

of the following solvents were used sequentially to further 

extract the pellet; 95% ethanol, 95% ethanol;ether;chloro

form (2:2:1), and ethyl ether. In each case the pellet 

was stirred with the solvent for 1 min, heated to 65 C 

for 1 min and centrifuged. 

The final pellet was dried and then hydrolyzed with 

10 ml of 0.3 N KOH for 12 hr at 37 C. The mixture was 

centrifuged and the supernatant fraction, containing RNA 



hydrolysis products and DNA, was transferred quantitatively 

to a clean ice-cold centrifuge tube, made to 1 mM in MgC^, 

and the pH adjusted to 2.0 with cold concentrated perchloric 

acid. One volume of cold 95% ethanol was next added, mixed 

briefly, and the mixture allowed to stand in the cold for 

at least 20 min before centrifugation and subsequent 

collection of both the supernatant (RNA hydrolysis products) 

and the pellet (DNA). To insure complete separation of the 

RNA hydrolysis products from DNA, the DNA-containing pellet 

was washed once v/ith 5 ml of cold 0.1 N HC1, centrifuged, 

and the washings added to the original supernatant con

taining RNA nucleotides. 

The DNA pellet was hydrolyzed v/ith exactly 2 ml of 

3% perchloric acid at 90 C for 15 min. Following hydrolysis, 

the mixture was centrifuged and both the supernatant and 

pellet were collected. The pellet was washed once with 1 

ml of hot 3% perchloric acid, centrifuged, and the washings 

added to the original supernatant. One ml of diphenylamine 

reagent (1 g recrystallized diphenylamine, 100 ml glacial 

acetic acid, 2.75 ml concentrated H^SO^) was next added 

to each 0.5 ml aliquot of DNA hydrolyzate and the mixture 

incubated at 100 C for 10 min. The OD q̂q of each treated 

sample was recorded and its DNA concentration estimated 

by the use of a standard curve, based on a series of known 

dilutions of deoxyadenosine reacted with diphenylamine 

reagent. One jamole of deoxyadenosine was considered 



equivalent to 2 pinoles of DNA-deoxypentose, since 

diphenylaraine reagent reacts significantly only with 

purine-bound deoxyribose of DNA (^1). 

For RNA analysis, the supernatant from the per

chloric acid-ethanol precipitation was adjusted to pH 8,0 

with KOH and centrifuged to remove any insoluble residues; 

the pellet was washed once with 2 ml of cold distilled 

water and the washings added to the original supernatant. 

The mixture was passed through a 6 cm x 1 cm column of 

Dowex 1 (200 mesh, chloride form), prewashed with 10 ml of 

0.01 M NaCl. The loaded column was then thoroughly washed 

with water, and the SNA nucleotides v/ere eluted with 20 ml 

of HCl-NaCl solution (20 ml concentrated HC1, 5.6 g NaCl, 

water to 2^-0 ml of solution). The eluate contained the RNA 

nucleotides, and was quantitatively analyzed by reaction 

with orcinol reagent (1.0 g orcinol, 0.5 ml of 10% FeCl^, 

100 ml of concentrated HC.). One-half ml aliquots of 

eluate were dispensed into 5 ml test tubes and 0.5 ml of 

distilled water was added to each tube. One ml of fresh 

orcinol reagent was next added, and the mixtures were 

incubated at 100 C for 20 min. A series of adenosine 

dilutions were similarly treated, to obtain a standard 

curve of OD^Q VS. adenosine concentration. Hutchinson 

and Munro (^1) have pointed out the importance of knowing 

the ratio of purine to pyrimidines in an ENA sample in 

order to interpret the results of an orcinol reaction, 



since orcinol reacts much more readily with purine-bound 

ribose of KNA than with pyrimidine-bound ribose. Two 

assumptions were made for pumpkin RNA: (a) Half of the 

nitrogenous bases in the total RNA sample were purines and 

(b) only the purine-bound ribose of pumpkin RNA reacts 

with orcinol reagent. Thus, one jimole of adenosine was 

considered to be equivalent to two jimoles of RNA-pentose, 

when reacted v/ith orcinol. 

Protein 

A 50 mg sample of lyophilized pumpkin cotyledon 

tissue was ground in an ice-cold mortar containing 1 to 2 

ml of cold 95% ethanol. After a fine paste was obtained, 

additional cold ethanol was added slowly as the grinding 

proceeded. The homogenate, of about 10 ml, was transferred 

quantitatively to a 50 ml plastic centrifuge tube by succes

sive washings, using a few ml of cold ethanol. The tube 

was centrifuged, the supernatant discarded, and the pellet 

washed once with 5 ml of cold ethanol and subsequently with 

10 ml of hot (90 to 100 C) 5% trichloroacetic acid (TCA) 

for 10 min. The washed pellet was dissolved in 10 ml of 

0.1 N NaOH and the total protein content of the mixture 

determined by the colorimetric method of Lowry et al (61). 

Ribosome Sedimentation 

The techniques used to isolate and characterize 

ribosoraes from pumpkin cotyledons were a modification of 
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those used by Bartels and Pegelow (5) for ribosomal anal

ysis of young wheat leaves. Approximately 10 g of freshly 

harvested tissue were chilled and ground in an iced mortar 

containing an equal volume of sucrose-tris buffer at pH 8 

(67). The homogenate was filtered through 2 layers of 

cheesecloth and centrifuged for 30 ®in at 1^,000 rpm in 

a Sorvall SS-3^- rotor held at 1 C, The supernatant was then 

centrifuged at 36,000 rpm for 2 hr in a Spinco 50 Ti rotor 

held at 1 C. The pellets were resuspended in a total of 

2 ml of buffer (5 mM tris, 7 mM magnesium acetate, 5 mM 

mercaptoethanol, pH 7.3) and homogenized using a medium-

fitting Ten-Broech glass homogenizer. The ribosome 

suspension was clarified by centrifugation at 8,000 rpm 

for 10 min in an SS-jlf. head at 1 C. The clarified sus

pension was used for ultracentrifugal analysis in a Spinco 

Model E analytical ultracentrifuge, using a standard 12 mm, 

ly° sector cell in an AnD rotor. 

Determination of Cell Number 

The number of cells per cotyledon was determined 

using a modification of the maceration technique of Brown 

and Rickless (17). One cotyledon was first diced with a 

razor blade into approximate 1 cm by 1 cm squares, which 

were incubated in k ml of 5% chromic acid in a test tube 

for 24 hr at room temperature. Maceration was completed, 

using a loose-fitting teflon pestle, just prior to determin

ation of cell concentration in a hemocytometer. The 



estimations of average cell number per cotyledon were based 

on individual determinations of 10 cotyledons of one age. 

Respirometer Readings 

Ten 9 nim discs of cotyledon tissue were cut with 

a #4- cork borer and were floated in 2.6 ml of 0.1 N 

Sorenson's phosphate buffer (pH 6.0) in a Warburg flask. 

One flask was used for each age of cotyledon in these 

preliminary experiments. Each flask also contained 0.2 ml 

of 20% KOH in the center well, plus a wick of fluted filter 

paper. The oxygen uptake of the 10 cotyledonary discs over 

a kO min period was monitored at 5 min intervals using a 

Gilson Model G14 Respirometer held at 38 C. The combined 

surface area of the 10 discs of cotyledonary tissue was 

2 63.6 mm . Since the average surface area of a cotyledon 

of any given age had been determined in other experiments, 

it was possible to express the respirometer data in terms 

of 0£ (cc) consumed/hr/cotyledon. An alternative method 

was also used, where intact cotyledons were placed in the 

Warburg flasks; in this case, the respiration rate/cotyledon 

could be directly determined. 

Ribonuclease Assay 

Homogenates of pumpkin cotyledon tissue were 

assayed for total ribonuclease activity by a modification 

of the method of Ecklund and Moore (30). Two g fresh weight 

of cotyledon tissue were ground in an iced mortar with 



12 ml of 0.1 M potassium acetate buffer (pH 5.5) and the 

homogenate was centrifuged at 13,000 rpm in an SS-3k rotor 

for 20 rain at 1 C, The volume of the supernatant was deter

mined and the clarified mixture was considered to be the 

crude extract. The reaction mixture contained 1,5 ml of 

crude extract plus 1.0 ml of k% (w/v) yeast RNA (Eastman) 

in KAc buffer. The mixture was incubated at 30 C for 1 hr, 

at which time the reaction was stopped by the addition of 

5 ml of cold perchloric acid. Blanks were prepared by 

adding cold perchloric acid to the reaction mixture at 

zero time. 

After several hr of refrigeration at k C, each 

sample was centrifuged at 13,000 for 15 min and the super

natant s set aside. Each pellet v/as washed once with 3 ml 

of cold 5% perchloric acid, the washings added to the 

original supernatant, and the combined supernatants diluted 

with water to a total volume of 200 ml. One unit of 

ribonuclease was defined as the amount of enzyme responsible 

for effecting an difference of 0,10 between a diluted 

incubation mixture and a corresponding diluted zero-time 

blank (30). 

DNA Extraction and Purification 

DNA was obtained from seeds, cotyledons, leaves, 

and roots of pumpkin plants after the fresh tissues were 

first converted to an acetone powder. The basic technique 

for obtaining DNA from the acetone powder was suggested by 



Dr. Frank Katterman of the Department of Plant Breeding, 

University of Arizona (personal communication). Unless 

specified otherwise, centrifugations were at 7,000 rpm for 

5 min in a Sorvall SS-3k rotor held at 1 to C. 

One hundred g of freshly harvested pumpkin tissue 

were passed through a chilled meat grinder directly into 

a dish containing 200 to 300 ml of cold 95% ethanol:ether 

(2:1), The homogenate v/as then filtered through 1 layer 

of Whatman //1 filter paper in a Buchner funnel, using 

gentle suction. The residue was re-extracted successively 

with fresh cold ethanol-ether mixture until the filtrate 

was colorless, which usually required a total of 1 to 2 

liters of solvent. The residue was then extracted several 

times with cold 100% acetone until decolorization was com

plete, after which it was transferred to a sheet of alu

minum foil and dried overnight in a hood. The resulting 

fluffy acetone powder was successfully stored in the freezer 

for 2 to 3 weeks before use. 

Extraction of the acetone powder for DNA required 

about 3 ml of freshly prepared grinding buffer (2% sodium 

dodecyl sulfate, 0.1 M disodium EDTA, 0.14 M NaCl, adjusted 

to pH 8.2) for each g of acetone powder. Mixtures were 

ground with sand in an ice-cold mortar. Since the yield 

of DNA was best v/hen the homogenate v/as moderately viscous, 

enough additional buffer was added to maintain the consist

ency of a light paste during 20 min of vigorous grinding. 



After being transferred to a large beaker in a 60 C water 

bath, the homogenate was stirred continuously with a glass 

rod until 50 min after the mixture had attained 55 to 60 C. 

Subsequently, the beaker was removed from the water bath 

and allowed to cool to room temperature, during which time 

the homogenate was periodically stirred; the homogenate 

then was centrifuged. Freshly prepared pronase solution 

(10 mg/ml of Calbiochem grade B pronase) was added to the 

supernatant to a final concentration of 1 mg/ml, and the 

mixture was incubated at 50 C for 2 hr. 

Following the pronase digestion, solid NaCl was 

added to a concentration of approximately 1.5 M and dis

solved. The mixture was next treated by gently shaking 

with a one-third volume of ice-cold chloroform:isoamyl 

alcohol (24:1) for 5 min and then centrifuged. The aqueous 

upper phase was carefully pipetted into a clean, ice-cold 

centrifuge tube, treated with a one-half volume of cold 

phenol:chloroform (1:1), and centrifuged. The phenol: 

chloroform treatments were repeated until a negligible 

amount of emulsified, denatured protein was seen at the 

interface. The aqueous solution was overlayed with 2 

volumes of cold 95% ethanol and the crude DNA was spooled 

onto a glass rod or, if the DNA did not spool at this 

stage, the flocculated material was pelleted by centrif-

ugation. In either case, the crude DNA was dissolved in 

a minumum volume of 0.1 X SSC (SSC is 0.15 M NaCl, 0.015 M 



trisodium citrate, pH 7.0) and treated with ribonuclease 

(Worthington) according to the method of Marmur (68). 

Predigested pronase (5 mg/ml in 0.1 X SSC, 37 C for 1 hr) 

was then added to a final concentration of 1 mg/ml in the 

mixture, which was incubated at 50 C, An additional, 

equivalent amount of predigested pronase was added after 

2 hr and the incubation was continued for another 2 hr. 

After the treatment v/ith pronase, which assisted 

in removal of DNA-associated proteins, the DNA solution 

was treated once with an equal volume of chloroform: 

isoamyl alcohol, then repeatedly with chloroform:phenol, 

until the interface was clean, and then once with chloroform: 

isoamyl alcohol to remove residual phenol. The DNA solu

tion, now thoroughly deproteinized, was overlayed v/ith 2 

volumes of ice-cold 95% ethanol, the DNA was spooled on 

a glass rod and re-dissolved in a minimum volume of 0,1 

X SSC, The DNA was then precipitated with isopropanol as 

detailed by Marmur (68) and the resulting snowy-white 

material was dissolved in a minimum volume of 0,1 X SSC, 

brought to 1 X SSC, and stored at l\. C, Final purification 

of the DNA, just prior to use, was accomplished by passing 

it through a Sepharose ZfB (Pharmacia) column (4-6). The 

passage through Sepharose not only readily separated 

pumpkin DNA from residual RNA and DNA-degradation products, 

but also indicated the degree of polymerization of the DNA 

molecules. 
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RNA/DNA Hybridization 

The method used for RNA/DNA hybridization was that 

of Gillespie and Spiegelman (35)> modified by Matsuda and 

Siegel (70). Fifty ng DNA samples were denatured by heating 

in 0.1 X SSC (68), followed by quick-cooling on ice, before 

embedding the DNA on nitrocellulose membranes (Schleicher 

and Scheull, B-6). The hybridizations were conducted 

using 7 to 10 ;ig of -^P-labelled RITA in 5 ml of 2 X SSC, 

incubated v/ith a membrane for 8 to 10 hr at 68 C, This 

amount of RNA had been found by Matsuda and Siegel (70) 

to be satisfactory for saturation of 50 US amounts of 

pumpkin nuclear DNA. The radioactivity in the form of 

RNA/DNA hybrid was assayed by gluing the membranes onto 

planchets and counting in a Nuclear-Chicago thin-window 

gas-flow counter. Net hybridized radioactivities were 

determined after subtraction of the radioactivities of 

appropriate blanks, which were membranes containing no 

DNA, but exposed to ^ P-RNA under hybridization conditions. 

Equilibrium Ultracentrifugation of DNA 

Purified DNA samples from a variety of pumpkin 

tissues were analyzed by standard analytical ultracentrif-

ugation techniques, as modified for pumpkin leaf DNA by 

Matsuda and Siegel (70). 



RNA Extraction. 
Purification, and Characterization 

A mortar and pestle, pre-chilled with dry ice, was 

further cooled with liquid nitrogen just prior to grinding. 

Two g fresh weight of pumpkin cotyledons were ground- in 

liquid nitrogen to a fine powder before'adding 10 ml of 

grinding buffer (1% sodium dodecyl sulphate, \% sodium 

pyrophosphate, pH 8.2) and 10 ml of redistilled, buffer-

saturated phenol (3*f). The resulting frozen mixture was 

broken up with the pestle and ground to a coarse powder, 

then allowed to thaw out slowly as the mortar warmed. When 

the mixture became "slushy", the mortar was iced and grind

ing was carried out until a thin paste resulted. This was 

transferred to a 50 ml plastic centrifuge tube, shaken 

vigorously for 5 to 10 min, and centrifuged. All centrif-

ugations were at 5»000 rpm for 5 min in a Sorvall SS-3^f 

rotor held at 1 to if C. The supernatant was pipetted into 

a clean centrifuge tube and vigorously shaken again with 

10 ml of phenol for 5 to 10 min, followed by centrifugation. 

The phenol treatment was repeated until the interface 

between the aqueous and phenol layers was free of any 

milky emulsion; .this usually required 3 to 5 phenol treat

ments. 

The phenol-treated aqueous layer was transferred 

to a clean centrifuge tube and the RITA precipitated with 2 

volumes of ice-cold 95% ethanol. The mixture v/as allowed 

to stand on ice for at least 1 hr, then the RNA was pelleted 



by centrifugation and dissolved in 9 ml of resuspending 

buffer (0.15 M sodium acetate, 0.5% sodium dodecyl sulphate 

(SDS), no pH adjustment). After clarification of the 

solution by centrifugation, the RNA was precipitated for 

30 min with 2 volumes of ice-cold 95% ethanol, pelleted by 

centrifugation, and dissolved in 0.5 to 1.0 ml of 0.05 M 

potassium phosphate buffer, pH 7.A-. The RNA solution was 

clarified by centrifugation and the supernatant stored in 

the freezer until use. 

The different ribosomal-RNA fractions were resolved 

by the technique of polyacrylainide gel electrophoresis, 

using Potter's (78) modification of the procedure of 

Bishop, Claybrook, and Spiegelman (10). The gels, which 
2+ 

contained 5 to 10 mM Mg (as MgC^) were generally pre-

soaked for ^8 to 72 hr in E buffer (3 X E is 0.12 M tris, 

0.06 M sodium acetate, 0.003 M sodium EDTA, made pH 7.2 

with 6 ml of glacial acetic acid) (10) containing 0.2% 
2+ 

SDS and 7.5 mM Mg . The presoaked gels swelled consider

ably in length, but exhibited a much lower background 

absorption than unsoaked gels, when scanned at 265 niji. 

Ten to 15 V*S °f i*1 10 to 50 0.05 M potassium 

phosphate buffer, pH 7.*f, made to 10% in sucrose, v/ere 

loaded on each gel and run for 2.5 hr at 5 raa per gel. 

After electrophoresis, the gels were scanned at 265 mp. 

v/ith a Gilford Model 2.1+0 spectrophotometer and Model 2if10 

linear transport, coupled with a Heath EU-20V Chart Recorder. 
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Following the scans, gels containing fractionated 

^H-uridine labelled RNA's were analyzed for radioactivity 

by slicing into uniform 1.0 mm or 1.25 mm segments, placing 

each segment into a scintillation vial, adding 0.5 ml of 

30% E^O2 per vial, and incubating the tightly capped vials 

overnight at 50 C (83). The vials were cooled to room 

temperature before adding 10 ml of fluor (5.5 g PPO, 0.1 g 

POPOP, 667 ml toluene, 333 ml Triton X-100) to each vial, 

and counted in a Packard Tri-Carb Model 3320 liquid scin-

counter. 

Incorporation of Tritiated 
Nucleosides into Cotyledons 

Seedlings of appropriate ages, grown as described 

in the Materials and Methods, were transferred to small 

pots of moist vermiculite just prior to labelling at noon. 

Four seedlings were transplanted to a one pint cottage 

cheese container lined with a plastic sandwich bag, and 

filled with vermiculite (saturated with nutrient solution). 

The plastic bag permitted the easy disposal of unused and 

potentially radioactive plant material and vermiculite. 

One cotyledon of each seedling was notched for 

identification and labelled with either tritiated uridine 

or thymidine. One and 2 day old seedlings presented 

special problems since abnormal development of their 

cotyledons occurred upon removal of the hard seedcoats. 

In these cases, a small portion of the seedcoat was removed 
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to expose a part of the abaxial surface of one of the 

underlying cotyledons. The development of seedlings treated 

in this way was found to be identical to control seedlings, 

but the area exposed to label was less than that of 3 day, 

or older, cotyledons, which had shed their seedcoats. 
•Z 

Uridine-5- H (International Chemical and Nuclear, 

21.7 c/mM) and thymidine-methyl-^H (New England Nuclear, 

1 mc/ml) were diluted to 1 mc/ml and 0.1 mc/ml, respectively, 

with 0.k% Triton X-100 (Rohm and Haas). Since self-destruc

tion of these labelled compounds is known to occur (96), 

all materials used were less than 3 months old. Five 

aliquots were applied to one cotyledon of each seedling 

and the seedlings v/ere then incubated at 38 C in light 

(800 ft-c). 

Following the labelling period, the labelled coty

ledons were detached and washed twice in 25 ml portions of 

water and aliquots of the washings were assayed for radio

activity. The washed cotyledons were transferred to an 

ice-cold mortar and ground with approximately 2 ml of 

Tris-HCl grinding buffer (0.02 M tris, adjusted to pH 7.2 

with concentrated HC1) to a fine paste. The paste was 

transferred quantitatively to a medium-fitting Ten Broech 

tissue homogenizer for further homogenization, and the final 

volume of homogenate plus washings was adjusted to 10 ml. 

One-tenth ml aliquots of homogenate were then 

transferred to each of 6 glass fiber membranes (Whatman GFA, 



2.1 cm in diameter), previously marked for identification 

with a soft lead pencil and "skewered" on straight pins 

above a slab of foil-covered styrofoam. Three of the 

membranes were air-dried and then incubated with 0.1 ml of 

30% overnight at 50 C. Fifteen ml of fluor were added 

and the radioactivity determined by scintillation counting; 

this value could then be expressed in terms of the total 

cpm in each cotyledon homogenate, or the total absorbed 

radioactivity. The remaining 3 membranes were transferred 

while wet to beakers containing 5 nil of ice-cold 3% 

trichloroacetic acid (TCA)/membrane and washed, using a 

modification of the method of Byfield and Scherbaum (18). 

After 5 to 10 min of periodic stirring, the TCA was decanted 

this procedure was repeated twice, after which each membrane 

was treated three times with cold ethanol:ethyl ether 

(1:1) and dried. The first ethanol-ether wash was for 

15 to 20 min, the other two were for 5 min each. Thor-

oughly-dried membranes were then wetted with 0.1 ml of 0.4$ 

Triton X-100 solution and individually transferred to scin

tillation vials. Fifteen ml of fluor were added to each 

vial, after which the vials were vigorously shaken and 

cooled to if- C for 2 hr, prior to counting in the scin

tillation counter. Appropriate multiplication factors 

were applied to express radioactivity as TCA-insoluble 

cpm/cotyledon. 



As a further test to determine if the TCA-insoluble 

radioactivity was incorporated into RNA or DNA, the labelled 

cotyledon homogenates were treated with ribonuclease and 

deoxyribonuclease. Ribonuclease A (Worthington) was added 

to a final concentration of 100 yig/ml of cotyledon homoge-

nate and the mixture incubated at 37 C for 30 min. One-

tenth ml aliquots of the RNase-treated homogenate were 

dispensed onto glass fiber membranes and subjected to the 

modified Byfield procedure, as outlined in the previous 

paragraph. Similarly, treatment of labelled cotyledon 

homogenates with DNase I (Worthington), followed by the 

modified Byfield assay, yielded the radioactivity in the 

DNase-resistant, TCA-insoluble fraction. The DNase con

centration was 20 ug/ml of cotyledon homogenate, in the 

presence of 2 \xl of 1 M MgC^ per ml, with incubation 

carried out at 25 C for 30 min. Appropriate controls 

were included to test the effect of the incubation condi

tions, with no exogenous nucleases present, on the labelled 

homogenate. 



CHAPTER 3 

RESULTS 

Under the growth conditions outlined in Materials 

and Methods, the development of pumpkin (Cucurbita pepo L. 

cv, Small Sugar) from seed to seedling was remarkably 

dramatic and consistent. Figure 1 shows a representative 

series of pumpkin seedlings that were germinated and main

tained in moist vermiculite. Radicle emergence occurs by 

the 2nd day of germination, and by the 3rd day of devel

opment the seedling root has become an extensively branched 

root system. This increase in size and complexity of the 

seedling root system continues through at least the 1st 

week of growth. 

The development of the shoot is similarly dramatic, 

with emergence of the cotyledons and hypocotyl from the 

vermiculite occurring by the 3rd day after planting. Upon 

exposure to light, the cotyledons undergo a rapid greening 

and a period of rapid expansion. When plants are given 

800 ft-c light, they are generally more elongate than 

those given 3000 ft-c light, but the development in cot-
1 

yledonary size is similar through the 5th day of growth. 

This is shown in Table I, which presents cotyledonary 

area as a function of seedling age. 

W> 
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Figure 1. General appearance of light-grown pumpkin seed
lings during the 1st week after planting. 

Seeds were planted in vermiculite at noon on 6 
consecutive days and maintained at 38 C under a 
12 hr photoperiod (8:00 A.M. to 8:00 P.M., at 
about 800 ft-c illumination), then the plants 
were harvested at noon on the 7th day. The seed 
coats have been removed from the dry seeds and 
1- and 2-day-old seedlings to show radicle devel
opment more clearly. Top row (left to right): dry 
seeds, 1- ,2- ,3- » <=aid 4-day-old seedlings. 
Bottom row (left to right): 3- and 6-day-old 
seedlings. 
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Table I. Cotyledonary area of light-grown pumpkin seedlings 
of various ages. 

ID 2 Single-surface cotyledon area (cm ) 

Seedling age (days) 
Experiment 1 
(3000 ft-c) 

Experiment 2 
(800 ft-c) 

2 •  0  4  0.99 
3 < • < 1.30 
k 2.36 2.61 
5 4.11 4.17 
6 6.00 4.23 
7 6.18 « • • 

8 6.35 4  9  0  

Plants for both experiments were grown at 38 C in two 
different growth chambers under an 8:00 A.M. to 8:00 P.M. 
light period, using a combination of cool white fluores
cent and incandescent lamps. The illumination in Exper
iment 1 was approximately 3000 ft-c at plant height, while 
the illumination in Experiment 2 was about 800 ft-c at 
plant height. All planting and harvesting was done at noon. 

Cotyledon area was determined by taping at least 20 cot
yledons of each age to a sheet of white cardboard and 
making a photocopy of the cotyledons; the cotyledon "im
pressions11 were then cut out with scissors, weighed, and 
compared to the weights of pieces of photocopy paper of 
known area.. 



Although the data of Table I indicate that con

siderable cotyledon expansion occurs during the 1st week 

of seedling development, the development of the cotyledons 

is later overshadowed by a rapid expansion of the first 

true leaves. Rapid expansion of the true leaves begins on 

days if to 5, and by the end of the 1st week, leaf devel

opment is becoming a dominant feature of the pumpkin seed

ling. It is fascinating to note, however, that the cot

yledons have been observed to continue to develop well 

beyond the 1st week of seedling growth, remaining green 

and turgid for periods of 1 to 2 months. 

These morphological observations suggest that many 

aspects of plant development can be studied using the 

pumpkin seedling as an experimental subject. The tran

sition of the cotyledon from a small, non-photosynthetic 

food storage organ to a rapidly expanding, leaflike photo-

synthetic tissue is particularly dramatic and intriguing. 

For this reason, an intensive effort was made to gain an 

understanding of the biochemical and metabolic events which 

occurred during the development of the pumpkin cotyledon. 

Chemical Composition and Respiratory 
Ability of Pumpkin Cotyledons 

Cotyledonary tissues from 0- to 7~day-old light- and 

dark-grown pumpkin seedlings were lyophilized and used for 

assays of total protein, chlorophyll, MA, DNA, as well as 



for dry weight determination. The results of these assays, 

expressed on a per cotyledon basis, are presented in 

Figures 2 and 3# 

The dry weights and protein contents of both 

light- and dark-grown cotyledons showed an over-all decline 

during the 1st week of seedling development. However, in 

the case of the light-grown seedlings, the dry weight 

values stabilized after the 5th day. These results are 

similar to those obtained by other workers (6, 23, 59, 98), 

who attributed cotyledonary weight losses during germination 

to depletion of storage materials. In this regard, although 

actual assays of cotyledonary lipid content were not con

ducted, a considerable loss of lipid material could be 

observed to occur in pumpkin cotyledon tissue during the 

transition from seed to 3-day-old seedling. Lyophilized 

0- to 2-day-old cotyledon tissue was much oilier than that 

obtained from older cotyledons. The relatively high lipid 

content of the younger cotyledons was also evident during 

certain procedures, such as early stages in the isolation 

of RNA. 

Although dry weights and total protein decreased, 

the fresh weights of cotyledons of light-grown seedlings 

showed over a 4-fold increase between the 2nd and 6th days 

(Figure 2). The rise in chlorophyll content of light-grown 

cotyledons stands in marked contrast to the situation in 



Figure 2. Compositional changes in cotyledons of light-grown pumpkin seedlings 
during the 1 st week after planting. 

Seeds were planted at noon for 7 successive days and maintained at 38 C 
under an 8:00 A.M. to 8:00 P.M. light period (approximately 800 ft-c at 
plant height). At noqn on the 8th day, 50 to ISO cotyledons of each age 
were harvested, pooled, frozen with liquid nitrogen, ground, and lyophil-
ized. Chemical analyses were performed on 2 to A- samples of this material, 
as outlined in Materials and Methods. All data are expressed on a per 
cotyledon basis. 
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Figure 2. Compositional changes in cotyledons of light-grown pumpkin seedlings. 



Figure 3. Compositional changes in cotyledons of dark-grown pumpkin seedlings 
during the 1st v/eek after planting. 

Seeds v/ere planted at noon for 7 successive days and maintained at 38 C 
in a dark growth chamber. At noon on the 8th day, 100 to 160 cotyledons 
of each age were harvested, pooled, frozen with liquid nitrogen, ground, 
and lyophilized. Chemical analyses were performed on 2 to k samples of 
this lyophilized material, as outlined in Materials and Methods. All 
data are expressed on a per cotyledon basis. 
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dark-grown cotyledons, which were etiolated and showed 

about a 130% increase in their fresh weight during the 

entire 1st week of seedling development. 

Figures 2 and 3 show that the amounts of nucleic 

acids undergo dramatic alterations in pumpkin cotyledons 

during the 1st week of seedling development. In both 

light and dark-grown seedlings, the cotyledonary DNA con

tent v/as found to approximately triple between the 1st and 

4th days of germination, but the rise in DNA was more 

abrupt when seedlings v/ere given light. In both sets of 

plants the DNA content/cotyledon was further increased by 

the end of the first week, but in a less dramatic fashion. 

The RNA content/cotyledon also increased more 

markedly in light-grown seedlings (Figure 2) than in the 

etiolated ones (Figure 3)> but the pattern of change was 

similar in both cases. The RNA content per cotyledon 

rapidly increased between the 1st and ifth day after plant

ing, then declined during further seedling development. 

The rate of decline was most pronounced in the cotyledons 

exposed to light. 

The respiratory rates of pumpkin cotyledons during 

the 1st week of seedling growth were also examined in two 

experiments (Table II). In each test the respiratory rate 

per cotyledon changed considerably during the 1st week of 

seedling development. In Experiment 1, the 0^ consumed/hr/ 

cotyledon increased about 8-fold between the 2nd and ^th 



Table II. Average respiratory rates of cotyledons from 
light-grown pumpkin seedlings of various ages . 

Seedling age Experiment 1 Experiment 2 
(days) cc/hr/cotyl. cc/hr/cotyl. cc/hr/cm 

0 0.000 0.011 0.020 
1 0.028 0.039 0.0zf6 
2 0.028 0.058 0.06^ 
3 0.126 0 0 0 • • • 

k 0.21+9 0.100 0.038 
5 0.290 0.168 O.OkO 
6 • • • 0.187 0.032 
7 0.286 0.229 0.032 
8 0.320 0 0 0  0 0 0  

Respiratory rates were determined with a Gilson Model 614 
Respirometer, as detailed in Materials and Methods. Three 
to 16 cotyledons of the same age were used per flask in 
Experiment 1, whereas discs of cotyledonary tissue (9 mm 
in diameter, 10 discs/V/arburg flask) were used for Exper
iment 2. In both cases, one determination was made for 
each age of cotyledon and the experiments were conducted in 
semi-darkness at 38 C, 
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days, and increased only an additional 28% by the 8th day 

after planting. In Experiment 2, the respiratory rate per 

cotyledon increased about 20-fold between seed and 7-day-

old seedling. When the data of Experiment 2 are expressed 
p 

as cc of C>2 consumed/hr/cm of cotyledon surface, the 

maximum rate of oxygen consumption was reached on the 2nd 

day (or possibly the third day, for which no data were 

obtained). 

In summary, compositional analyses revealed that 

the developing pumpkin cotyledon was accumulating RNA and 

DNA during a period of over-all weight loss. The period 

of maximum gain in cotyledonary nucleic acid content nearly 

coincided with such morphological changes as seedling 

emergence, cotyledon expansion and greening, extensive 

root development, and increasing respiratory activity of 

the cotyledons. These observations encouraged an intensive 

investigation of pumpkin cotyledon physiology, with partic

ular emphasis on cotyledonary nucleic acid metabolism 

during early seedling development in light. 

Nuclease Treatment of 
Tritium-labelled Nucleic Acid Fractions 

In labelling experiments designed to measure the 

synthesis of RNA or DNA in developing cotyledons, tritiated 

nucleosides were utilized as nucleic acid precursors. 

After a suitable labelling period, the cotyledons were 



washed with water, homogenized, and the nucleic acid 

fraction was precipitated with cold 5% trichloroacetic acid 

(TCA), Since uridine is an RNA precursor, it was believed 

that ^H-uridine would be incorporated almost exclusively 

into RNA, Similarly, tritiated thymidine, a DNA precursor, 

should be directly incorporated into DNA. To test these 

assumptions, ribonuclease (RNase) or deoxyribonuclease 

•3 (DNase) was added to a homogenate obtained from ^H-nucleoside-

labelled cotyledons, and the mixture incubated at conditions 

known to favor the activity of the particular enzyme. 

Following incubation, the homogenates were precipitated 

with TCA and analyzed for radioactivity as outlined in 

Materials and Methods. The results of an experiment of 

this type are presented in Table III, 

The uridine incorporation data 'of  Table III show 

that incubation at 25 or 37 C, in the absence of added 

nuclease, reduced the radioactivity in the TCA-insoluble 

fraction relative to controls that were held at 0 C, 

These data suggest that endogenous nucleases were active 

in the cotyledon homogenate. Addition of exogenous 

nucleases further reduced the recovery of TCA-insoluble 

radioactivity. The data show that in the case of the 

homogenate from 3-day-old ^H-uridine-labelled cotyledons, 

the recovery of the TCA-insoluble fraction in the presence 

of RNase at 37 C was 3"\% of the treatment incubated without 

nuclease at 37 C, and 17% of the 0 C treatment. 



Table III. The effect of nuclease pretreatments of tritium-labelled cotyledon 
homogenates on the subsequent recovery of TCA-insoluble radioactivity. 

x 3 
•^H-uridine incorp. -^H-thymidine incorp. 

3-day-old 4-day-old 3-day-old if-day-old" 
cotyledons cotyledons cotyledons cotyledons 

Cpm applied in -"'H-nucleoside 3,500,000 3,500,000 530,000 530,000 

Cpm removed by washing 1,500,000 740,000 210,000 98,000 

Cpm absorbed by cotyledons 
Total cpm absorbed 
TCA-insoluble cpm 

Control (0 C, 30 min) 
RNase (37 C, 30 min) 
No nuclease (37 C, 30 min) 
DNase (25 C, 30 min) 
No nuclease (25 C, 30 min) 

830,000 

180,000 
31,000 
99,000 
120,000 
140,000 

1,300,000 

120,000 
26,000 
55,000 
77,000 
81,000 

140,000 

31,000 
28,000 
30,000 
7,800 
38,000 

170,000 

12,000 
12,000 
13,000 
3,400 
15,000 

Total cpm recovered 
% of applied radioactivity 

2,300,000 
67% 

2,000.000 350,000 
66% 

270,000 
51% 

One cotyledon of each light-grown pumpkin seedling was labelled on its abaxial surface 
with 5 ul of tritiated uridine (1 mc/ml in 0.2% Triton X-100) or tritiated thymidine 
(0.1 mc/ml in 0.2% Triton X-100), After 5 hr at 38 C under 800 ft-c illumination, the 
labelled cotyledons were washed and the washings assayed for radioactivity. The coty
ledons were then chilled with ice, homogenized, and aliquots (3 replicates) of the 
homogenate were subjected to one of the following treatments: (a) no added nuclease, 
0 C* (b) RNase (100 pg/ml), 37 C; (c) no nuclease, 37 C; (d) DNase (20 ng/ml), 23 C; 
or (e) no nuclease, 25 C. After a 30 min treatment, each aliquot was analyzed for 
total absorbed radioactivity and trichloroacetic acid (TCA)-insoluble radioactivity, 
as detailed in Materials and Methods. All counts/min (cpm) are on a /cotyledon basis. 



•Z. 
Corresponding values for homogenates of ^-day-old ^E-

uridine-labelled cotyledons were !+?% and 2.2%, respectively 

Treatment with DNase also resulted in a reduction in sub

sequently recovered TCA-insoluble radioactivity in homoge

nates of 3~ and if-day-old cotyledons, DNase treatment 

caused a loss of radioactivity in the TCA-insoluble 

fraction of 3-day-old cotyledons when compared to the 

treatment without nuclease at 25 C, and a 33% loss of 

TCA-insoluble counts relative to the 0 C treatment without 

nuclease. The corresponding values for homogenates of 

4-day-old ^H-uridine-labelled cotyledons were 3% and 36%, 

respectively. These results suggest that a portion of the 

•^H-uridine absorbed by pumpkin cotyledons is incorporated 

into ^H-RNA and, to a lesser extent, into ^H-DNA, They 

suggest also that caution should be exercised in using 

uridine incorporation into the TCA-insoluble fraction of 

cotyledons as an index of cotyledonary RNA synthesis. 

The thymidine incorporation data of Table III were 

less ambiguous than the uridine data and suggested that 

thymidine was incorporated selectively into ^H-DNA of 

3- and ^.-day-old pumpkin cotyledons. DNase treatment of 

the homogenate from 3~ or ^.-day-old ^H-thymidine-labelled 

cotyledons resulted in a 72 to 79% reduction in the radio

activity of the TCA-insoluble fraction, relative to treat

ments without nuclease at either 0 or 25 C. Treatment of 

^H-thymidine-labelled cotyledon homogenates with RNase, 



on the other hand, caused less than a 10% loss in radio

activity of the TCA-insoluble fraction, as compared to 0 

or 37 C treatments without exogenous nuclease. There was 

an apparent increase in the TCA-insoluble radioactivity 

following incubation of the 4-day cotyledon homogenate at 

25 or 37 C, as well as in the 3-day cotyledon homogenate 

incubated at_25 C, all relative to the 0 C treatment; no 

explanation for this is offered. 

RNA Metabolism 
in Pumpkin Cotyledons 

The observed increase in the total RNA content of 

pumpkin cotyledons betv/een the 2nd and /fth days of seedling 

development in light (Figure 2) represents a net synthesis 

of RNA during that period. As the cotyledons develop 

further, however, the RNA content eventually declines. 

These data suggest that the rate of RNA synthesis is high 

during the early stages of germination but declines in 

aging cotyledons. The net loss of total cotyledonary RNA 

after the ̂ th day of seedling development could be 

envisioned as being due to a lower rate of RNA synthesis 

coupled with a degradation of cotyledonary RNA, a trans

location of RNA from the cotyledons to the rest of the 

seedling, or some combination of these events. In order 

to gain some understanding of RITA metabolism which would 

explain the rise and decline in cotyledonary RNA content 



during the first week after planting, labelling studies 

were conducted using tritiated uridine. This material was 

used even though it was recognized, from the experiments 

with nucleases (Table III), that uridine incorporation may 

not be a clear measure of incorporation into RNA. Examples 

of such labelling studies are presented in Table IV and 

Figure 

In the studies represented by Table IV and Figure 

Zf, 5 1*1 amounts of labelled uridine (1mc/ml) were applied 

to the abaxial surface of the cotyledons and, except in 

the case of 2-day-old seedlings, the cotyledons were free 

of the seed coats. In studies with 2-day-old seedlings, 

only a portion of the seed coat was removed to expose the 

underlying cotyledon, since complete removal led to abnormal 

cotyledon development. The low absorption and low total 

recovery of the applied label in the 2-day-old cotyledons, 

noted in both these studies, probably reflects adsorption 

of applied label by the adhering seed coat. 

A comparison of labelling data from 3- > k" > and 

5-day-old cotyledons shows that the total recovery of 

applied radioactivity increased with cotyledon age, but 

much of the increased recovery was in the washings. The 

data of Table IV shows that the amount of label actually 

absorbed by 3- » 4- » or 5-day-old cotyledons was roughly 

the same, but the proportion of the absorbed radioactivity 

present as TCA-insoluble radioactivity in the 3-day-old 



Table IV. Incorporation of tritiated uridine into cotyledons of light-grown pumpkin 
seedlings of various ages. 

Age of Seedling (days) 
3 4 

Cpm applied to cotyledons 

Cpm removed by washing 

Cpm absorbed by cotyledons0 
Total cpm absorbed 
TCA-insoluble cpm 
TCA-insoluble cpm as a 
% of absorbed cpm 

Total cpm recovered 
% of applied radioactivity 

7,000,000 

150,000 

75,000 
19,000 

25% 

220,000 
3% 

7,000,000 

250,000 

1,400,000 
530,000 

38% 

3,600,000 
51% 

7,000,000 

380,000 

1 ,100,000 
200,000 

18% 

4,300,000 
61% 

7,000,000 

390,000 

1,300,000 
31,000 

2% 

5,200,000 
74% 

aFive jic of tritiated uridine (1 mc/ml) in 5 pi of 0.2% Triton X-100 solution were 
applied directly to the lower surface of each cotyledon at noon. 

After 5 hr at 38 C, the cotyledons were washed v/ith water and the washings assayed 
for radioactivity. 

The washed cotyledons were chilled in ice, homogenized, and aliquots (3 replicates) 
of the homogenate were assayed for total absorbed radioactivity and TCA-insoluble 
radioactivity, as detailed in Materials and Methods. All counts/min are/cotyledon. 

VJ1 
VJI 



Figure 4. Incorporation of ̂ H-uridine into the TCA-insoluble fraction of cotyledons 
of pumpkin seedlings developing in light. 

3 Four pumpkin cotyledons of each age were labelled with H-uridine at noon 
for 5 hr at 38 C, under about 800 ft-c illumination, and radioassays were 
conducted as outlined in Table IV and in Materials and Methods. The solid 
line plot shows the average radioactivity recovered in the TCA-insoluble 
fraction of each cotyledon as a function of seedling age. The dashed line 
plot expresses the same data as a per cent of the radioactivity actually 
absorbed by each cotyledon. Each point on the plots represents the average 
of 3 determinations/homogenate; all data are expressed as /cotyledon. 
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cotyledons (38%) was about twice that in ^-day-old cot

yledons and about 19 times that in the 5-day-old cotyledons. 

Figure presents the results of another uridine 

incorporation experiment, using cotyledons from light-grown 

pumpkin seedlings ranging in age from 1 to 7 days. The 

trends shown in Figure if are similar to those of Table IV; 

in all cases, cotyledons from 3- and if-day-old seedlings 

converted more of the absorbed labelled uridine into RNA 

than cotyledons from either younger or older seedlings. 

Although the data do not show how the labelled uridine is 

distributed in the endogenous RNA-precursor pools, they 

do indicate that the differences in labelling in the RNA 

fraction are not due to permeability factors. Since the 

peak in ability to incorporate absorbed uridine into the 

TCA-insoluble fraction occurred very nearly at the time 

at which the total MA content reached a peak in devel

oping cotyledons (Figure 2), it appeared that as pumpkin 

seedlings undergo development, the rate of cotyledonary 

RNA synthesis first increases, then later decreases. 

In cotyledons of germinating peanut seedlings, 

Cherry (23) found an inverse correlation between the total 

RNA/cotyledon and the activity of cotyledonary ribonuclease, 

suggesting that in aging peanut cotyledons, the RNA content 

was regulated by changes in the activity of an enzyme 

capable of RNA degradation. With this study in mind, the 

ribonuclease activity in extracts of developing pumpkin 



cotyledons was assayed; the data from two such experiments 

are presented in Table V. Although the activity of ribo-

mUclease differed considerably in the two experiments, both 

studies show that detectable ribonuclease activity began to 

rise several days before the cotyledonary RNA began to 

decrease (Figure 2). Thus, no correlation could be found 

between extractable ribonuclease activity and RNA accu

mulation or degradation in the developing pumpkin cotyledon. 

Ribosomes and Ribosonal-RNA 
of Developing Pumpkin Cotyledons 

Following the first report by Lyttleton (62), much 

evidence has accumulated to support the existance of a 

type of ribosome unique to the chloroplast of higher plants. 

The chloroplastic ribosomes, which have a 70 S sedimentation 

value rather than the 80 S sedimentation value of the ribo

somes found in the cytoplasm, greatly increased in number 

during greening of developing leaves (62). In order to 

gain an understanding of the qualitative nature of the RNA's 

found in greening cotyledons, the ribosome and ribosomal-

RNA contents of pumpkin cotyledons of different ages were 

investigated; the results of a representative ribosome 

study are shown in Figure 5. These data show that detect

able amounts of chloroplastic (70 S) ribosomes are not 

present on the 2nd day of seedling development in light, 

while cytoplasmic (80 S) ribosomes are present in both the 

2- and /f-day-old cotyledons. Other results of this type, 
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Table V. Extractable ribonuclease activity in cotyledons 
of light-grown pumpkin seedlings of various ages. 

Age of Seedling3- Ribonuclease activity/cotyledon 
(days) Experiment 1 Experiment 2 

I 0 0.82 
a 1 0.98 

2 
3 . 2.56 
k 3  AS 
5 ^.92 
6 6.16 
7 6.H 

Pumpkin seedlings were germinated at 38 C under 800 ft-c 
illumination, as detailed in Materials and Methods. 

D0ne unit of ribonuclease activity is defined as that amount 
causing an OD26O increase of 0.010 under the conditions 
prescribed by Ecklund and Moore (30) and as outlined in 
Materials and Methods. Three to 14 cotyledons of each age 
were used to make an extract; all determinations of ribo
nuclease activity were based on replicate samples of each 
extract. 

1 . 1  
0 0 0 

3.7 
11 . 9  
10.1 
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8 0 S  
1 8 S  

A 
7 0 S  

B 

Figure 5. Ultracentrifugal analysis of ribosome extracts 
from cotyledons of (A) 2-day-old and (B) lf-
day-old light-grown pumpkin seedlings. 

Ribosome extracts were prepared as detailed in 
Materials and Methods, Sedimentations were 
carried out in the Spinco AnD rotor at 34,000 
rpm at a temperature of approximately 22 C. 
The tracings are from a photograph taken at a 
Schlieren bar angle of 60 degrees, 25 min after 
speed was reached. The 80 S peak corresponds 
to cytoplasmic ribosomes, the 70 S peak to 
chloroplastic ribosomes, and 18 S peak to 
fraction I protein. 
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not pictured, showed that chloroplastic ribosomes were 

present in 3~ j 5- > and 6-day-old pumpkin cotyledons, but 

were absent in 1-day-old cotyledons. 

In addition to being different in size, the 70 S 

and 80 S ribosomes have been shown to contain distinctive 

ribosomal-RNA's. Using the technique of gel electrophoresis, 

Loening (53) and Loening and Ingle (55) showed that the 

cytoplasmic (80 S) ribosomes contain 25 S and 18 S r-RNA's, 

while chloroplastic (70 S) ribosomes contain 23 S and 16 S 

r-RNA's. This technique has been applied to RNA extracts 

from cotyledons of light-grown seedlings; representative 

electropherograms are shown in Figure 6. 

Each electropherogram clearly shows the presence 

of 25 S and 18 S r-RNA's, found in cytoplasmic ribosomes. 

However, the proportion of r-RNA that is chloroplastic, 

23 S and 16 S, is seen to undergo dramatic alterations. 

In particular, the data show that although traces of the 

chloroplastic r-RNA's are found in 2-day-old cotyledons, 

the fraction of RNA that is chloroplastic RNA increases 

dramatically between days 2 and 3, and this over-all in

crease continues with further cotyledon development to at 

least day ^ after planting. However, a 13 S RNA appeared 

in if day and older cotyledons; this is believed to be a 

breakdown product of the higher molecular weight (23 S) 

chloroplastic r-RNA, based on extrapolation from data 

obtained from radish cotyledons (42). 



Figure 6. Gel electropherograms of RNA extracts from 
cotyledons of 2- ,3- ,4-- , and 7-day-old 
light-grown pumpkin seedlings. 

RNA was isolated from pumpkin cotyledons and 
electrophoresed as outlined in Materials and 
Methods. The direction of electrophoresis 
was from left to right. The sedimentation 
values of the RNA's are assigned according 
to Ingle (42): 25 S r-RNA (peak 1), 23 S 
r-RNA (peak 2), 18 S r-RNA (peak 3), 16 S 
r-RNA (peak 4), 13 S r-RNA (peak 5), and 
transfer RNA's (peak 6). 
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Figure 6. Gel electropherogranis of RNA extracts from 
cotyledons of 2- ,3- >b~ , and 7-day-old light-
grown pumpkin seedlings. 
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Gel electrophoresis of ̂ H-labelled cotyledonary 

RNA's from 2 to 7 day old pumpkin cotyledons was conducted, 

and the radioactivity "profiles" compared with the optical 

density scans, but no conclusive results have yet been 

obtained. It appears that the short (5 hr) labelling 

period used in these studies favors the labelling of a 

polydisperse RNA fraction, possibly messenger-RNA's, that 

overshadows the region of r-RNA peaks on the gels. 

DNA Metabolism in 
Pumpkin Cotyledons 

In both light and dark-grown pumpkin seedlings, 

the total DNA content per cotyledon tripled betv/een the 1st 

and 4-th days of germination and remained at the higher 

value for the remainder of the 1st week of seedling growth 

(Figures 2 and 3). The rise in cotyledonary DNA content 

was particularly dramatic in light-grown seedlings, since 

the tripling occurred within a one day period (Figure 2). 

Because DNA, as genetic material, is known to be highly 

stable, this suggested that the synthesis of most of the 

cellular DNA must occur between the 2nd and 3rd days of 

cotyledon development. To test this possibility, intact 

pumpkin cotyledons of various ages were labelled with ^H-

thymidine and the incorporation of thymidine into coty

ledonary DNA was measured. 
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Table VI presents the results of a study of ̂ H-

thymidine uptake by 2- , 3- , , and 5~day-old cotyledons 

during a k hr labelling period. A separate experiment, 

depicted in Figure 7, also shows the results of a 4 hr 

incorporation of thymidine by intact cotyledons of devel

oping light-grown pumpkin seedlings. As with the uridine 

studies (Table IV), the absorption of labelled thymidine 

was lower in 2 day than in older cotyledons. About 26% of 

the thymidine absorbed by the 2-day-old cotyledon was 

converted into -^H-DNA; this figure approximated that 

obtained in 3-day-old cotyledons, but was considerably 

higher than that found in 4- and 5-day-old cotyledons. 

The rate of incorporation of thymidine into cotyledonary 

DNA reaches a maximum within the same time period as the 

observed tripling of total cotyledonary DNA content 

(Figure 2), and then falls to low levels during the re

mainder of the 1st week of germination. These data 

strongly suggest that the major synthesis of DNA in pumplcin 

cotyledons occurs in the period between 2 and 3 days, 

and that very little turnover of the cotyledonary DNA 

occurs during the first week of seedling development. 

It was anticipated that the observed tripling of 

cotyledonary DNA content by the 3rd day after planting 

could be correlated with a tripling of cotyledonary cell 

number at this time. A modification of the maceration 

technique of Brown and Rickless (17) was used to determine 



Table VI. Incorporation of tritiated thymidine into cotyledons of light-grown pumpkin 
seedlings of various ages. 

Age of Seedling (days) 
3 4 

Cpm applied to cotyledons 

Cpm removed by washing 

Cpm absorbed by cotyledons0 
Total cpm absorbed 
TCA-insoluble cpm 
TCA-insoluble cpm as a 
% of absorbed cpm 

Total cpm recovered 
% of applied radioactivity 

54-0,000 

23,000 

35,000 
9,000 

26% 

59,000 
11% 

540,000 

130,000 

j 180,000 
56,000 

31% 

310,000 
57% 

54-0,000 

220,000 

100,000 
10,000 

10% 

320,000 
59% 

540,000 

290,000 

110,000 
2,800 

3% 

400,000 
74% 

aFive of tritiated thymidine (0.1 mc/ml of 0.2% Triton X-100) were applied directly 
to the lower surface of each cotyledon at noon. 

^After 4 hr at 38 C, the cotyledons were washed with water and the washings assayed 
for radioactivity. 

The washed cotyledons were chilled in ice, homogenized, and aliquots (3 replicates) 
of the homogenate were assayed for total absorbed radioactivity and trichloroacetic 
acid (TCA)-insoluble radioactivity, as detailed in Materials and Methods. All counts 
per min (cpm) are expressed on a per cotyledon basis. 

c~\ 
vn 



Figure 7. Incorporation of -^H-thymidine into the TCA-insoluble fraction of coty
ledons of pumpkin seedlings developing in light. 

•3 Four pumpkin cotyledons of each age were labelled at noon with ̂ H-
thymidine for if hr at 38 C, under about 800 ft-c illumination, and radio-
assays were conducted as outlined in Table VI and in Materials and Methods. 
The solid line plot shows the average radioactivity recovered in the TCA-
insoluble fraction of each cotyledon as a function of seedling age. The 
dashed line plot expresses the same data as a percent of the radioactivity 
actually absorbed by each cotyledon. Each point on the plots represents 
the average of 3 determinations/homogenate; all data are expressed as per 
cotyledon. 
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Figure 7. Incorporation of ^H-thyraidine into the TCA-insoluble fraction of 
cotyledons of pumpkin seedlings developing in light. 
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the number of cells present in 1- ,3- >4- > and 5-day-

old pumpkin cotyledons. The resulting data, presented in 

Table VII, show that a 70%, rather than 3-fold, increase 

in cotyledon cell number occurs between days 1 and 5 after 

planting in light. This increase is not of sufficient 

magnitude to explain the observed tripling of cotyledonary 

DNA within this time interval (Figures 2 and 3)# 

Investigations were conducted to determine whether 

there were any detectable qualitative changes in coty

ledonary DNA during early seedling development, using the 

techniques of isopycnic ultracentrifugation in CsCl gra

dients and artificial RNA/DNA hybridization, Matsuda and 

Siegel (70) have shown that nuclear DNA from pumpkin 

leaves could be separated into two fractions: a "satellite" 

DNA, having a buoyant density of 1.707, and a "main band" 

DNA, comprising the bulk of the nuclear DNA and having 

a buoyant density of 1.695. The satellite DNA of pumpkin 

leaves, which was found to be enriched in coding for r-RNA 

cistrons, represented about 6% of the total DNA (70). 

Since this satellite was the only distinguishable fraction 

found in the nuclear DNA's of pumpkin leaves, a study was 

made to determine if the relative amount of satellite DNA 

present in pumpkin seedlings varied during early devel

opment. DNA was isolated from dry seeds and cotyledons 

of 1- ,3- t and Zf-day-old seedlings and analyzed by 

isopycnic ultracentrifugation in CsCl; microdensitometer 
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Table VII. Cotyledonary cell number in light-grown pumpkin 
seedlings of various ages. 

Seedling age 
(days) Cells/cotyledon 

1 1,^60,000 
3 1,540,000 
4 1,950,000 
5 2,510,000 

Each cell count represents the average of 10 cotyledons of 
one age, individually macerated and used for hemocytometer 
cell counting procedures, as detailed in the Materials and 
Methods. 



tracings of the resulting UV-absorption photographs are 

shown in Figure 8, The satellite DNA (p = 1.705) was 

found to represent approximately 9 to 13% of the total 

cellular DNA present in these cotyledons, with no obvious 

pattern in terms of cotyledon age vs. proportion of 

satellite present; the individual values for each DNA 

sample are indicated in Figure 8. These values are higher 

than the G% reported by Matsuda and Siegel (70), but the 

latter results were based on nuclear DNA from pumpkin 

leaves, rather than total DNA. It appears that the pro

portion of satellite DNA present in pumpkin cotyledons 

during at least the first days after planting in light 

is approximately constant. 

Artificial RNA to DNA hybridizations were conducted 

to determine if the proportion of cistrons coding for 

r-RNA's would vary as pumpkin cotyledons underwent develop

ment. These investigations were carried out using heat-

denatured DNA's and r-RNA's isolated from tobacco leaves 

or roots. The r-RNA's of tobacco were used since they were 

easily obtained and because it had previously been shown 

that r-RNA's of widely different plants, including tobacco 

and pumpkin, had similar base sequences (70, 71). Matsuda, 

Siegel, and Lightfoot (71) showed also that the proportion 

of DNA coding^for cytoplasmic r-RNA could be determined by 

hybridizing the DNA's with r-RNA's from roots, and the 

proportion of DNA coding for chloroplastic r-RNA could be 



Figure 8. Microdensitometer tracings of UV-absorption 
photographs of pumpkin cotyledon DNA's in a 
CsCl density gradient. 

Approximately 2 ug samples of total DNA from 
cotyledons of dry seeds or 1- ,3- , or if-day-
old light-grown seedlings were analyzed using 
CsCl ultracentrifugation, according to the 
procedure of Matsuda and Siegel (70). The 
resulting UV-absorption photographs were 
scanned at 500 mn in a Gilford Model 2.1+0 
spectrophotometer and Model 2^-10 linear trans
port. The symbols on the tracings are M for 
"marker" DNA (from Micrococcus lvsodeikticus. 
f> = 1.731), S for satellite DNA (p = 1 .707), and 
MB for main band DNA (f = 1.695). The satellite 
component was found to represent about 9% of 
the total DNA of dry seeds and 3-day-old coty
ledons, and about 13% of the total DNA of 1-
and if-day-old cotyledons; this proportion was 
determined by cutting out photocopied satel
lite and main band peaks, weighing them, and 
comparing the weight of the satellite peak to 
that of the combined weight of the satellite 
and main band peaks. 
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Figure 8. Microdensitometer tracings of UV-absorption 
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determined as the difference in hybridization values ob

tained using r-RNA's from green leaves and r-RNA's from 

roots. 

Extensive hybridization studies v/ith DNA's from 

pumpkin cotyledons showed that considerable variability 

could be obtained using the same DNA preparation. Exhaus

tive purification of the DNA*s was required to obtain 

reproducible results, but purification of the DNA's did 

not insure consistent hybridization results. The degree 

of hybridization obtained with a DNA sample was generally 

found to decrease during refrigerated storage, or while 

the DNA was embedded on a membrane. In the studies re

ported in Table VIII, all DNA's were rigorously cleaned, 

including passage through a Sepharose i+B column. The 

results show that hybridization values obtained v/ith DNA's 

extracted some time prior to reacting v/ith RNA's v/ere 

usually lower than values obtained with freshly extracted 

DNA preparations. 

Although the data of Table VIII shoiv hybridization 

values ranging from approximately 0.1+ to 1.1%, those DNA 

preparations demonstrating about 1% hybridization against 

tobacco root r-RMA include DNA's extracted from 0- , 3~ » 

and 4-day-old cotyledons. These results, suggest that a 

pronounced amplification of genes coding for RNA's does 

not occur during the phase of most rapid pumpkin cotyledon 

development. However, the present techniques are not 



72 

Table VIII. Hybridization of DNA's from cotyledons of 
light-grown pumpkin seedlings of various 
ages to root r-RNA. 

Experiment 1 Experiment 2 

Age of 
Seedling' 
(days) 

a Age of 
DNA 
prep. 

percent 
hybridization 

Age of 
DNA b 
prep. 

percent 
hybridization 

0 (prep. A) 0 0 0  0 0 0  1 mo. 1.105 

0 (prep. B) 0 0 0  0 0 0  3 mo. 0.925 

0 (prep. C) 2 mo. 0.^15 Zf mo. 0,1+70 

0 (prep. D) 0 0 0  4  0  0  9 mo. 0.675 

1 1 mo. 0.570 3 mo. 0.535 

2 1 mo. 0.755 3 mo. 0.585 

3 (prep. A) 0 0 0  0 0 0  1 mo. 1.080 

3 (prep. B) fresh o.98o 2 mo. 0,660 

if. (prep. A) 0 0 0  0 0 0  1 mo. 0.990 

Zf (prep. B) 3 mo. 0.720 3 mo. 0.720 

8 k mo. 0.700 8 mo. 0.510 

Cotyledons were harvested from light-grown seedlings at 
38 C. The letters refer to DNA preparations from different 
batches of cotyledons of the same age. 

The age of the DNA preparation v/as measured from the time 
of initial grinding in the extraction process to the time 
when the hybridizations were conducted. 

Hybridizations were carried out using 20 jig samples of 
heat-denatured DNA's on membranes, with at least 2 replicates 
of each sample, against 8.6 jig of 32p-iabelled tobacco 
root r-RNA of specific activity = 2970 cpm/jig. 



sufficiently sensitive to exclude the possibility that 

slight changes could occur in the portion of the pumpkin 

genome responsible for r-RNA coding. 



CHAPTER if 

DISCUSSION AND CONCLUSIONS 

A number of excellent general studies of the role 

of the cotyledon in seedling development have been made 

(8, 23, 69» 9k) that point out that a cotyledon of a 

germinating seedling can no longer be viewed as solely a 

simple food storage organ, whose contents are dissolved 

and doled out to the developing root-shoot axis. Although 

the food storage role is an important one, cotyledons of 

germinating seedlings are also seen to actively synthesize 

proteins during the time of a net loss of fats, carbohy

drates, and storage proteins. This apparent paradox is 

at least partially understandable in the light of our 

current understanding of cellular physiology and molecular 

biology. During seed development, reserve proteins, 

lipids, carbohydrates, and other materials are accumulated 

in the cotyledons, but the utilization of these materials 

during germination requires the activity of suitable 

enzymes. In many cases, it appears that these enzymes must 

be synthesized during germination and, since enzyme syn

thesis is mediated through RNA'S, this would suggest that 

dramatic alterations in RNA metabolism must also occur 

during germination. In addition, there is considerable 

7b 



variation within the dicots in the pattern of cotyledon 

development during germination. In some plants, such as 

beans, the cotyledons quickly yield their storage materials 

and abscise shortly thereafter, whereas in pumpkin and 

other cucurbits, the cotyledons rapidly turn green in 

light and assume a leaf-like function for periods of several 

months. Surprisingly,,., relatively little is known about the 

metabolism of persistent cotyledons. The objective of this 

study was to gain an understanding of the physiological and 

morphological developments that occur in the cotyledons of 

pumpkin during the germination process. Since the under

standing of the relationship of nucleic acid metabolism to 

other processes in plants is still only superficially 

understood, this aspect of cotyledon physiology was em

phasized in these studies. 

The morphological observations, coupled with com

positional analyses, show that pumpkin seeds germinating 

at 38 C undergo an extremely rapid and, in some respects, 

nearly synchronous development. In these studies, seeds 

were normally planted at noon, and it was found that most 

had developed into emergent seedlings before 8:00 A.M. on 

the third day after planting, i.e., within 68 hours or less. 

Upon exposure to light, the cotyledons began greening and 

underwent a morphological and physiological development 

that was, in some respects, distinct from seedlings grown 

in the dark. A comparison of the results depicted in 



Figure 2 and Figure 3 show that fresh weights of cotyledons 

on dark grown pumpkin seedlings approximately doubled 

during the first week, whereas cotyledons of light grown 

seedlings showed a 6-fold increase in fresh weight during 

the same period. This increase in fresh weight closely 

paralleled the increase in total chlorophyll content, in 

agreement with findings in greening cotyledons of cucumber 

(52) and soybean (94-). These observations suggest that 

fresh weight alterations in light grown pumpkin cotyledons 

may be associated in some way with chlorophyll, or chloro-

plast, developmental processes. 

The dry weight studies indicated that cotyledons 

from both light-and dark-grown cotyledons undergo a period 

of decline in dry weight, due probably to loss of food 

storage materials. However, the dry weight loss of light-

grown cotyledons appears to cease by about the 5th day, 

whereas the cotyledons of the dark-grown seedlings continue 

to decline in dry weight until the 6th day. The stabiliza

tion of dry weight values of cotyledons in light probably 

reflects the cotyledon's acquired ability to photosynthe-

size, Cotyledons of 3~ to /f-week-old light grown pumpkin 

seedlings were found by Matsuda (personal communication) 

to have a slightly higher dry weight than did 6-day-old 

cotyledons, in line with visual observations of the con

tinuing increase in cotyledonary size after the 1st week 

of seedling development. 



It is nov; recognized from many studies, including 

those of Cherry (23) and Marre (69), that the respiration 

rate of plant tissue is an index of the general metabolic 

activity within the tissue. In this regard, the oxygen 
p 

consumption of pumpkin cotyledons in cc/hr/cm of cot-

yledonary surface v/as found to reach a maximum on or before 

the 3rd day of seedling development in light (Table II). 

This v/as in line with the observations of Lott and 

Castelfranco (60), who found that the activities of both 

cytochrome oxidase and succinoxidase in mitochondrial 

pellets from squash (Cucurbita maxima) cotyledons- were at 

a maximum on the 3rd day of seedling development, then 

declined rapidly as the cotyledons greened. These workers 

also observed that cells in the regions of cotyledonary 

veins had many mitochondria and considerable respiratory 

activity, and they suggested that these mitochondria may 

play a role in vein-loading and the export of sucrose from 

the cotyledons. 

Cotyledons of both light- and dark-grown pumpkin 

seedlings show a dramatic increase in their DNA and RNA 

content between the 1st and 3rd days of development, but 

during the following k days there is a relative stabiliza

tion of DNA content and an ultimate decline in RNA content. 

Similar fluctuations in cotyledonary RNA and DNA content 

were found by optical density measurements of the extract-

able RNA or DNA content per cotyledon. Since RNA's are 



required for protein synthesis (12, 64), the observed 

increase in RNA suggests that pumpkin cotyledons undergo 

a period of intensive protein synthesis at about the time 

of rapid morphological development, but that light clearly 

modifies the amount and, probably, the type of nucleic 

acid synthesis that occurs during this development. The 

RNA content, for instance, is shown to increase about 

5-fold between the 1st and Jfth days of cotyledon devel

opment in light, while dark-grown cotyledons show an approx 

imate 3-fold increase in RNA during this period (Figure 3). 

Although the DNA content triples in both light- and 

dark-grown cotyledons, the rise in DNA content between days 

2 and 3 in the light is particularly dramatic and is 

completed within a 22f hr period. This suggests that light 

can somehow modify events which occur in the developing 

cotyledon and, since the rise is so dramatic, it appears 

that the greening pumpkin cotyledon is an excellent system 

for investigating the regulation of DNA replication in 

higher plant systems. In this study, no attempt was made 

to regulate DNA synthesis, but experiments were performed 

which suggested that it would be technically feasable to 

monitor DNA synthesis using incorporation of ^H-thymidine 

into a TCA-insoluble fraction as an index of this synthesis 

In the labelled studies shown in Figure 7, tritiated 

thymidine was used because thymidine is a precursor of 
x 

DNA, and because ^H-thymidine can be obtained with a 



sufficiently high specific radioactivity to readily detect 
x 

slight amounts of incorporation into ^H-DNA. Appropriate 

experiments with RNase and DNase (Table III) suggested that 

^H-thymidine is selectively (but by no means totally) 
x 

incorporated into ^H-DNA within a if or 5 hr labelling 

period in light. The results presented in Table VI show 

that the rate of absorption of applied thymidine into 

pumpkin cotyledons was much greater on the 3rd day after 

seeds were planted than on the 2nd day, but that the 

proportion of absorbed thymidine actually incorporated 

into the TCA-insoluble (nucleic acid) fraction was about 

the same on both days. In Table VI and Figure 7 it was 

seen that the rate of incorporation of H-thymidine into 

the cotyledonary TCA-insoluble fraction, presumably as 
x 
^H-DNA, reached a maximum on the 3rd day and rapidly 

declined thereafter. Although it is often dangerous to 

strictly equate the uptake of a labelled precursor molecule 

to the rate of synthesis of a larger molecule, particularly 

with the increasing realization of the importance of intra

cellular pools of metabolites (73) > the observed peak of 

thymidine incorporation into cotyledonary nucleic acid on 

day 3 agreed with the time of tripling of cotyledonary DNA 

content (Figure 2). This close correlation of the peak in 

thymidine incorporation to the results of total DNA assays 

suggest that the far more convenient labelling studies 

are valid measures for synthesis of DNA. 



Interestingly, the three-fold increase in coty-

ledonary DNA content was not accompanied by a tripling of 

cell number betv/een the 2nd and 3rd days of pumpkin seed

ling development in light (Table VII), These results are 

similar to results found with developing radish cotyledons 

whose doubling of DNA content on day /f in light was only 

accompanied by a 50% increase in cell number (72). No 

cytogenetical observations were made of pumpkin cotyledon 

cells in this study, but an increase in cellular DNA con

tent in the absence of mitosis is apparently quite wide

spread in higher plants (91). 

Two lines of attack were used to determine if the 

cotyledonary DNA's of pumpkin underwent some type of 

qualitative alteration during germination and early seed

ling growth. In one group of studies, DNA's extracted 

from seeds, roots, and cotyledons of various ages were 

examined using isopycnic ultracentrifugation in CsCl. 

Although the sensitivity of this technique is not high, 

it does permit the separation of DNA's on the basis of 

their base composition (81). In studies with DNA's from 

pumpkin leaves, Matsuda and Siegel (70) found that the 

DNA could be separated into two fractions: a major DNA 

fraction of buoyant density 1.695> and a distinctive 

minor or satellite DNA of buoyant density 1.705. This 

satellite DNA was found to represent about 6% of the 

total DNA and was also known to be enriched for coding 



for r-RNA (70). Since the proportion of satellite to total 

DNA can be readily determined, an effort was made to deter

mine if the proportion was altered in cotyledons by the 

time of rapid growth. These studies show that the pro

portion of satellite to total DNA in cotyledons was about 

9 to 13%, with no apparent pattern in the amount of sat

ellite present in the DNA as a function of seedling age. 

In another attempt to detect qualitative changes in 

the DNA's, artificial RNA/DNA hybridizations with tobacco 

root r-RNA's.were conducted against DNA's isolated from 

pumpkin cotyledons of various ages, using techniques 

previously applied to pumpkin leaf DNA's (70). Labelled 

RNA's from tobacco were used since they vie re readily ob

tained and since it has been shown that their behavior 

v/ould be similar to that obtained with pumpkin RNA's (70). 

The results of these studies showed that the fraction of 

total DNA that was coding for r-RNA (r-DNA) was about 0.4 

to 1,1% of the genome. Values of approximately 1 % hybrid

ization were obtained with certain preparations of DNA 

from cotyledons of 0- , 3" j and ^-day-old light-grown 

seedlings and, although the data were variable, there 

was no indication of a selective increase or decrease in 

the proportion of r-DNA during the first days of germina

tion. These results stand in contrast to those in Xenopus 

laevis, where it is reported that a pronounced amplifica

tion of genes coding for r-RNA's occurs during oocyte 



development (15); and they also differ from those reported 

by Chen and Osborne (20), who found that a 30% loss in r-RNA 

cistrons occurred during.early germination of wheat. 

Although the hybridization studies with pumpkin 

cotyledon DNA suggested that the proportion of r-DNA/total 

DNA is not drastically altered during the 1st week's 

growth, the technique was not considered sufficiently 

sensitive to permit the detection of slight alterations 

that may occur during growth. This reservation must be 

applied in interpreting any hybridization data involving 

DNA's and RNA's from higher plants since many factors 

involved in hybridization reaction are still not fully 

understood. For example, Matsuda, Siegel, and Lightfoot 

(71) found that the use of alkali-denatured DNA, rather 

than heat-denatured DNA, raised the hybridization of r-RNA 

to pumpkin satellite DNA from about 1+% to 12.%. Although 

they did not report comparable studies using whole pumpkin 

nuclear DNA's, these workers did find that about 0.3 to 

0,k% of heat-denatured pumpkin nuclear DNA was complemen

tary to r-RNA. If hybridizations of total nuclear DNA 

responded similarly to that of satellite DNA, a 3-fold 

increase would raise hybridization values to about 1%, 

which is close to the maximum value reported in this study, 

in v/hich slightly modified heating and purifying techniques 

were used. 
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The average amount of DNA/pumpkin cotyledon cell 

(calculated from data presented in Table VII and Figure 2) 

is about 1#Zf x 10~^ g; if this DNA is assumed to be in a 

12 single molecule, this represents approximately 8.^ x 10 

daltons/cell. If the combined molecular weight of 

25 S + 18 S r-RNA is considered to be 2 x 10 daltons, 

one cistron for 25 S + 18 S r-RNA would represent 

(2 x 10^/8.4 x 1012) x 100 = 2.if x 10of the genome. 

Since a maximum hybridization value of about 1% was obtained 

in these studies (Table VIII), there would appear to be over 

kOtOOO copies of the cistron coding for cytoplasmic r-RNA1s 

in each cotyledon cell. This figure compares favorably 

with Matsuda and Siegel's (70) estimate of 15>000 cistrons 

per pumpkin leaf nucleus, made on the basis of hybridization 

values of about 0.35%. The high number of these redundant 

sequences may mean that the number of r-DNA sites is not 

limiting when the cell demand for r-RNA's and ribosomes is 

high, as for example, during rapid growth of the cotyledon. 

In addition to studying DNA's for possible varia

tion in coding for r-RNA1s, a large number of experiments 

v/ere conducted with light-grown seedlings to determine how 

cotyledons of different ages varied in their actual pro

duction of ribosomes and r-RNA, These studies showed that 

during the initial stages of rapid RNA accumulation, i.e., 

the period prior to day 3> there was little or no evidence 

of the presence of either chloroplastic (70 S) ribosomes 
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(Figure 5) or the 23 S and 16 S r-RNA's associated with 

chloroplast ribosoraes (Figure 6). 

Cytoplasmic (80 S) ribosomes were present in 

pumpkin cotyledons from the 1st to the 6th days of seed

ling development in light, with a pronounced increase noted 

in the relative number of cytoplasmic ribosomes from 1 

day to 3 day, or older, cotyledons. Dry seeds of pumpkin 

were not analyzed for ribosome content in this study, but 

it is known that cucumber cotyledons in the dry seed have 

almost no free ribosome content, and that the number 

increases rapidly during the first days of seed germination 

(69)• By the 3rd day of pumpkin cotyledon growth in light, 

at about the time of greening, the chloroplastic ribosomes 

begin to accumulate rapidly in the cotyledons and reach an 

apparent maximum content by about the Zfth day of seedling 

development. The sudden appearance of chloroplastic 

ribosomes at the time of cotyledon greening is similar to 

reports of a dramatic increase in 70 S ribosomes in leaves 

developing in light (62, 63, 78). The chloroplastic ri

bosomes are known to contain 23 S and 16 S r-RNA components, 

as compared with the 25 S and 18 S r-RNA components of 

cytoplasmic ribosomes (A-2); the relative amounts of the 

different types of r-RNA in an RNA extract can be resolved 

by gel electrophoresis (Zf2, i+3, 53, 5^, 55). 

Gel electrophoresis of RNA extracts of 2- to 7-day-

old pumpkin cotyledons was performed and it was found that 
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the cytoplasmic r-RNA's (25 S and 18 S) accumulated earlier 

in cotyledon development in light, than did the chloro

plastic r-RNA's (23 S and 16 S), which rapidly increased in 

relative proportion at about the time of greening on day 3 

(Figure 6). Similar results have been reported in greening 

radish (^2, k3) and cucumber (95) cotyledons, so it appears 

that chloroplastic ribosomal r-RNA's in greening cotyledons 

are not significantly accumulated until just prior to their 

incorporation into chloroplastic ribosomes. Ingle (^2) has 
xp 

done y P-labelling studies that indicate that the time of 

the peak of accumulation of 23 S and 16 S r-RNA's in green

ing radish cotyledons is preceded by a burst of synthesis 

of these RNA's. Attempts were made to label pumpkin coty

ledons with ^H-uridine and examine the optical density and 

radioactivity profiles of their RNA's on gels, but no con

clusive results have been obtained as yet. It was noted 

that the 5 hr labelling period used in these preliminary 

experiments favored the labelling of a polydisperse, 

rapidly-labelled RNA fraction, which obscured any possible 

peaks of radioactivity in the r-RNA regions of the gel. It 

is tempting to speculate that the rapidly-labelled RNA 

fraction in pumpkin cotyledons is messenger-RNA (m-RNA), 

as reported in other cotyledon systems (2.Lf, 97), but our 

present knowledge of the nature of m-RNA's in higher 

plants is, at best, cloudy. 



An examination of Figure 6 shows that the relative 

proportion of 23 S r-RNA to 16 S r-RNA begins to decline by 

the fourth day of pumpkin cotyledon development, and by the 

seventh day is quite low. Ingle (i*2) has found the same 

occurrence in developing radish cotyledons and attributed 

this to an increasing lability of the 23 S r-RNA, with the 

products of this degradation appearing in the 16 S and 13 S 

peaks on the gel. Vedel and D'Aoust (95) reported similar 

findings in cucumber cotyledons, and also have found that 

the lability of 23 S r-RNA was particularly evident in RNA 

preparations from isolated chloroplasts or etioplasts. 

These workers suggest that the stability of 23 S r-RNA in 

etioplasts or chloroplasts changes with aging of their 

ribosomes and can be altered by such external factors as 

lighting. Ingle (42) has proposed 3 possible explanations 

for the changing stability of chloroplastic 23 S r-RNA 

during maturation or aging of the 70 S ribosome: (a) a 

change within the ribosome itself, such as a relative 

increase in ribosomal-ribonuclease activity during aging; 

(b) changes in the secondary or tertiary structure of this 

RNA which would effect its relative stability; or (c) an 

occurrence of breaks in the 23 S RNA in vivo. It appears 

that the nature of the chloroplastic r-RNA's in vivo is 

poorly understood, and that the introduction of artifacts 

during the extraction of RNA's remains a distinct pos

sibility. 



Although gel electrophoresis depends on the frac

tionation of isolated RNA's, it is a powerful technique for 

the examination of qualitative fluctuations in the RNA of 

developing plant systems. The combined results of gel 

studies with the RNA's of greening radish (42, 43), cucumber 

(95), and pumpkin cotyledons, which revealed an accumulation 

of the chloroplastic r-RNA's at about the time of greening, 

plus the sudden appearance of chloroplastic ribosomes in 

greening pumpkin cotyledons (Figure 5), strongly suggest 

that chloroplastic ribosomes of pumpkin cotyledons are 

synthesized jde novo near the time of greening in light. 

The dramatic increase in the total RNA content of 

pumpkin cotyledons between the 2nd and 4th day of seedling 

development, discussed earlier, represents a net synthesis 

of RNA during that period. Attempts were made to follow 

the activity of endogenous RNase activity in developing 

pumpkin cotyledons, in view of Cherry's (23) report that 

the cotyledonary RNA content of peanut was apparently 

inversely correlated with cotyledonary RNase activity; 

however, the results with pumpkin cotyledons (Table V) 

were variable and did not indicate that RNase activity and 

RNA content were consistently correlated. Ironically, the 

endogenous RNase activity of pumpkin cotyledons interfered 

with attempts to measure cotyledonary RNA synthesis by 

•$ 
•^H-uridine incorporation. In the studies summarized in 

Table III, exogenous RNase and DNase were used to treat 



88 

^H-uridine labelled cotyledon homogenates prior to the 

recovery of the TCA-insoluble fraction, in hopes of obtain-

•3 ing suggestive evidence that the ^H-uridine v/as incorporated 

selectively into ̂ H-RNA. In spite of some ambiguity in 

these results, ̂ H-uridine incorporation into TCA-insoluble 

radioactivity of pumpkin cotyledons of various ages v/as 

examined in order to obtain a suggestion as to when RNA 

synthesis occurred in this system. The data shown in Table 

IV and Figure ^ reveal that the incorporation of ^H-uridine 

into the TCA-insoluble fraction of pumpkin cotyledons v/as 

higher on the 3rd day of seedling development in light, than 

in older or younger cotyledons. Although the ^H-uridine 

incorporation was interpretated v/ith some reservations, the 

peak of uridine uptake on day 3 did agree v/ell v/ith the 

observed accumulation of cotyledonary MA at about the same 

time (Figure 2). 

A clearer understanding of cotyledon physiology 

permits one to make more detailed studies of a number of 

problems that were previously incompletely understood. For 

example, Prisco (80) noted that when red kidney bean seed

lings were transferred to -5 bars salt on the 2nd or 3rd 

day after planting, there v/as a marked retardation in growth 

of the seedlings. In preliminary studies conducted by the 

author, using 2- or 3-day-old pumpkin seedlings, a dramatic 

reduction in cotyledon growth was noted v/ithin 12 hr after 

the seedlings were transferred to -5 bars salt; this was 



accompanied by a decrease in the rate of incorporation of 

^H-uridine into cotyledonary nucleic acids. Further studies 

should elucidate whether salt-stress causes qualitative 

changes in the RNA's of pumpkin cotyledons. 

In summary, the cotyledons of germinating pumpkin 

seedlings were found to undergo dramatic morphological and 

physiological alterations during the 1st week of seedling 

development in light at 38 C. There appeared to be a high 

degree of correlation between the different events observed 

at the time when the cotyledons underwent the transition 

from non-photosynthetic food-storage tissue to leaf-like, 

persistent plant organs. This changeover, which occurred 

between the 2nd and ifth days of germination in light, was 

characterized by rapid cotyledon greening and expansion; 

increased respiratory rate; a rapid synthesis of DNA, 

resulting in a tripling of cotyledonary DNA content; a 

dramatic increase in cotyledonary RNA content, particularly 

in the r-RNA fractions; and an apparent de novo synthesis 

and subsequent accumulation of chloroplastic ribosomes. 

The cotyledons of pumpkin are found to be capable of an 

active synthetic role in seedling development; these 

cotyledons, due to their extremely rapid and predictable 

pattern of development, and active nucleic acid metabolism, 

appear to be nearly ideal subjects for investigations 

concerning higher plant growth and development. 
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