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ABSTRACT 

Plant tissue culture regeneration is chiefly regulated by 

exogenous phytohormones. To stop regeneration and induce 

undifferentiated callus growth auxins are used. Unfortunately auxins 

influence many plant responses, most unrelated to development. Using 

the thymidine analogue S-bromodeoxyuridine (BrdU) a phytohormone 

independent means for differentiation inhibition has been developed. 

Studies were focused on the target site and mechanism of BrdU action. 

The BrdU inhibited step in development is indicative of a plant 

response necessary for normal differentiation. 

BrdU (S-30uM) interrupts callus growth in all tested plants. 

Exogenous cytokinin does not restore growth while thymidine and 

deoxycytidine rescue plant growth and differentiation in the presence 

of BrdU. Endogenous cytokinin levels are not greatly affected by 

sub toxic BrdU levels and indicate that cytokinin and BrdU act upon 

independent sites. 

Domestic carrot cells were used in further studies. Normally 

carrot cells are undifferentiated in medium with the auxin 2,4D. When 

2,4D is removed, somatic embryogenesis takes place. By including SuM 

BrdU in the hormoneless medium, the cells fail to differentiate. The 

growth of carrots in 2,4D is not affected by SuM BrdU. Thus, BrdU 

influences growth during differentiation to a greater extent than the 

growth of callus cells. BrdU is effective in halting development when 

xii 
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applied 0-24 hours after differentiation induction. An event required 

for differentiation (the first and second replications) must take 

place at this time. 

BrdU action begins with DNA incorporation. The consequent 

cellular replication becomes slowed and DNA repair results. At the 

same time RNA and protein levels are similar in BrdU treated an.d 

untreated cultures. BrdU thymidine substitution into DNA increases 

from 28% (2 days) to 68% (3 days) after embryogenic induction. 

A second BrdU effect follows DNA incorporation. Factors (MIFs) 

in the medium of BrdU treated cells arrest differentiation. After BrdU 

is repaired from the DNA, the cells are only able to differentiate 

after a medium change. Understanding MIF production could explain why 

some plants differentiate more readily than others. BrdU provides the 

means for further study of MIF's in the auxin-free inhibition of 

development. 

xiii 
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INTRODUCTION 

Totipotency, as defined by Haber1ant describes the unique 

ability of many plant species to regenerate whole plants from non

differentiated cell cultures (as cited in Krikorian and Berquam, 

1969). Independently, Steward (1958) and Reinert (1959) first observed 

totipotency in carrot cultures. They reported that the developmental 

sequence, organs and tissues arising were quite analogous to those 

found in vivo (Brothwick, 1931). Presently, many plant species have 

been regenerated from tissue cultures (Krikorian, 1982). However, the 

structural and regulatory mechanisms resposib1e for the phenomenon of 

totipotency remain unknown. 

Several plant growth regulators influence plant ontogenesis. 

Skoog and Miller (1957) first showed organogenesis in tobacco to be 

controlled predominately by the ratios and specific concentrations of 

auxins and cytokinins added exogenously in the growth media. Carrot 

and celery somatic embryogenesis are under auxin and cytokinin control 

(Bayliss, 1977; A1-Abata and Collin, 1979). Abscisic acid, 

gibbere11ins and oligosaccharins also have profound effects on 

regeneration (Arnrnirato, 1977; Tran Than Van et a1., 1985). 

Signals for differentiation induction must arise following 

plant growth regulator application. But, these signals cannot easily 

be resolved from the other rnRNAs and proteins not relating to 

differentiation and induced by the growth regulator treatment. 

1 
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In order to identify the events and substances responsible 

for differentiation induction an alternative means of developmental 

inhibition is needed. The inhibitor finally chosen should allow normal 

growth and metabolism to continue yet impair those functions directed 

toward morphogenesis. 

The synthetic thymidine (dT) analogue, 5-bromodeoxyuridine 

(BrdU) has been used for this purpose in animal tissue culture 

(Rutter, Picket and Morris, 1979). In the absence of light BrdU allows 

cell division and basic metabolism ("housekeeping functions") to 

continue while arresting the gene products responsible for and 

characteristic of development ("specialized functions"). BrdU 

application to plant tissue cultures may act similarly by specifically 

inhibiting development. 

Initial experiments must establish whether there exists a 

differential response to BrdU, depending on the developmental state of 

the given plant culture. A comparison of BrdU effects on 

undifferentiated callus growth in a number of species will first be 

surveyed in order to determine the BrdU concentrations necessary to 

inhibit growth. This study will be done by including different 

concentrations of BrdU in the callus culture medias of soybean 

(Glycine max L.), cotton (Gossypium hirsutum L.), jojoba (Simmondsia 

chinensis Link), tobacco (Nicotiana tabacum L.) and carrot (Daucus 

carota L.). The BrdU sensitivity of callus and differentiating cells 

will be determined by increasing the BrdU levels during tobacco and 

carrot differentiation and undifferentiated cultures will be compared. 
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Because cytokinins are thought to induce shoot formation (Skoog 

and Miller, 1957) and because of contrary data following growth of 

cytokinin autotrophic callus of soybean and tobacco (Vyskot, Karpfe1 

and Bezdeck, 1977; Wang, 1979) in increasing BrdU concentrations, a 

reexamination of BrdU and cytokinin interaction will also be studied. 

Different concentrations of cytokinin will be applied to BrdU arrested 

cells and the growth and endogenous cytokinin supply examined. If BrdU 

affects growth and development through cytokinin depletion, then not 

only should media supplementation with cytokinin increase BrdU 

tolerance, but BrdU treatment at sub-lethal doses should decrease the 

endogenous cytokinin supply. 

The next series of experiments will test the specificity of 

BrdU action in vivo. dT is the natural analogue of BrdU, therefore the 

addition of thymidine should rescue culture growth and/or 

differentiation normally inhibited by BrdU. Deoxycytidine is also 

converted to thymidine (Metzler, 1977) and will be tested for the 

ability to reverse the effects caused by BrdU. 

The crucial time of BrdU mediated inhibition of differentiation 

will be determined in two ways. First, BrdU will be added to carrot 

cells undergoing differentiation at different days following 

embryogenic induction. The number of embryos produced in these 

cultures will be determined after 28 days. 

The second experiment will utilize dT. Carrot cells will be 

subcultured on embryogenic media with BrdU added at the outset. An 

excess of dT will be added at different times after initial culture in 
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BrdU to determine when rescue is no longer possible. At some time, the 

process of differentiation must become insensitive to the BrdU effect. 

Preliminary pulse-labeling studies with l4C_BrdU in cotyledons 

and radicals of radish will indicate the degree of incorporation of 

this pyrimidine analogue into DNA and RNA. 

RNA metabolism in BrdU treated and nontreated carrot cells will 

then be examined in more detail. Total RNA will be determined during 

the first seven days following embryogenic induction. Uridine labeling 

will allow an estimate of RNA synthesis during this time. Poly A+ and 

poly A-RNA will be separated in this determination. 

DNA analysis will also be examined. Total DNA and DNA synthesis 

rates will be determined with the diphenylamine test, 3H- dT and 32p 

pulse labeling. The incorporation of BrdU into DNA will be observed by 

both chemical arid isopycnic methods. 

While correlations of DNA/RNA synthesis in the presence/absence 

of BrdU may be important in understanding how BrdU treatment halts 

differentiation, it is possible that BrdU influences differentiation 

independently of these processes. If BrdU acts to interrupt 

development by simply being incorporated into DNA, then a mixed 

population of cells, (1/2 exposed to BrdU and 1/2 not exposed) would 

result in 1/2 of the cells giving rise to embryos. Alternatively, if 

BrdU can suppress development in cells without BU DNA substitution 

this would argue against the DNA incorporation hypothesis. 

To address this question, carrot cells will be transfered to 

hormoneless media in the presence of inhibitory levels of BrdU. After 
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the crucial time of BrdU exposure, the cells will be washed 

extensively and mixed with different ratios of cells grown for the 

same time without BrdU. After 4 weeks, the effect of the BrdU treated 

cells on the remaining cells ability to regenerate will be determined 

by counting the number of embryos present. 

Effective and economic biotechnology is limited at present 

because many important crop species are difficult to regenerate from 

tissue culture. It is hoped that this research will result in a 

description of whether BrdU treatment specifically inhibits 

differentiation in plant cells and if so, whether the inhibition 

involves DNA synthesis, poly A+ and A- RNA metabolism or other events. 

These results will have direct bearing on the ongoing search for 

understanding regeneration of cells to whole plants. 



LITERATURE REVIEW 

Cell Culture and BrdU 

Quiescent carrot root parenchymal cells divide and produce 

single cells and cell clusters when cultured in a basic medium B-5 or 

Murashige and Skoog medium (Gamborg, Miller and Ojima, 1968; Murashige 

and Skoog, 1962) containing auxin. The exogenously supplied auxin 

induces and continuously stimulates cell proliferation. After cell 

division, the cells and cell clusters (known as callus cells), bear 

little morphological resemblance to the originals. Such callus cell 

cultures will continue to grow and can be indefinitely subcultured. 

In a typical carrot suspension culture growing under the above 

conditions there are three distinct classes of cell morphologies 

(Jones, 1974). Single highly vacuolated "banana" cells are found that 

are quite long (up to 200uM). These cells rarely undergo division. If 

they do divide they can produce either of the other two cell groups 

present within the same culture, the "large" or "small" cell clusters. 

The former cell group is "organized" into an internal cavity that is 

surrounded by a layer of parenchyma cells. The single cells mentioned 

before result from division in the parenchamyal layer. The internal 

cells of the large clusters also divide. Such proliferation expands 

the size of the "large" cluster and eventually leads to a breaking 

apart into two smaller "large" clusters. These clusters then divide 

6 
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and continue to produce single cells and other IIlarge ll culsters. The 

cells of the large clusters are vacuolated and do not differentiate. 

The IIsmall ll clusters are made up of small cells (less than 20uM 

in length) that have a dense cytoplasm and are devoid of a large 

vacuole. Cell division in these small cell clusters results in the 

cluster expansion and consequent breaking apart to form two smaller 

IIsmall ll clusters. The small cell clusters are highly embryogeneic and 

are probably the origin of most somatic embryos. 

Carrot cells differentiate in a pattern parallel to that of 

normal carrot embryos (Borthwick, 1931). Embryogenic initiation is 

triggered by the removal of auxin from the culture medium. Cell 

division ceases for a few days and the cell doubling time approximates 

one doubling every two days. On or about the third day following auxin 

removal, cell division rapidly ensues resulting in a 10 fold decrease 

in the net cell cycle time (Fujimura and Komamine, 1980). After a few 

days, the cell cycle transit time returns to former levels (30 hours) 

and globular embryos appear in the culture. 

The singular or multicellular origin of the embryos remains a 

question. A single carrot embryo can develop from a single cell (Kato 

and Takeuchi, 1963). However, Sung and Okimoto (1981) report that when 

carrots are cultured in a static environment, up to 400 embryos/ml can 

4 be derived from an initial culture of 2 X 10 cells/ml. 

Halperin (1967) has observed that single cells make up the 

majority of cells passing through a 47um filter. However,it is the 
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remaining 3% that are multicellular and are embryogenically competent. 

This explains why the number of embryos derived from a single culture 

does not always approximate the number of cells initially introduced 

into that culture. 

The synthetic analogue of thymidine (dT) , 5-bromodeoxyuridine 

(BrdU) has been shown to inhibit the differentiation of animal tissue 

cultures, often at concentrations far below cytotoxic levels (Rutter, 

Picket and Morris, 1979). These authors suggest that BrdU permits the 

"housekeeping functions" involving metabolism and growth to continue 

while the "specialized functions" of differentiation are specifically 

repressed. 

It then seems logical to examine a possible contrasting 

relationship between a differentiation promoter (cytokinin), and the 

differentiation inhibitor BrdU. The use of BrdU may stop either the 

synthesis or the events induced by cytokinin, themselves exclusive and 

critical for plant differentiation. Were BrdU and cytokinins 

antagonists, such results would suggest a common targeted process or 

molecular product that is an crucial for differentiation initiation. 

The regeneration of plants is often stimulated by cytokinin 

(Ammirato. 1977, 1983; Fujimura and Komamine, 1975). Cytokinin also 

profoundly stimulates shoot differentiation in tobacco and tracheal 

element formation in soybean (Skoog and Miller, 1957; Fosket and 

Torrey, 1969). However, not all carrot cultures respond to additional 

cytokinin, perhaps because the endogenous synthesis is adaquate 

(Salem, Linstedt and Reinhert, 1979). An ability to produce cytokinin 



endogenously also influences the morphology of crown gall tumors 

(Amasin and Miller, 1982). Therefore, cytokinin may specifically 

induce a response necessary for the initiation or maintenance of 

differentiation. 

BrdU and Cytokinin Interaction 

9 

Wang (1979) demonstrated that BrdU inhibited cytokinin 

autotrophic habituated soybean call.us growth to a greater extent than 

the normally cytokinin dependent tissue. These results are in contrast 

to tobacco tissue cultures. BrdU inhibited the expression of cytokinin 

habituation in a tobacco cell line (Me ins , 1976). When cytokinin 

(kinetin) was added exogenously, growth was restored. These findings 

would seem to agree with the postulate that the presence of cytokinin 

promotes growth as well as differentiation in tobacco callus cultures 

(Skoog and Miller, 1957). In addition, BrdU specifically antagonizes 

the cytokinin mediated growth stimulation in tobacco. 

A contrary opinion was voiced by Kendra and Ma1iga (1977). 

These workers found that BrdU resistance and cytokinin habituation are 

independent characters. Thus, a cytokinin habituant is not necessarily 

resistant to BrdU and a BrdU resistant mutant is not always cytokinin 

autotropic. 

Vyskot, Karpfel and Bezdek (1977) have examined how BUdR 

affects cytokinin autotrophs and auxotrophs in tobacco. In one 

cytokinin habituated line, media supplemented with kinetin eliminated 

BrdU toxicity and restored growth. This effect was magnified by the 

addition of auxin as well as cytokinin. In an auxin and cytokinin 
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habituated line, BrdU treatment was able to restore callus growth when 

cultured in the presence of both phytohormones. Normally, if kinetin 

and indoleacetic acid (IAA) were added to the medium, the double 

habituant callus was unable to grow. 

In normal tobacco cells treated with BrdU, thymine (T) is 

replaced by bromouracil (BU) in 60-80% of the T residues in the DNA 

(Vyskot, Karpfel and Bezdek, 1977; Bezdek and Vyskot, 1981). After BU 

substitution into normal (non-habituated) cells, replication failed to 

continue and growth was halted. Neither auxin nor cytokinin was able 

to restore growth to these non-habituated cells. When cytokinin and 

cytokinin-auxin habituants were treated with BrdU and incorporated BU 

into their DNA, BU was thought to be dehalogenated (i.e. to 

deoxyuracil). In these habituants, the extent of dehalogenation was 

correlated with the stimulation of growth and replication induced by 

exogenous treatments of cytokinin. The degree of cytokinin habituation 

and BrdU tolerance are in some metabolic sense directly related, at 

least in tobacco. 

Metabolic Changes in BrdU Resistant Plant Cells 

Using normal and BrdU resistant soybean cells, Ohyama 

(1974, 1976) provided evidence for the mechanism of growth inhibition 

in soybean suspension cultures. Both normal and resistant cells 

demonstrate similar rates of thymidine and BrdU uptake. Yet, the 

mutant cell line differed in thymidine kinase activity when compared 

to the wild type cell line. When dT was used as the substrate, wild 

------------------ ------- ---------
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type cells converted 3.4nM thymidine to TMP per unit protein, while 

the mutant cell line converted 5.5nM of dT to TMP. When BUdR was used 

as the substrate, wild type and mutant cells both produced the same 

amount of BdUMP (2.5 vs. 2.3nM). 

Thymidine kinase activity can partially explain the BUdR 

tolerance exhibited in the resistant cell line. In a later work, 

thymidy1ate synthetase activity was analyzed in both the wild-type and 

BrdU resistant cell lines (Ohyama, 1976). When the resistant cell line 

was grown in BrdU, thymidy1ate synthetase activity increased to 4 

times the activity of either wild type or BrdU resistant cells when 

grown in medium without BrdU. 

Thymidylate synthetase has also been shown to possess an 

enzymatic activity able to deha10genate BrdU (Garrett, Wataya and 

Santi, 1979). The deha1ogenation of BrdU may be a prelude to DNA 

repair. The deha1ogenation of BrdUMP to dUMP, the removal of the 

uracil base via uraci1-N-g1ycosy1ase, and the continued excision and 

repair of the affected and neighboring DNA strands may account for the 

mutagenic activity of BrdU (Lindahl, 1979). The above experiments 

conclude that BrdU resistant soybean cells over-produce thymidylate 

synthetase, the enzyme responsible for thymidine de novo synthesis and 

perhaps the detoxification of BrdUMP to dUMP. These resistant cells 

also have an enhanced ability to salvage thymidine via thymidine 

kinase, without enhancing the phosphorylation of BUdR. 

------------- ._----
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The Effect of BrdU on Plant Cell Differentiation 

Only carrot embryogenesis has been examined with regard to the 

BrdU effect on regenerating tissue culture cells. Using BrdU 

concentrations that did not affect RNA or protein precursor 

incorporation, somatic embryogenesis was halted (Dudits, Lazar and 

Bajszar, 1979). The BrdU effect was correlated with the amount of BU 

substitution in the DNA, a 10% or greater BU replacement of T resulted 

in arrested somatic embryogenesis. For complete embryogenic 

inhibition, 6-l0uM BrdU was required in the culture medium prior to 

the second day of culture in 2,4D-less media. After two days of 

embryogenic induction, only globular embryos were formed after BrdU 

addition. The later stages of development did not arise following this 

treatment. When thymidine was added at twice the concentration of BrdU 

during the first 2 days of culture, the total number of embryos per 

culture approximated the control. If BrdU was added later, the already 

differentiating carrot cells slowed down the rate of plantlet 

development. 

Models for the Mechanism of Action of BrdU ----- -- ------

There exist three basic explanations for how BrdU acts to 

inhibit the differentiation program in cells. The plasmalemma and 

cytoskeleton may be altered in some way, thus affecting cell 

structure. A second idea is that BrdU is phosphorylated and binds 

ribonucleotide reductase. The result is the excess BdUTP inhibits DNA 

synthesis by inhibiting this enzyme and thus limiting the amount of 

deoxycytidine ultimately available for DNA synthesis. Finally, BrdU 
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mediated inhibition of differentiation results from some effect 

following bromouracil (BU) DNA incorporation. BU DNA substitution for 

T may impair either DNA directed DNA or RNA polyrerase or promoting 

DNA repair. 

Cell Shape, Differentiation and BrdU Treatment 

Changes in cell morphology and metabolism due to biochemical 

alterations in the plasmalemma and the internal cytoskeleton may 

result from BrdU treatment. After treatment with BrdU, neuroblastoma 

cells develop into differentiated neural-like cells, (Schubert and 

Jacob, 1970). These authors conclude that BrdU induces metabolic 

changes that indirectly lead to an increased affinity of the 

plasmalemma for the culture vessel. 

Further evidence for a BrdU mediated change in cell structure 

comes from the work of Giotta, Brunson and Lotan (1980). These workers 

noted a flattening of melanoma cells and an increase in the strength 

of the cell to vessel attachment after BrdU administration. An 

increase in the organization of preexisting microtubules and 

microfilaments was stated as the reason for the morphological changes 

noted above. 

Acetic polysaccharide biosynthesis has been shown to be 

stimulated by BrdU (Satoh et al., 1975). These authors suggested that 

the polysaccharide accumulation was responsible for the increased 
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strength of the melanoma cells to petri dish attachment. In carrot 

cells grown without 2,4 dichlorophenoxyacetic acid (2,4D), cell 

elongation increased and profound changes in some cell wall components 

were observed (Masuda, et al., 1984). 

One consequence of altered polysaccharide synthesis may be 

morphological changes in the plasma membrane (and cell wall). In a 

cell line dependent on BrdU supplementation for growth, membrane 

alterations are observed. Using fluorescent polarizaton, the membranes 

of the BrdU dependent cell line were more fluid when grown in the 

absence of BUdR. In contrast, normal (3T3) mouse cells became more 

fluid when grown in BrdU (Rosenthal, et al., 1978). 

Ribonucleotide Reductase Inhibition 

Many investigators (Meuth and Green, 1974a, 1974b; Davidson and 

Kaufman, 1977) suggest that the primary result of BrdU application is 

the uptake, phosphorylation by thymidine kinase and the subsequent 

phosphorylation to bromodeoxyribonucleotide di- and triphosphate 

(BdUDP and BdUTP). BdUTP is an effective competitive inhibitor of 

ribonucleotide reductase, the enzyme responsible for the synthesis of 

deoxyribonucleotide diphosphates from ribonucleotide diphosphates 

(Meuth and Green, 1974b). The reductase is normally inhibited by the 

deoxyribonucleotide triphosphates. Since there is excess BdUTP present 

(inhibiting the reductase enzyme), dCDP synthesis (from CDP) is 

thought to be impaired leading to a deoxycytidineless state. Such 

limitations could halt DNA replication and halt cell division. 

-------------------_._,.----------------------- --- - ----_. 
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DNA Incorporation of BrdU Prevents Differentiation 

A Transcriptional Target. Upon DNA incorporation, BU does not 

change the transcription rate (Scheit, 1979); however the individual 

transcripts may have been altered. Inaccurate transcription could lead 

to the production of incorrect gene products that may alter the 

inducers and components of differentiation. 

Sengupta and Raghvan (1980a) conclude that within 24 hours 

after embryogenic ·induction, ATP pool size, total protein, and RNA 

concentrations do not change dramatically. However, RNA synthesis 

within the first four hours after transfer to hormone1ess medium 

increases 8 fold in the synthesis of poly A+ RNA as compared to 

cultures grown in 2,4D (Sengupta and Raghvan, 1980b). These findings 

suggest at least a commitment by developing cells to transcribe RNA at 

greater rates and may reflect the subsequent need for novel mRNA 

within the context of p1ant1et differentiation. 

Greater levels of newly synthesized poly A+ RNA molecules may 

correlate with the appearence of two differentiation specific proteins 

recently described by Sung and Okimoto (1981). These two proteins, 

24,000 and 20,000 Da1tons, are constitutively synthesized by freshly 

transfered carrot cells either with or without 2,4D present in the 

fresh medium. Then shortly afterward (12-24 hours) they disappear from 

the 2,4D containing cultures (Sung and Okimoto, 1983). 

Proteins that mediate carrot cell de-differentiation may 

represent a primary target(s) of altered transcription as a result of 

BU DNA incorporation. De-differentiation is defined here as the 

--_ .. __ . __ ._---_. __ .... _---- ._---
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vegetative division and elongation of cells and cell clusters in an 

artificial medium where the organization of these cells into plant 

organs/embryos is inhibited. Callus specific proteins are able to 

interrupt important processes of development. Two callus specific 

proteins have been isolated (Sung and Okimoto, 1983) and are only 

synthesized in 2,4D containing cultures. These proteins are thought to 

be growth factors which are secreted into the medium during growth in 

2,4D. BU DNA incorporation may have induced the synthesis of these 

proteins resulting in maintenance of an undifferentiated state. 

A critical segment of the DNA population may preferentially 

incorporate BU. Strom and Dorfman (1976) concluded that BU repressed 

differentiation in chick limbs 1:'J incorporation into the moderately 

repetitive fraction of the genome. One gene family normally found in 

the moderately r'epetitive portion are the rRNA genes. In Chinese 

hamster (CHO) cells the 300 gene copies of rRNA present are normally 

synthesized early in S phase (Stambrook, 1974; Ba1azas and 

Schi1dkraut, 1976). This is also true of soybean callus (Jackson and 

Lark, 1982). Early S phase has been identified as the time of rapid 

uptake of thymidine (and BrdU) into the moderately repetitive DNA 

fractions (Mattern and Painter, 1978). Lykkesfe1dt and Anderson (1976) 

directly suggested that rRNA synthesis was the specific target of BrdU 

action. Transcriptional targeted scheme(s) attribute BrdU 

developmental inhibition to a gene product(s) (mRNA or rRNA) either 

incorrectly transcribed, translated, or induction of differentiation 

repressor after BrdU DNA incorporation. 
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Recently, Youngshan, Jin and Xiahui (1984) have suggested that 

BrdU suppresses rRNA synthesis in CHO cells. While unproven in plant 

cell systems, inhibition of rRNA synthesis by BrdU suggests how 

cytokinins could promote BrdU tolerance as mentioned earlier. There 

exists evidence that cytokinins may function by a stimulation of total 

protein synthesis (Fosket, Vo1k and Goldsmith, 1977; Ralph, Wojcik and 

Airey, 1980). Furthermore, cytokinins have been shown to increase the 

po1yribosome/monoribosome ratio in cell cultures (Tepfer and Fosket, 

1978). By increasing the polyribosome level, cytokinin could increase 

the mRNA and rRNA half-lives by protecting them from intracellular 

nuc1eases. Becauce excess RNA species will result, the impaired 

synthesis of rRNA by BrdU becomes unimportant. A later response 

initiated by cytokinins may increase the specific systhesis of rRNA 

(Schnieder, Gwozdz and Szwoykowska, 1978). 

One argument against the necessity of excess rRNA synthesis to 

complete differentiation is from the recent work of Masuda, Kikuta and 

Okazawa (1984). These authors found that rRNA is rapidly synthesized 

in developing embryogenic cells, however the differences in rRNA 

amounts between 2,4D-1ess cultures and cultures grown in 2,4D were not 

significant. Sengupta and Raghvan (1980b) suggest that the net rRNA 

synthesis rates in 2,4D containing cells may exceed those of 

embryogenic cells. Such increased rRNA synthesis may result from an 

increase in RNA polymerase, itself stimulated by 2,4D treatment 

(Guilfoyle et a1., 1975). Thus the selective promotion of rRNA 

synthesis is not critical in differentiating carrot cells. 
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DNA Synthesis/Repair. Bezdek and Vyskot (1981) studied BrdU 

incorporation into tobacco cells and suggested BU is deha10genated 

only in cytokinin and auxin/cytokinin habituated cells. Normal cells 

differ in that they incorporate BU into the DNA and replicate no 

further. Szyszko, et a1. (1983) have identified uracil as the result 

of BU incorporation into the DNA of ~ coli. These workers concluded 

that it is not the presence of uracil in the DNA that leads to the 

mutagenic effects of BrdU but rather the action of uraci1-N

glycosy1ase (i.e. during dU repair). This enzyme removes the base 

uracil from DNA while leaving the phosphate-deoxypentose backbone 

intact. Later an apyrimidinic endonuclease recognizes the apyrimidinic 

site and initiates a DNA repair process that tends to be error-prone 

(Lindahl, 1979). Inaccurate DNA repair may explain how BrdU effects 

development. 

Patten, So and Downey (1984) suggest that the stability of base 

pairs previously formed increases the rate of insertion of mismatched 

nuc1eotides but did not protect them from repair. The stability of a 

base pair formed by the 3' nucleotide following the mismatch 

determined whether the misincorporated nucleotide would be untouched 

or excised by affecting DNA polymerase editing. Hence, by inducing the 

DNA repair faculties, BrdU may interrupt and delay the replication or 

transcription process leading to differentiation. 

BrdU May Change the Cell Cycle Time. BrdU may function by 

repressing DNA replication at a critical time in the differentiation 

program. It has been established that the replication of 
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differentiating carrot cells (after transfer to a 2,4-D less medium) 

involves a shift from a 58 hour cell cycle from days 0-3, to a 6 hour 

cell cycle at days 3-4, later becoming a 20 hour cycle (Fujimura and 

Komamine, 1980). Such a rapid transition to cell division may not be 

possible during extensive DNA repair because of deoxyribonucleotide 

triphosphate pool exhaustion (Williams, 1972). 

A decrease in the second cell cycle of muntjac lymphocytes 

resulted from 0.16ug/ml treatment of BrdU (Jacob, Raman and Sharma 

1980). Higher concentrations (1-5ug/ml) of BrdU significantly 

repressed the normal transition from the first to the second cell 

cycle. The results of Mattern (1980) provide a basis for an altered 

cell cycle after BrdU treatment. Normal (non-transformed) cells 

discriminate against BU incorporation into DNA, because the alpha DNA 

polymerase is present in sufficient quantities to presumably replicate 

the DNA efficiently. BU substitution into DNA of transformed cells was 

not repressed because the beta DNA polymerase activity was increased 

as compared to that found in non-transformend cells. The rise 

in beta DNA polymerase levels may lower DNA synthesis rates while 

providing less DNA discrimination. 

Recently, the cell cycle during frog devlopment has been 

hypothesized to be biphasic. For the first 12 days of development, the 

cell cycle is made up of only Sand M phases. The S to M transition is 

protein synthesis independent, while the M to S transition is not. 

Only after 12 days of sustained cell division does the Gl and G2 
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phases become discernible (Newport and Kirscher, 1984). The importance 

of a properly coordinated cell cycle in relation to DNA synthesis 

during carrot somatic embryogenesis has also been reiterated by 

Fujimura and Komamine (1980). 

The overall timing of DNA replication may then be impaired by 

BrdU phosphorylation and the consequent dilution of available TTP 

pools necessary for a replication cycle. The rate of DNA chain 

elongation during S phase and the rate of DNA synthesis in pea roots 

is governed by thymidine (and ultimately TTP) availability 

(Schvartizman, Krimer and Van't Hof, 1984). Different results have 

been obtained in minnow cells. The rep1icon elongation rate in BrdU 

treated and untreated cells remains similar while the rep1icon size of 

BrdU treated cells is 14% larger than the nontreated cells, 46.1uM 

verses 32.9uM (Flickinger et a1., 1980). Ligation of complete nascent 

rep1icons only occurs after DNA precursor pools are not limiting. DNA 

precursor pool (TTP) depression may result in a faulty transition 

through S phase, lower the DNA elongation rate and may represent the 

primary target of BrdU inhibition. 

DNA Amplification and BrdU. One method for changing the amount 

of a gene product could be to varying the number of gene copies 

available for transcription. An increase in the number of DNA copies 

of a gene is known as gene amplification. Often, cells cope with 

metabolic inhibitors by increasing the number of DNA copies of the 

gene that codes for the targeted product inhibited by the drug. Gene 

amplification has been documented as the overproduction of DNA, 
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leading to increased RNA and ultimately protein synthesis of the 

meta11othionine, hydroxy-methy1g1utaryl CoA reductase, adenosine 

deaminase, glutamine synthase, ornithine decarboxylase and UMP 

synthetase (Schimke, 1984). Drug resistance is often acquired during 

chemotherapy as a result of DNA amplification (Trent et a1., 1984). 

DNA amplification occurs during normal development. In 

growing pea roots, DNA replication in some way leads to extra

chromosomal DNA accumulation in the tip of the radical. These cells 

only conduct mitosis, while cells farther from the growing tip 

elongate. Van't Hoft and Bjerknes (1982) conclude that cells that 

differentiation and a shift from mitosis to elongation occurs only in 

the G2 phase and produces extrachromosomal DNA. In Drosophila 

me1anogaster and Xenopus 1aevis development and rhizogenesis in Allium 

cepa, specific genes are amplified (Thireos, Griffin-Shea and Kafatos, 

1980; Brown and Dawid, 1968; Avanzi, Magini and Innocenti, 1973) In 

these systems, increasing the DNA copy number provides additional rRNA 

or mRNA transcripts and their eventual protein products are then 

available on demand. 

In at least one case, sister chromatid exchange is responsible 

for the increased DNA content (Tartof, 1974). Re-rep1ication has also 

been verified as a cause of DNA amplification. Woodcock and Copper 

(1981) found that if DNA replication is inhibited, a double 

replication event takes place. Recently, Mariani and Schimke (1984) 

have studied the amplification of the dihydrofo1ate reductase gene 

(DHFR) after hydroxyurea treatment. Under normal circumstances, DHFR 
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is replicated within the first 1-2 hours of S phase. However, if the 

cells are treated with hydroxyurea 6 hours after this 2 hour period 

almost half of the DHFR genes are rereplicated. Most of the amplified 

DNA is unstable and lost, however a portion does recombine into the 

chromosome. 

Following treatment of rat pituitary cells with BrdU, DNA 

amplification occurs (Biswas, Lyons and Tashjian, 1977). Recently, 

BrdU induced DNA amplification has been attributed to a region 5' 

upstream from the sequences being amplified (Biswas, Hartigan and 

Pichler, 1984). These findings suggest that there may be a correlation 

between BrdU mediated effects on DNA amplification and an alteration 

in DNA replication. 

The genomic location of a DNA sequence determines when that 

sequence is replicated (Chalza et al., 1984). The time of replication 

may be a major determinant in whether a gene is expressed or not in a 

differentiating cell (Goldman, et al., 1984). These authors have 

constructed a model where DNA seque.nces are differentially replicated, 

depending upon the cell type in which they are contained. This is also 

true of both repetitive and structural genes. If a gene is not 

replicated in early S phase, some process inactivates or in some way 

discourages the transcription of late replicating sequences. BrdU may 

function by amplification of incorrect sequences, halting a transition 

from late to early replicating sequences and interfering with 

transcription activation of important differentiation proteins. 
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Summary of Literature Contributions 

We are then left with a variety of possible mechanisms to 

explain how BrdU effects the program of differentiation. Using the 

somatic cell embryogenesis system of carrots as well as other plant 

tissue cultures, some of the above mentioned hypothesis will be 

examined. The goal of this research is to identify and in some manner 

quantitate the importance of different products and events unique to 

the process of differentiation. This achievement will establish 

criteria for the evaluation of plant species now recalcitrant towards 

differentiation from tissue cultures. Secondly, the long range goal is 

to develop a probe for the early events of somatic morphogenesis. With 

this tool, the molecular basis of genetic control during 

differentiation will be better understood. 



MATERIALS AND METHODS 

Tissue Culture 

The radish (Raphanus sativus L.) cytokinin bioassay was 

performed according to Letham (1971). Seeds were surface sterilized by 

soaking in 10% v/v Ch1orox with one drop of tween 20/100m1 for 10 

minutes, the seeds washed with sterile water and then placed in glass 

20 X 100mm petri dishes with 7m1 of sterile water and two layers of 

Whatman No.1 filter paper. Germination proceeded for 24 hours at 24C 

in the dark. Emerging cotyledons wer.e excised under sterile conditions 

and placed in glass 20 X 100mm petri dishes with two layers of Whatman 

No.1 filter paper and 7m1 of 2mM K-phosphate buffer pH 6. Cytokinins 

and other compounds were dissolved in a minimum of dimethyl sulfoxide 

(DMSO) and added to the dish, at a final concentration of less than 

0.1% of the total buffer volume. After at least 10 cotyledon pairs 

were placed in the dishes, the cultures were sealed with Parafi1m and 

-1 -1 incubated at 2SC in SOuE m sec . Light was necessary for expansion 

to occur. After three days the cotyledons were blotted on paper towels 

and their fresh weight determined. 

Initiation of soybean callus was according to Miller (1963, 

1967). Cotyledon callus of Glycine max L. Merrill var. Acme (from 

Dr. C.O. Miller, Indiana University) was initiated and transfered on 

Miller's medium (Miller, 1963) with 2mg/L indoleacetic acid (IAA) and 

-1 -1 O.2mg/L kinetin in 100uE m sec light at 24C. 

24 

------------------.------------ -
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Soybean callus used in cytokinin bioassays was previously grown 

on Miller's medium as described above or according to the 

modifications suggested by Miller (1967). These changes [lOOmg/L 

inositol and 2mg/L of napthaleneacetic acid (NAA) for lAA] only 

increase the rate of callus growth. All compounds tested in soybean 

callus culture were freshly prepared by dissolving in a minimum of 

DMSO and adding an aliquot to the agar medium while still liquid and 

between 40-55C. Media was then poured under sterile conditions into 

previously sterilized l25ml flasks (50ml media) or French squares 

(20ml media). 

Soybean callus was also grown in Miller's media with different 

concentrations of 6-benzyladenine (6BA) , kinetin, thidiazuron or 

zeatin in the presence or absence of BrdU. Growth was measured as the 

increase in fresh weight after 5 weeks in culture. 

Representative callus samples were collected after fresh weight 

determination and the cytokinins extracted according to Van Staden 

(1977). To 10gm fresh weight of callus, 90ml of cold methanol was 

added. The mixture was ground in a mortar, allowed to stand at 4C 

overnight, filtered through 2 layers of Miracloth and the alcoholic 

extract adjusted to pH 2.5 with lN HCl. The precipitate was collected 

by centrifugation at 10,000xg for 10 minutes and the supernatant 

applied to a 1 X 30cm Dowex AG X-I column (H+ form). The sample was 

washed with 3 column volumes of 70% v/v methanol, 2 volumes of 

deionized water and the cytokinins eluted with 5 volumes of 0.5M 
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NH40H. The eluate was allowed to stand overnight at room temperature, 

then evaporated to dryness at 4C. 

Fractionation of cytokinins was done using Sephadex LH-20 (Van 

Staden 1977, 1979). About 30gm of dry Sephadex LH-20 (Pharmacia) was 

preswollen at room temperature in 35% v/v methanol. The matrix was 

then poured into a 1.5 X 50cm chromatography column. Solutions of 

known cytokinins were prepared in 35% v/v methanol, applied to the 

column, eluted at O.5ml/min, collected in 90-7ml fractions and the 

absorbance at 270nm determined for each fraction. Unknown cytokinin 

samples previously isolated on ion-exchange columns were dissolved in 

l-2ml of 35% v/v methanol and applied to the Sephadex LH-20 column. 

The column rate and number of fractions was as described above. 

For bioassay, cytokinin fractions from Sephadex LH-20 

chromatography were poured into French squares. The tubes used in 

fractionation were rinsed with deionized water and added to the same 

French square. After drying at 40C, 20ml of Miller's 1967 medium 

without cytokinin was added to each bottle, the bottles capped and 

autoclaved. In addition, aliquots of zeatin from 5 X 10-9 to 1 X lO-SM 

were prepared alongside the above fractions to provide cytokinin 

standards. Soybean callus (O.Sgm) was inoculated the following day and 

callus growth allowed to continue for 4-5 weeks under the above 

culture conditions. Callus growth was evaluated as an increase in 

fresh weight. 

Jojoba (Simmondsia chinensis (Link) Schnedier) callus was 

initiated from 2mm embryo explants when placed on T&M media. T&M media 
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was made up of M&S salts (Murashige and Skoog, 1962) with 0.4mg/L 

thiamine, 0.5mg/L nicotinic acid, 0.5mg/L pyridoxine, 100mg/L 

inositol, 0.1 mg/L 2,4 dichlorophenoxyacetic acid (2,4D) and 0.8% w/v 

Bactoagar. Callus was grown at 24C under the above lighting conditions 

and transfered every 4-5 weeks on T&M medium. 

Cotton (Gossypium hirsutum L.) stem callus was originally 

induced by Sandstedt (1975) and was later found to be cytokinin 

habituated. Callus growth conditions were similar to jojoba. The media 

for callus culture was N2 . N2 contains M&S salts (Murashige and Skoog, 

1962), 1mg/L thiamine, 1000mg/L inositol, 2mg/L NAA, O.lmg/L 6BA, 3% 

w/v glucose and 1% Bactoagar. Callus was transfered every 4-5 weeks. 

Tobacco W38 (Nicotiana tabacum L.) seeds, obtained from Dr. 

H.J. Bohnert, University of AZ., were sterilized as described for 

radish seeds and germinated on M&S rooting media. M&S rooting media 

comprised 1/2X salts of Murashige and Skoog media (1962) with 1% 

sucrose, 0.5mg/L pyridoxine'HC1, 0.5mg/L nicotinic acid, 0.4mg/L 

thiamine'HC1, 100mg/L inositol and 1% Bactoagar. After germination and 

after every four weeks the apical shoot tip was removed and placed on 

fresh M&S rooting media. All tobacco tissues were grown at 24C and 

-1 -1 under 100uE m sec of light. 

Tobacco callus was induced and grown on 1X M&S salts with the 

same vitamin levels mentioned above, 1mg/L napthalene acetic acid 

(NAA) and 0.2mg/L 6-benzyladenine (6BA). Callus was transferred every 

4 weeks and grown as mentioned above. Callus was differentiated to 

whole plants by transferring to M&S regenerating media, identical to 
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callus media except the NAA level was reduced to O.Olmg/L and the 6BA 

concentration increased to 2mg/L. Leaf disk differentiation was done 

by removing leaves of sterile tobacco plants and punching leaf disks 

with a sterile lcm wide corkborer. After culture on M&S regeneration 

media, shoot development was evident after 3-4 weeks and culture fresh 

weights and shoot numbers were determined after 5-6 weeks. 

Carrot (Daucus carota L. cv. Golden King) callus was obtained 

from H. Robitalle, (Disney World) and grown on T&M media. New carrot 

cultures (cv. Danvers 1/2 Long) were begun by seed sterilization and 

germination as described above. After 3 days, hypocotyl sections 

(lOmm) were excised and placed on 2-B5 media with 0.8% Bactoagar. 2-B5 

media is comprised of all components described by Gamborg, Miller and 

Ojima (1968) with the inclusion of 2 mg/L of 2,4 dichlorophenoxyacetic 

-1 -1 
acid (2,4D). Cultures were grown in 24C in 100uE m sec . After 3-5 

weeks of proliferation, callus was transfered to liquid 2-B5 media and 

grown in incident light at room temperature with shaking (lOOrpm). 

Packed cell volume (PC) and protoplast isolation were 

correlated. An aliquot of carrot cells was centrifuged at 750xgs in a 

10ml graduated centrifuge tube. The supernatant was removed, the 

packed cell volume in cm3 recorded and the cells digested with 1% w/v 

Miles TV Cellulase and 0.5% w/v Miles Experimental Pectinase in 10% 

sorbitol with l5mM arginine·HC1. The addition of arginine minimizes 

protoplast lysis and provides an accurate cell number determination 

(Thomas and Katterman, 1984). Released protoplasts were counted using 

a hemocytometer. The cell density was 3 X 107 cells/cm
3

. 
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Carrot cells were routinely transfered after 14 days into fresh 

medium (1 X 105 cells/ml final concentration) in 40ml of fresh 2-B5 

medium in 125ml flasks. For the induction of somatic embryogenesis the 

method of Sung and Okimoto (1981) was employed. After 14 days cells 

were pipetted repeatedly with a sterile 10ml pipette of standard 

aperture (Falcon No. 7551) until the cells passed freely out the 

pipette. A 10ml aliquot of cells was removed and the PC determined. 

After PC determination, 3 X 107 cells were transfered into 

sterile Falcon 50ml graduated centrifuge tubes, centrifuged at 750xg 

for 5 minutes, and washed (using a fresh sterile pipette) 4 times with 

sterile 0-B5. This medium (0-B5) is identical to 2-B5 medium mentioned 

above, but with the omission of 2,4D. After the last wash, sterile 0-

B5 medium was added to 30ml, resulting in a concentration of 1 X 106 

cells/mI. Carrot cells were then resuspended by inversion and 

aliquoted into sterile culture vessels using a 1000-200 ul adjustable 

pipette (Finn) and a sterile pipette tip previously trimmed to 7mm 

from the original tip. Cotton plugs were not found necessary to insure 

sterility. Cells (0.25ml and 1.Oml aliquots respectively) were added 

to either 5 X SOmm sterile or 20 X 100mm sterile plastic petri dishes. 

To the larger dishes O-BS medium was added together with cells to 

a 20ml final volume. The 5 X SOmm dishes were adjusted to 

5ml after cell inoculation. 

All media supplements (i.e BrdU, dT, zeatin, etc.) were freshly 

prepared in DMSO and added aseptically under a laminar flow hood. DMSO 

levels never exceeded 0.1% of the total media volume. Petri dish 



30 

cultures were sealed with Parafilm and the 25ml flasks were plugged 

with cotton and cultured at 24C in the dark. All cell manipulations 

were done under sterile conditions and diminished light. 

Embryo production was determined by counting aliquots of carrot 

cultures after 28 days in culture. The stages of development were 

judged under a low power microscope at 30-60X magnification as 

described by Steward (1958). Callus was considered unorganized cell 

growth with any irregular or random proliferation even on an otherwise 

regular cell cluster. Round multicellular structures of at least 250-

350um were judged as globular embryos. Heart and torpedo embryos 

(350um to lmm) were larger than the globular embryos with some 

cotyledonary or radical structures visible. 

DNA Synthesis Measurements 

DNA synthesis in carrot cells undergoing embryogenesis in the 

presence or absence of BrdU was first assayed using 3H-thymidine 

incorporation into DNA. Cells transfered to 25ml flasks were pulse 

labeled for 1-2 hours in the presence of 10uM non-radioactive 

thymidine and 1.2uCi/ml of 3H-thymidine (10 Ci/mM). The contents of 

the flask were harvested at 1 or 2 hours after thymidine addition and 

the cells sedimented at 2000xg for 5 minutes. Two ml of 80% v/v 

ethanol were added and the culture incubated for 20 minutes at 78C. 

Once cooled to room temperature, the cells were centrifuged. After the 

supernatant was removed, 2ml of 0.3M KOH was added and the samples 

incubated overnight at 37C. The samples were then centrifuged and the 

supernatant recovered, chilled on ice, and neutralized with 1.3N 

,-------_. 
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perchloric acid (PCA) with 3mM MgC12 . The hydrolyzed ribonucleotides 

in the soluble fraction were removed by centrifugation (2000xg for S 

minutes at 4C). After a second wash in cold O.SM PCA, 0.6ml of 10% v/v 

PCA was added, the samples covered with ma.rbles and incubated at 78C 

for 20 minutes. Once cool to room temperaure and after a final 

centrifugation, O.Sml of each supernatant was added to a scintillation 

vial with 10ml of Aquasol. Vials were counted in a Beckman LS8l00 

scintillation counter with a 42% 3H counting efficiency. 

To more accurately determine the synthesis of carrot RNA and 

DNA an additional method was used. Carrot cells were transfered to 

hormoneless media with either SuM BrdU or dT in 20 X 100rnm plastic 

dishes, sealed with Parafilm and cultured in the dark. 32_ p 

orthophosphate (lCN) (1-3 uCi/ml) was added to duplicate cultures and 

the cells recovered after a 24 hour pulse. Following centrifugation at 

2000xg for 10 minutes the cells were washed in distilled water. Once 

the cells were chilled (S minutes on ice) they were ground in a hand

held homogenizer in lml of distilled water. The homogenizer was washed 

with lml of water and the fraction combined with the cell homogenate. 

Cold PCA was added to a IN final concentration and the cells 

precipitated overnight at 4C. After spinning at 2000xg for 10 minutes 

the extracts were washed successively with cold O.SN PCA (4ml) , cold 

100% methanol, ethanol:ether (3:1) and ether. The ether pellet was 

allowed to dry. Each tube then received 2ml of 0.3N KOH and was 

incubated overnight at 37C. The next day the tubes were chilled on 

ice, lml of 1.3N PCA with ImM MgCl
2 

added and precipitation allowed 
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overnight at 4C. The extracts were then centrifuged at 4C for 10 

minutes at 2000xg and the supernatant recovered. Aliquots were counted 

and RNA was estimated by UV absorbance at 260nm (Maniatis, Fritsch and 

Sambrook, 1982). The remaining pellet was washed in cold 0.5N PCA and 

then hydrolyzed in 0.5ml of 0.5N PCA at 70C for 20 minutes. Aliquots 

were counted and DNA estimated using diaminobenzoic acid according to 

Vytasek (1982). 

Purification of 3,5-diaminobenzoic acid (DABA) followed the 

method described by Gurney and Gurney (1984). Approximately 10gm of 

DABA (Sigma) was placed in a 200ml beaker and 25ml of distilled water 

added. The solution was stirred under a fume hood. Concentrated HCl 

was then added (25ml) and the solution stirred slowly with a glass 

rod. The precipitate was collected on Whatman #1 filter paper using a 

Buchner funnel. The precipitate was then dissolved in 25ml of water 

and an equal volume of concentrated HCl added. Again the precipitate 

was collected. 

Next, the precipitate was dissolved in a minimum amount of 

water, the volume measured and l5mg/ml of Norit A added. The 

suspension was stirred and let rest 30 minutes. The solution was 

centrifuged at 5000xg for 15 minutes at 20C and the supernatant 

recovered. Residual charcoal was removed by filtering through a 0.2um 

polycarbonate filter (Unipore, Bio Rad) with a cellulose prefilter. 

The clear filtrate was mixed with an equal volume of concentrated HCl 

and the solution stirred gently. Crystals formed in the now yellowish 

solution. The precipitate was collected over Whatman #1 filter paper 
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and transfered to a baking dish previously cleaned with HC1. The open 

baking dish was heated at 60C in a fume hood overnight in the dark. 

DABA was collected when no HCl odor was present. The powder was stored 

in a brown jar at room temperature. 

A 20% w/v solution of DABA was prepared in water. Next 3.25 

volumes of lN NaOH was added, the solution mixed and incubated at room 

temperature in the dark. After 1 hour incubation, the reaction was 

initiated by mixing 1 volume of sample or calf thymus DNA standard 

(usually 0.2ml in 0.5M PCA) with 1 volume (0.2ml) of the DABA:NaOH 

solution, the tubes sealed and incubated at 37C for 1 hour. The 

reaction was stopped and diluted with lml of 1N HC1. The fluorescence 

was measured in a Perkin-Elmer fluorescence spectrophotometer MPF with 

an excitation filter of 410nrn and a maximum transmission of 510nrn. DNA 

was also assayed using the diphenylamine test (Burton, 1956). Both 

tests are specific for DNA with no RNA interference. 

32 Preparation of P-1abeled DNA followed the techniques 

described by Dudits, Lazar and Bajszar (1979). Carrot cells were 

transfered to horrnone1ess media into 20 X 100rnrn petri dish already 

32 containing either 0, 0.5uM or 5.0uM BUdR. P-orthophosphate (lCN) was 

added to a final concentration of 20uCi/ml and the cultures placed in 

a dark chamber and incubated for 2 days at 25C. 

Cells were then collected by centrifugation, washed in fresh 0-

B5 medium and resuspended in 1.5ml of homogenization buffer (75rnM 

NaCl, 10rnM Tris·Hel, 2.5rnM EDTA and 1% w/v SDS pH 7.5). After grinding 

in a glass hand-held homogenizer the extract was shaken with 
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ch1oroform:isoamy1 alcohol (24:1) and centrifuged. The aqueous layer 

was removed, proteinase K (Sigma) added (final concentration of 

200ug/ml) and the solution incubated at 37C for 4 hours. The remaining 

protein was extracted again with chloroform:isoamy1 alcohol as before 

and the aqueous layer adjusted to 0.3M KOH. This solution was 

incubated ove~night at 37C. 

The sample was adjusted to pH 2 with cold IN PCA, and the 

ribonucleotide monophosphates removed by centrifugation 2000xg for 10 

minutes at 4C. The resultant precipitate was washed in 100% cold 

methanol and centrifuged again. The pellet was redissolved in smM 

Tris'HCl, 2mM MgC12 , 100ug/m1 of DNase I (Worthington Biochemicals) 

and 2.5 units of snake venom phosphodiesterase (Worthington 

Biochemicals). Following incubation for 6 hours at 37C the DNA 

hydrolysate was precipitated with the addition of one volume of 

ethanol at -20C overnight. 

After centrifugation (2000xg for 10 minutes) the free 

deoxyribonucleotides were mixed with 20ug non-radioactive dTMP and 

BdUMP and applied to a 0.5 X 30cm Dowex AG sOW-X8 column. The column 

had been converted to the formate form and equilibrated with O.lM 

ammonium formate (adjusted to pH 3.2 with 88% phosphoric acid). 

Elution of the deoxyribonuc1eotides was as described (Blattner and 

Erickson, 1967). Three m1 fractions were collected and the dTMP-BdUMP 

containing fractions identified with absorbance at 260nm. 

dTMP-BdUMP containing fractions were collected, lyophilized and 

redissolved in SOul of distilled water. One dimensional thin layer 
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chromatography (TLC) on PEl cellulose with fresh 1M LiC12 separated 

dTMP (rf 0.8) from BdUMP (rf 0.6). The spots were seen with UV light, 

cut out, and incubated with 1M NaC1 for 10 minutes at room 

temperature. After the addition of Aquaso1 (New England Nuclear) the 

sample was counted. 

High Molecular Weight DNA Isolation 

Nuclear DNA from BrdU and dT grown carrots was prepared 

according to Goldberg (1983). Cells, (20 gm) were collected, blotted 

dry with paper towels and were ground in liquid nitrogen. After the N2 

had escaped, the powder was scraped into 1 liter of chilled H buffer 

(4mM spermidine, 1mM spermine, 10mM EDTA, 10mM Tris (pH 9.5), 80mM 

KC1, O.sM sucrose, 0.5% v/v Triton X-100, 1mM phenyl methyl sulfonyl 

fluoride and 0.1% v/v B-mercaptoethano1). The mixture was stirred the 

solution filtered through a 9sum nylon filter and then centrifuged at 

2000xg for 20 minutes at 4C. The supernatant was disgarded, the 

pellets pooled, washed with H buffer and centrifuged at 2000xg for 10 

minutes at 4C. The pellet was resuspended in 10m1 of H buffer. Next, 

10m1 of cold lysis buffer (2% w/v Sarkosy1, O.lM Tris (pH 9.5) and 

40mM EDTA) was added dropwise with gentle stirring. CsC1 (19.4gm) was 

added and mixed until dissolved. The solution was then transfered to 

centrifuge tubes and centrifuged for 30 minutes at 10,OOOxg. The 

protein pellicle was removed and the volume measured. Ethidium bromide 

(EtBr) was added (sOOug/m1 final concentration) and the mixture 

centrifuged 16 hours at 17s,OOOxg at 18C in a Beckman VTi 80 rotor. 



The DNA band(s) were visualized with UV light and removed with a 

widebore pipette. One volume of sterile water was added and EtBr 

extracted with 1 volume of water saturated isobutanol. 
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The samples were centrifuged at 2000xg for 5 minutes and the 

isobutanol removed. The DNA was then precipitated with 1 volume of 95% 

ethanol at room temperature in the dark for 1 hour, centrifuged at 

2000xg for 20 minutes, redissolved in sterile water, adjusted to 0.15M 

with Na acetate (pH 5) and reprecipitated with 2.5 volumes of ethanol. 

DNA was recovered by centrifugation at 2000xg for 10 minutes at 4C. 

The pellet was dissolved in sterile water and adjusted to 0.7M NaGl by 

adding the appropriate amount dropwise from a 5M NaCl stock solution. 

DNA was separated from polysacchrides with precipitation in 1 volume 

of 1% w/v cetyltrimethylammonium bromide (CTAB) , 50mM Tris (pH 8) and 

10mM EDTA at room temperature in the dark for 1 hour. DNA was 

converted to the sodium salt by extensive washing in 70% v/v ethanol-

30% v/v O.lM Na acetate (pH 5), dissolved in water and reprecipitated 

in 2.5 volumes of 95% ethanol with 0.125M Na acetate (pH 5). After 

centrifugation at 2000xg for 10 minutes, DNA was dissolved in TE 

buffer (lOmM Tris pH 8 and 1 mM EDTA) to an approximate concentration 

of 500ug/ml. Average DNA yield from 1 gram of carrot tissue was l5ug. 

The DNA was greater than 40 kilobases in size. 

Total DNA was prepared using a modified "mini prep" method 

(Dellaport, Wood and Hicks, 1983). Carrot cells (20gm) were again 

ground in liquid nitrogen, then hydrated in 30ml of lysis buffer 

(lOOmM. Tris pH8, 50mM EDTA, 500mM NaCl and 10mM B-mercapto-ethanol). 
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RNase (100ug) (Worthington Biochemicals) and 2m1 of 20% SDS were added 

and the mixture incubated at 65G for 12 minutes. One volume of 

pheno1:ch1oroform was added and the solution deproteinized with 

mixing. After centrifugation at 2000xg (5 minutes) the aqueous layer 

was twice re-extracted with ch1oroform:isoamy1 alcohol (24:1). The 

final supernatant was mixed with 3 volumes of 5M K-acetate (pH 5) and 

the tube held on ice for 1 hour. After centrifugation for 10 minutes 

at 2000xg, the supernatant was mixed with 0.48 volumes of isopropanol 

and the nucleic acid allowed to precipitate overnight. 

The sample was collected by centrifugation at 2000xg for 10 

minutes and the pellet washed in 80% v/v ethanol. The nucleic acid was 

dissolved in 10ml of sterile water. NaGl (1.625ml of a 5M solution) 

was slowly added dropwise. Next, the nucleic acids were precipitated 

by the addition of 1% w/v CTAB, 50rnM Tris (pH 8) and 10rnM EDTA. After 

1 hour at room temperature, the nucleic acids were pelleted at 2000xg 

for 10 minutes, washed twice in 70% v/v ethanol-30% v/v O.lN Na 

acetate (pH 5), washed with 80% ethanol and finally dissolved in 700ul 

of sterile water. After the addition of 75u1 of 1.5M Na acetate (pH 5) 

the DNA was precipitated by the addition of 500ul of isopropanol and 

an overnight incubation at -20G. The DNA was recovered by 

centrifugation at l5,OOOxg for 10 minutes and dissolved in TE buffer 

to about 500ug/m1. The DNA size and concentration was estimated with 

agarose gel electrophoresis followed by EtBr staining, DABA or 

diphenylamine assays. These two assays are insensitive to RNA and 

allows DNA determination following the above extraction method. 
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Analytical u1tracentrifugaton (Beckman Model E) was graciously 

done by Dr. M. Wells, Univ. of AZ. About lug of DNA was dissolved in 

TE buffer, CsCl added to a refractive index of 1.400, the samples 

centrifuged overnight at 150,000xg at 18C and the banding patterns 

traced. DNA from Micrococcus 1ysodeikticus was used as a standard 

3 density (1.731 gm/cm ). 

For preparative CsC1 gradients, about 25 ug of DNA was 

dissolved in TE buffer, CsCl dissolved and adjusted to 1.400 

refractive index, the samples placed in Beckman Quick-Seal tubes and 

centrifuged at 175,000xg for 16 hours in a Beckman VTi 80 rotor. The 

sample was fractionated by needle puncture, 3 drop samples collected, 

the refractive index and OD 260nm measured. Estimation of BrdU DNA 

incorporation used the CsC1 density method of Luk and Bick (1977). 

A modified nick translation was used to indicate the relative 

damage to carrot DNA as a result of BU DNA incorporation. Using the 

methods outlined by Maniatis, Fritsch and Sambrook (1982) a typical 

nick translation was done, however without the use of DNase. If a 

sample has already been "nicked" by endogenous DNase or enzymes 

associated with DNA repair, then the DNA should have more sites 

available for repair synthesis. As a consequence, this DNA will be 

labeled to a greater extent than non-damaged DNA. DNA of pBR322 (BRL) 

was used as a control, where DNase incubation increased the 

incorporation of deoxyribonuc1eotides 10 times as compared to the same 

reaction in the absence of DNase. 

,--------------------------------- --



39 

Into a 1m1 microfuge tube was added 4u1 of lOX nick translation 

buffer (O.SM TES pH 7.B, SOmM MgC12 and 0.Smg/m1 BSA). Next, 4u1 of 

10mM dithiothreito1, Bu1 of a1pha_ 32p dATP (SOOCi/mM) 4u1 of 2S0uM 

dCTP, dTTP and dGTP, lS0ng of DNA and sterile water to a final volume 

to 40u1. DNase (lmg/m1) was diluted 1:1000 and 0.Bu1 added (only to 

one of two pBR322 DNA samples). Next 1u1 (3.3 Unit/u1) of DNA 

polymerase (BRL) was added, the solution mixed and incubated at 14C 

for 1 hour. 

After incubation, the reaction was stopped by first chilling 

the samples then adding 1m1 of 10% w/v trichloroacetic acid (TCA). The 

samples were precipitated on ice for 2 hours, filtered over a Whatman 

GF-A filter, washed 2X with 1m1 of cold 10% w/v TCA and 2X with Sm1 of 

cold 95% ethanol. The filter was removed, 1m1 of 0.25M NaOH added to 

loosen the sample from the filter and the sample incubated at room 

temperature for 10 minutes. Aquaso1 was added (5m1) and the sample 

counted. 

For restriction digestion, plant DNA (10ug) was digested 

according to the manufacturer's suggestions with the addition of 

100ug/m1 BSA. After an B hour digest with 5-10 units of enzyme/ug DNA 

at 37C, the reaction was stopped by the addition of 1/10 a volume of 

7M urea, 50% v/v glycerol, O.lmM EDTA and 0.1% w/v bromophenol blue. 

Samples were applied to 1.2% w/v agarose gels made in E-buffer (40mM 

Tris pH B, 2mM EDTA) and electrophoresis conducted at 10V/cm. Gels 

were EtBr stained and photographed with a red filter on Polaroid SS 

film using a UV illuminator. 

----------------------------_._-_ .. 
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RNA Characterization 

Total RNA isolation was extracted using the hot phenol method 

(Maniatis, Fritsch and Sambrook, 1982). This procedure provided the 

basis for tRNA, poly A+ RNA and total 3H-uridine lab led RNA 

extractions. Guanidinium isothiocyanate (Fluka) was prepared as a 

stock solution by adding 100gm of guanidinium isothiocyanate to 100ml 

of deionized water, 10.6ml of 1M Tris'HCl (pH 8) and 10.6ml of 0.2M 

EDTA. The solution was stirred overnight, then heated to 6SC with 

stirring for 10 minutes. After cooling to room temperature, the volume 

was adjusted to 2l2ml after the addition of 21.2ml of 20% Sarkosyl and 

2.lm1 of concentrated B-mercaptoethanol. Filtration was not necessary 

and the resultant solution was tightly sealed in a brown bottle. 

Carrot cells transfered to hormone less O-BS medium were grown 

in the presence or absence of 2,4D with either SuM dT or BrdU. A 

combination of three 20 X 100mm petri dishes each with S X 104 

cells/ml of cells were used for each treatment. For poly A+ RNA 

estimation, 3H-uridine (2SmCi/mM) (lCN) was added to the cultures 

(2.SuCi/ml) together with 100uM of non-radioactive uridine and the 

cultures incubated at 2SC for 2 hours. 

Cells were harvested by centrifugation at 2000xg for S minutes 

and immediately ground in a mortar and pestle in Sml of guanidinium 

isothiocyanate solution. The solution was heated to 6SC and the cells 

further homogenized by passage of the solution through a Sml 

disposable syringe fitted with an IS-gauge needle. After 10 passages, 
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an equal volume of distilled phenol (previously equilibrated to 65C) 

was added and the solution further emulsified. After the addition of 

1/2 volume of O.lM Na acetate, 10mM Tris'HC1 (pH 7.6) and 1mM EDTA, an 

equal volume of chloroform: isoamyl 'a1coho1 (24:1) was added. The 

resulting solution was expressed continuously with a sterile pipette 

for 10 minutes. The solution was then cooled and centrifuged at 2000xg 

for 5 minutes. The aqueous phase was extracted twice with 

ch1oroform:isoamyl alcohol alone. RNA and DNA were precipitated with 

the addition of 2.5 volumes of 95% ethanol and placed at -20C 

overnight. The nucleic acids were recovered by centrifugation for 10 

minutes at 2000xg and then redissolved in sterile O.lM Tris'HCl (pH 

7.4), 50mM NaCl, 10mM EDTA and 0.2% SDS. Proteinase K (Sigma) was 

added to 200ug/ml and the solution incubated at 37C for 2 hours. 

Deproteinization followed a similar procedure to the one given 

above. The solution was heated to 65C, and 0.5 volumss vf preheated 

phenol was added, 0.5 volume of chloroform: isoamyl alcohol then 

added, the solution mixed and incubated at 65C for 10 minutes. After 

cooling on ice, the solution was centrifuged at 2000xg for 10 minutes 

and the aqueous phase re-extracted twice with chloroform: isoamyl 

alcohol. The resulting purified nucleic acids were precipitated with 

2.5 volumes of 95% ethanol and stored at -20C. 

The samples were collected by centrifugation at 2000xg for 10 

minutes and the pellet washed with 80% ethanol. The nucleic acids were 

dissolved in 10ml of sterile water. NaCl (1.625m1 of a 5M stock 

solution) was added dropwise. Nucleic acids were precipitated by the 
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addition of 1 volume of 1% w/v CTAB, 50mM Tris pH 8 and 10mM EDTA. 

After 1 hour at room temperature, the nucleic acids were recovered by 

centrifugation at 2000xg for 10 minutes, the pellet washed twice with 

70% v/v ethanol-30% v/v O.lM Na acetate (pH 5). After CTAB removal, 

the RNA samples were dissolved in water and re-precipitated in 2.5 

volumes of 95% ethanol in the presence of 0.15M Na acetate (pH 5). 

Isolation of poly A+ RNA was first done according to Sheldon 

(et al., 1972). Bio-Rad Cellex N-l (lOOgm) was washed in 2 liters of 

95% ethanol, 1 liter of 1M HCl, 5 liters of deionized water, 1 liter 

of 95% ethanol and dried at 37C. Washed cellulose (lOgm) was mixed 

with 10ml of poly(U) (Sigma) dissolved in deionized water to 4mg/ml. 

The mixture was gently stirred with a glass rod, frozen and 

lyophilized overnight. The dried poly(U)-cellulose powder was 

resuspended in 100mi 95% ethanol and exposed to a 30 watt germicidal 

lamp for 25 minutes at a distance of 20cm. The suspension was 

occasionally stirred with a glass rod. Poly(U)-cellulose was collected 

by decanting the ethanol and washing successively with 50ml each of 

deionized water and loading buffer (see below) to remove the unbound 

poly(U). 

Poly(U) or oligo dT-cellulose (Collaborative Res.) was swollen 

in loading buffer, then carefully poured into a 5ml disposable syringe 

previously stoppered with glass wool. The column was washed with 4 

column volumes of loading buffer, 6 column volumes of deionized water 

and 5 volumes of sterile loading buffer. Loading buffer consisted of 

20mM Tris'HCI, 0.5M NaCl, lmM EDTA and 0.1% w/v SDS and was sterilized 
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by autoclave prior to the addition of SOS. A 10% w/v SOS stock 

solution was treated with diethlpyrocarbonate overnight and the 

appropriate volume added to the autoclaved buffer to correspond to 

0.1% w/v SOS (final concentration). 

The following procedures for poly A+ RNA fractionation are 

derived from Maniatis, Fritsch and Sambrook (1982). Total RNA was 

prepared as described above, and the ethanol precipitate dissolved in 

0.75ml of sterile deionized water. RNA samples were denatured at65C 

for 5 minutes, O.75ml of 2X loading buffer added to the RNA sample, 

the sample cooled to room temperature and then applied to the poly(U) 

or oligo d(T)-cellulose column. The RNA containing sample was absorbed 

into the column and allowed to bind for 5 minutes. Five column volumes 

of loading buffer were eluted from the column, collected, reapplied 

absorbed, and th~ column washed with 10 column volumes of loading 

buffer in order to remove the non-poly A+ RNA. The poly A+ RNA was 

eluted from the column with 3 column volumes of elution buffer, [lmM 

Tris'HCl (pH 7.6), lmM EOTA, and 0.05% w/v SOS]. The elution buffer 

was sterilized in the same manner as the loading buffer described 

3 above. The cpms of H-uridine incorporated into the poly A+ and A- RNA 

fractions were determined in a Beckman LS8l00 scintillation counter. 

The remaining fractions were precipitated with 2.5 volumes of 95% 

ethanol after adjusting the sodium acetate concentration to 0.2M and 

stored at -20C. 



44 

tRNA was isolated from total RNA (from the hot phenol method 

described above) and then separated from rRNA and mRNA by 

precipitation when in 2M LiCl and 1M Na acetate at OC for 2-3 hours 

(Hall, 1979). LiCl soluble nucleic acid was then precipitated in 2.5 

volumes of 95% ethanol and left overnight at -20C. tRNA was pelleted 

at 2000xg for 20 minutes, dissolved and reprecipitated in 2.5 volumes 

of 95% ethanol. Prior to assay, the tRNA was recovered by 

centrifugation at 2000xg for 10 minutes, dissolved in sterile water 

and the absorbance at 260nm measured. 

Crude wheatgerm amino acyl tRNA-synthetase was prepared 

according to Helm (1984). Wheatgerm was ground in 2 volumes of O.lM 

HEPES, 10mM MgC12 , 60mM KC1, lmM reduced glutathione and 10% v/v 

glycerol adjusted to pH 7.6. Following a 12,000xg centrifugation, the 

middle phase was diluted with one volume of buffer and passed over a 

1.5 X SOcm Sephadex G-7S column. The first (protein) fraction was 

recovered after elution in the above buffer and treated with 30% w/v 

ammonium sulfate. Insoluble protein was pe11eted by centrifugation and 

the soluble protein precipitated by the addition of ammonium sulfate 

to 70% w/v saturation. The consequent pellet was resuspended in a 

minimum amount of buffer and dialyzed for 2 days against two-two liter 

changes of O.lM Tris·HC1 (pH 7.55), 10mM MgC12 , 60mM KC1, SmM B

mercaptoethano1 and 10%v/v glycerol at 4C. The dialysate was then 

a1iqoted into sterile tubes and stored at -20C. 
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t~A 
t~A-amino acylation using wheatgerm amino acyl -synthetase 

was determined using t~A isolated from 3, 7 and 18 days after 

transfer to hormoneless media with either SuM BrdU or dT. Samples were 

treated with 1M Tris·HCl pH 8.0 at 37C for 30 minutes, precipitated 

overnight at -20C, and redissolved in sterile water. These procedures 

remove any previously bound amino acids. 

Assay conditions consisted of 0.5-0.25 optical density units 

(measured at 260nM) of t~A, 6ug of protein (wheat germ aminoacylt~A

synthetase), 1uCi of 3H-mixed amino acids (lmCi/rnM) (New England 

Nuclear), sOrnM HEPES (pH 7.5), srnM MgC12 , 0.5rnM EDTA and 2.5rnM ATP in 

a total volume of 0.Sm1 at 37C. The termination of the reaction was 

achieved by the addition of 1m1 of 10% w/v trichloroacetic acid (TCA). 

After 1 hour in ice, samples were collected on Whatmann GF-A filters, 

washed with 3m1 of 5% TCA and 20m1 of cold 95% ethanol. Blanks were 

similar to the reations above, without t~A. Filters were placed into 

scintillation vials, 1ml of 0.2SM NaOH added to release the bound 

t~A-amino acid complex and finally 10ml of Aquasol added. Counting 

efficiency was 33.5%. 



RESULTS 

Cytokinin Effects 

Cytokinins (Figure 1) are best known for their ability to 

initiate shoot development from tobacco callus (Skoog and Miller, 

1957). BrdU is a known inhibitor of differentiation (Rutter, Picket 

and Morris, 1979) and kills tumorous tobacco callus (Meins, 1976). 

When BrdU is added together with the purine cytokiIlin kinetin, BrdU 

tolerance and callus growth are observed. (Vyskot, Karpfel and Bezdeck 

(1977). Such a BrdU/cytokinin antagonism suggests a common site of 

action for these compounds. 

Figure 2 demonstrates that the radish cotyledon expansion was 

enhanced by the addition of 6-benzyladenine (6BA) and thidiazuron, 

(purine and urea type cytokinins). No enhanced BrdU tolerance resulted 

from increased cytokinin dosage (Figure 3). 

Thymidine was able to rescue BrdU mediated inhibition of radish 

expansion (Table 1). This result was not expected as the expansion of 

isolated cotyledons has been described in the absence of significant 

DNA synthesis (Letham, 1971). When the RNA and DNA fractions (Smi11e 

and Krotov, 1960) were pulse labeled with 14C_BrdU much of the BrdU 

(85%) occurs in the DNA fraction (Table 2). This finding implies that 

BrdU effects on cotyledon expansion are related to DNA synthesis. 

46 



HN-@ 

t~) 
N H 

P 

® 

~~NH-~NH~ ) 

T 

47 

Figure 1. Purine (P) and a urea-type cytokinin. K: kinetin, B: 6-
benzy1adenine, Z: zeatin and T: thidiazuron (or N-phenyl-N"-1,2,3-
thiadiazo1-5-y1urea). Kinetin, 6-benzy1adenine and zeatin are purine
type cytokinins while thidiazuron is of the urea-type. 
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Figure 2. Radish cotyledon expansion in response to cytokinin 
treatment. 6BA: 6-benzyladenine (dotted lines) and T: thidiazuron 
(solid lines). Cotyledons pairs were removed from sterile 24 hour 
germinated seeds and placed in buffer with different concentrations of 
cytokinin. After three days the samples were blotted dry and wei·ghed. 
These data represent the mean (and standard deviation) of three 
experiments using 10 cotyledon pairs for each concentration. 
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Figure 3. Inhibition of radish cotyledon expansion by BrdU. Cotyledon 
pairs were removed and cultured in various levels of BrdU in the 
presence of either luM (squares) or O.luM 6-BA (crosses). These data 
represent the mean (and standard deviation) of three separate 
experiments with 10 cotyledon pairs for each concentration tested. 
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Table 1. Thymidine (dT) rescue of BrdU inhibited radish cotyledon 
expansion. All data are expressed as mg fresh weight/cotyledon. 
Cultures were innocu1ated into 2rnM phosphate buffer (pH 6) 1uM 6-BA 
and (except for controls) 30uM BrdU. Data respresent the mean and 
standard error of 4 experiments with 10 cotyledons in each experiment/ 
dT level tested. 

uM dT uM BrdU mg/coty1edon ---

- 6BA 0 0 25.6 +/- 8.4 

+ 6BA 0 30 27.1 +/- 7.8 

+ 6BA 2 30 31.1 +/- 3.1 

" 4 30 35.5 +/- 5.8 

" 20 30 38.0 +/- 13.1 

" 40 30 40.7 +/- 12.9 

" 80 30 41.5 +/- 6.4 

" 120 30 45.1 +/- 6.3 

" 0 0 43.3 +/- 8.5 

._-'------_---..----...,;--------------
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Table 2. 14C BrdU distribution in 10 radish cotyledons and 10 
radicals after a two hour pulse. BrdU was applied (luCi/m1), the 
samples extracted according to SmilIe and Krotov (1960) counted and 
analyzed with absorbance at 260nm or the diphenylamine test. Results 
represent the mean and standard deviation of three experiments. 

DPM/ug RNA DPM/ug DNA 

COTYLEDONS 2071 +/- 56 11285 +/- 1046 

RADICALS 1742 +/- 532 3853 +/- 1491 
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Studies with soybean callus found that the accumulation of 

fresh weight was dependent on the media cytokinin (either purine or 

urea type) concentration (Figure 4 and 5). The greatest amount of 

callus growth was obtained using IOOug/L (O.5uM) kinetin, while the 

lowest growth significantly above background (i.e. no cytokinin) was 

20ug/L (O.luM). These cytokinin levels were used to examine if higher 

cytokinin levels increase BrdU tolerance in non-habituated callus 

cells. 

In order to compare the BrdU toxicity in callus grown in 

different cytokinin levels, other cytotoxic compounds were tested on 

soybean callus. Aminopterin binds dihydrofolate reductase and inhibits 

the formation of tetramethyl-hydrofolate, a factor needed for de ~ 

DNA synthesis (Futterman, 1957). Nalidixic acid is an inhibitor of 

DNA-gyrase (Sugino et al., 1977). Mevinolin inhibits HMG-CoA reductase 

(Garnaat, 1986), a key regulatory enzyme in the isopropenoid pathway. 

Neither cytokinin level te~ted restored callus growth in any cytotoxic 

compound tested (Figures 6,7,8). 

Thiamine is a required growth factor for cotton callus 

(Williams, 1978). The addition of cytokinin alleviates the thiamine 

requirement in tobacco (Dravnieks, Skoog and Burris, 1969). Increased 

cytokinin dosage did not induce thiamine independence in soybean 

callus (Figure 9). 
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Figure 4. Stimulation of soybean callus growth by increasing 
concentrations of kinetin. Callus (O.5mg/flask) was placed in Miller's 
medium (1963) and grown for 4 weeks. Each data point represents the 
mean (and standard deviation) of 3 experiments done in triplicate. 

-~~---------------------------------
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Figure 5. Thidiazuron promotion of growth in cytokinin dependent 
soybean callus. Thidiazuron was prepared in DMSO and added to Miller's 
medium (1967) after autoclaving. Soybean callus (O.5gm) was 
inoculated, grown for 4 weeks and then weighed. Data is presented as 
the mean and standard deviation (bars) of 3 experiments done in 
triplicate. 
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Figure 6. Aminopterin growth inhibition of soybean callus. Either 100 
(solid line) or 20ug/L (broken line) of kinetin was included in 
Miller's medium (1967). Soybean callus (O.lgm) was added and the 
weights recorded after 4 weeks. Data depicts the average and standard 
deviations of 3 experiments with 4 flasks in each 
experiment/thidiazuron concentration. 

---------- ----------------------------------------
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Figure 7. Soybean callus growth inhibition by nalidixic acid. Two 
kinetin conentrations, 100ug/L (solid lines) and 20ug/L (broken lines) 
were tested in various levels of na1adixic acid in Miller's medium 
(1963). Each point represents a mean and standard deviation from 4 
experiments using 10 tubes/experiment. 
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Figure 8. Soybean callus growth sensitivity to an inhibitor of HMG-CoA 
reductase: Mevino1in. Callus was tested in Miller's medium (1967) in 
either 100ug/L (solid lines) or 20ug/L (broken lines) of kinetin. The 
data reflect the average fresh weight and standard deviation of 3 
experiments done with 10 tubes/ concentration. 

--------~~ ~---~------
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Figure 9. The vitamin thiamine promotes the growth of soybean callus 
in lOOug/L (broken lines) or 20ug/L (solid lines) kinetin. Soybean 
callus was inoculated on Miller's medium (1963) and grown for 4 weeks, 
when the tissue was weighed. The means and standard deviations for 
each concentration were estimated from three experiments with 10 tubes 
for every concentration. 
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BrdU tolerance in cytokinin habituated cotton stern callus was 

examined alongside the BrdU toxicity of normal (cytokinin dependent) 

soybean callus. Regardless of cytokinin concentration, BrdU tolerance 

was not observed in soybean callus . (Figure 10). Cotton stern callus (H) 

was originally isolated and selected for ability to grow without 

cytokinin (Sandstedt, 1975). Higher concentrations of kinetin are 

growth inhibitory to this habituated cell line (Figure 11). The BrdU 

effe~t on cytokinin habituated and nonhabituated jojoba callus was 

also tested. The higher cytokinin level did not allow habituated 

cotton and jojoba callus growth in the presence of normally inhibitory 

BrdU concentrations. (Figures 12 and 13). 

Thidiazuron is a urea type cytokinin able to induce purine 

cytokinin synthesis/accumulation in soybean callus (Thomas and 

Katterman, 1986). For this reason, thidiazuron and zeatin (another 

purine type cytokinin) were also tested for BrdU rescue in soybean 

callus growth. Neither cytokinin improved soybean callus growth in 

mildly inhibitory levels of BrdU (Figure 14). 

Thymidine treatment rescued callus growth in the presence of 

BrdU (Figure 15). As the DNA precursor thymidine is the natural 

analogue of BrdU, such results suggest that BrdU influences an aspect 

of nucleic acid metabolism, independent of cytokinin stimulation. 

The endogenous cytokinin levels of soybean callus grown with or 

without 5mg/L (17uM) BrdU and thidiazuron or zeatin were measured. The 

results (Figure 16) indicate that BrdU effects soybean callus 

cytokinin metabolism by shifting zeatin glucoside to the free base. 
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Figure 10. The toxic effect of BrdU on soybean callus growth in 
Miller's medium (1967) with either 100ug/L (solid lines) or 20ug/L 
(broken line) kinetin. Data is represented as the mean and standard 
deviation of 3 experiments with 5 f1asks/ experiment for each 
concentration tested. 
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Figure 11. The growth of cytokinin habituated cotton stem callus 
(solid line) and soybean cotyledon callus (dotted line) in 
response to increasing kinetin levels. All data represents the 
mean of 2 experiments with 12 tubes/treatment. This figure 
reflects the increase in fresh weight/tube after growth in 
Miller's medium (1963) after 4 weeks. 
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Figure 12. Cytokinin-habituated cotton callus sensitivity to BrdU. 
Cultures were tested with lOOug/L (solid lines) or 20ug/L (dotted 
lines) of kinetin. All values represent the average and standard 
deviations of 3 experiments containing 4 flasks/concentration tested. 
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Figure 13. Jojoba callus growth inhibition by BrdU. Hatched bars 
represent callus fresh weight when cultured in media without kinetin. 
The crosshatched bars represent callus grown in lug/ml of 6BA. 
Duplicate experiments with 4 flasks/ BrdU concentration provided the 
mean values shown with standard deviations at the top of the bars. 

----------
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Figure 14. ~ge fresh weight of soybean callus afte~5growth on zeat!g 
(Z) (5 X 10 M) and/or thidiazurion ~5) (1= 5 X 10 M; 0.1= 5 X 10 M) 
in the presence or absence of 3 X 10 M BrdU (B). Callus was 
inoculated and grown on Miller's medium (1967) for 4 weeks, weights 
taken and the averages and standard deviations of 3 separate 
experiments with 4 f1asks/ treatment depicted above. 
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Figure 15. Thymidine (dT) rescue of BrdU mediated growth arrest in 
soybean.Sallus. Callus was transfered to tubes with or without lOug/ml 
(3 X 10 M) BrdU plus different levels of thymidine. BrdU treatment 
with lOOug/ml of kinetin and different levels of thymidine are 
depicted by the solid line, BrdU with thymidine and 20ug/ml of kinetin 
the dotted line, and lOOug/ml kinetin with thymidine alone by the 
broken line. 
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Figure 16. Cytokinin bioassay of Sephadex LH-20 fractions from soybean 
callus grown in O.SuM zeatin (Control) or O.SuM zeatin and 3uM BrdU. 
Cytokinins were fractionated (see Materials and Methods), the 
fractions introduced into the soybean callus bioassay, and the 
cytokinin growth promotion of each fraction shown above. Similar 
results were found in two other extractions. The elution position of 
the following standards are shown above each bioassay. ZG (zeatin 
glucoside), ZR (zeatin riboside) and Z (zeatin). 

-------------------------- --- ----
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BrdU and Plant Differentiation ---- --- ----- ~~~~~~~= 
When tobacco (W38) callus line I was incubated in the dark, growth 

continued to SuM BrdU, where necrosis and death occurred (Figure 17). 

Callus line II responded to BrdU iri an opposite manner. As observed in 

this same figure, line II growth was dependent on the semisolid 

support used. With 0.3% Ge1rite (Ke1co-Merk Co.) the callus was 

healthy and growth inhibition did not occur at any BrdU concentrations 

-7 tested. Using either Bactoagar or Ge1rite, BrdU levels above 3 X 10 

stimulated line II callus growth. 

Tobacco leaf exp1ants were placed on regeneration medium with 

different BrdU concentrations to determine the sensitivity of tobacco 

regeneration to this pyrimidine. P1ant1et regeneration was impaired at 

concentrations above 10uM (Figure 18). Fresh weight increase during 

regeneration was greatly reduced by SuM BrdU (Figure 19). 

Growth in auxin (2,4D) of carrot cells was determined in the 

presence of increasing BrdU concentrations. Initial experiments used 

Golden King provided by H. A. Robita11e, (Disney World). The results 

(Table 3) indicate that while BrdU inhibits colony formation at high 

concentrations, that at the highest concentrations tested (30uM) many 

colonies also grew. Higher levels of BrdU were not tested. This 

type of assay for BrdU toxicity was not used further due to a low 

plating efficiency (1 cell co10ny/1 X 104 cells plated). 

The uptake and incorporation of dT and BrdU into carrot cells 

grown in 2,4 D was examined. From double labeling experiments, 

the incorporation of thymidine into the nucleic acid fraction was 
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Figure 17. Tobacco callus growth on increasing concentrations of BrdU. 
Callus line I with 1% Bacto agar (dotted line) and callus line II '-lith 
either Bacto agar (solid line) or Ge1rite (broken line). Data is 
derived from the mean and standard deviation of fresh weight of three 
experiments done with 6 f1asks/ BrdU concentration . 
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Figure 18. Tobacco plantlet regeneration in the presence of BrdU. Leaf 
disks were punched out with a sterile cork borer and two disks placed 
in a flask containing tobacco regeneration media with different 
concentrations of BrdU. After 4 weeks of incubation in the dark, the 
number of shoots/explant counted, the means and standard deviations 
determined from three experiments done with 3 flasks/ concentration 
and shown in the above figure. 
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Figure 19. The BrdU effect on p1antlet fresh weight gain during 
differentiation. The means and standard deviations above were 
determined from cultures after the number of shoots were counted 
(Fig.IS). 
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Table 3. BrdU arrest of carrot colony fgrmation: Golden King carrot 
cells were grown to a density of 5 X 10 ce11s/m1, washed, resuspended 
in 2.5m1, mixed with 2.5m1 of T&M media with 1.6% melted agar and 
poured on 10m1 of T&M media with 1% agar. BrdU levels were added when 
media temperature was 45C. 

BrdU uM --- Colonies/Plate 

0 530 +/- 53 

1.5 536 +/- 92 

3.0 443 +/- 98 

15 197 +/- 39 

30 206 +/- 25 

,'--'-_______ ....0-________ • __ , ___ , ___ , _____ • _____________ _ 
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nearly 2 times that of BrdU (Figure 20), however the amount of 

thymidine (250uM) added in these experiments was 50 times greater than 

14 
the C-BrdU (SuM). These results suggest that either BrdU is better 

taken up by carrot cells, or that thymidine is degraded more quickly. 

Similar results have been observed in dT and BrdU incorporation in 

animal cells (Mattern, 1980). 

An attempt was made to regenerate carrot embryos to establish 

conditions for a comparison of the BrdU sensitivity of the same cell 

line during callus growth or embryogenesis. Perhaps due to the length 

of time in tissue culture, these carrot cells formed only a few 

embryoid-like structures (Figure 21). It should be noted that 

surrounding these structures are a number of long "banana" cells. 

Their predominance is often a prelude to the loss of regeneration 

ability by the cell culture (Jones, 1974). 

Using newly initiated Danvers 1/2 Long carrot callus, the 

toxicity of BrdU in nondifferentiating (2,40) growth conditions was 

established. The initial cell density was 5 X 104 cells/ml, the same 

used later for embryogenic induction. At 10uM BrdU and above the cells 

grew slower (died) (Figure 22). At BrdU levels below 10uM a yellow-

white waxy substance was present in the culture medium. It should be 

noted that BrdU treated soybean, cotton, jojoba and tobacco cells 

never produced analogous substances. 

" 
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Figure 20. BrdU (broken line) and thymidine (solid line) incorporation 
into carrot cells (GK) growing in the presence of auxin. Cells were 
labeled 3 days after transfer to fresh 2,4D containing media. 
Thymidine (2.5uCi/ml, lOmCi/mM) and BrdU (0.28uCi/ml and 56mCi/mM) 
levels were used. At different times, the cells were homogenized, the 
acid insoluble counts liberated by PCA hydrolysis and the DNA fraction 
counted. Data is presented as DPMs X 1000/ culture . 

. _-'------------_._-....:.-_----------_ .. 
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Figure 21. A lack of embryogenesis in an older carrot cell line (GK). 
Note a few embryoid-like structures and the preponderance of long 
"banana" cells. No further development occurred. Photograph magnified 
60X. 
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Figure 22. BrdU affects the growth of carrot (D1/2) cells !~ 2,4D 
containing media. Cells were washed, resuspended at 5 X 10 cells/ml 
and cultured for 14 days. After centrifugation at 2000xg for 5 
minutes, the packed cell volume (PC/cc) was measured and the average 
and standard deviation from three experiments done in triplicate 
determined and shown above. 



Additionally, carrot cells selected for growth in 5-methyl 

tryptophan and 1% NaGl did not produce these waxy substance(s) 

(Simons, 1983, Helm, 1984). The excretion of this material may be 

specific to carrot cells following BrdU treatment. 
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The effects of increasing BrdU concentrations on the 

regeneration of the Danvers 1/2 (Dl/2) carrot lines was studied. After 

S experiments done in triplicate, the results (Figure 23) indicate the 

response of Dl/2 to BrdU mediated regeneration inhibition. In SuM 

BrdU, Dl/2 cells grown in 2,4D are able to grow 78% as well as non

BrdU treated cells (see Figure 22) while embryogenesis is completely 

halted at the same level. 

BrdU influence on cell morphology was quite dramatic. While 

the globular and heart stages are 0.25-0.35 and 0.35-0.5mm in length, 

the BrdU treated cell clusters are smaller, O.lmm (Figures 24 and 25). 

This size approximates that of cells found in the proembryogenic 

clusters prior to differentiation induction. BrdU halts the transition 

from the proembryogenic to globular phase. 

The time after culture transfer to hormoneless medium when the 

cells become arrested in development by BrdU was determined. BrdU was 

added at different times after the cells were transfered to 

hormone less medium and the effect on embryogenesis recorded 28 days 

later. Addition of 5uM BrdU after 48 hours did not completely arrest 

somatic embryogenesis (Figure 26). When BrdU was added at the onset of 

transfer to hormoneless medium with an excess of thymidine (50uM) 

added at different times, rescue could only occur when thymidine was 
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Figure 23. Embryogenic arrest induced by BrdU. Carrot cells (DI/2) 
were washed and cultured in hormoneless media in different levels of 
BrdU. After 28 days, total embryos were counted in an aliquot from 
each treatment (done in triplicate). The average and standard 
deviations of five experiments is depicted above. 
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Figure 24. The differentiation of carrot (Dl/2) embryos from cell 
cultures. After 28 days in hormoneless media with SuM thymidine, 
somatic embryogenesis takes place. The heart stage is most prevalent 
in this photograph, enlarged 60X. 
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Figure 25. BrdU (SuM) induced embryogenic arrest. After 28 days in 
BrdU only irregular cell clusters are evident. Enlarged 60X. 
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Figure 26. The time of maximum sensitivity to BrdU induced embryogenic 
arrest. Carrot cells (DI/2) were washed and cultured in hormoneless 
media. At different times 5uM BrdU was added (solid line). Likewise, 
5uM BrdU was added at the outset and 50uM thymidine (broken line) 
added at different times. Embryogenesis was determined 28 days later. 
The results above represent means and standard deviations of 3 
experiments done in triplicate. 
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added prior to 48 hours after embryogenic induction (Figure 26). 

Deoxycytidine also rescued BrdU mediated inhibition of embryogenesis 

(Figure 27). 

Total DNA, RNA and protein after transfer to hormone1ess 

medium with either SuM thymidine or BrdU was determined. The results 

(Figure 28) demonstrate a greater degree of DNA accumulation in the 

thymidine treated cells after 3 days in culture. RNA or protein levels 

were not greatly depressed in the BrdU treated cultures. (Figure 29 

and 30). 

If DNA synthesis is the target of BrdU induced action, then RNA 

synthesis inhibition will not stop developmental interruption. 

Actinomycin D was tested for an ability to inhibit RNA synthesis. 

Cells grown for 2 days in 20ug/m1 of actinomycin D and pulse labeled 

with 3H uridine have repressed RNA synthesis. Approximately 11% of the 

incorporation is observed as compared to cells grown without 

actinomycin D (Figure 31). 

When BrdU was included in media with actinomycin D and the 

cultures washed after the 2 day incubation, embryogenesis occurred 

(Figure 32). Differentiation was not impaired by a 2 day treatment 

with actinomycin alone. These findings suggest that either the initial 

event making BrdU inhibitory to differentiation requires RNA synthesis 

or other processes affected by actinomycin D. 

The integrity of tRNA was examined using the amino acid 

accepting activity of the tRNA with wheatgerm amino acyl tRNA 

synthatase and an amino acid mixture. Total nucleic acids were 
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Figure 27. Deoxycytidine rescue of BrdU inhibited differentiation in 
carrot. Cells were washed and cultured in hormoneless media with 
different levels of deoxycytidine either with or without SuM BrdU. 
Embryogenesis was determined 28 days later. Three experiments done in 
triplicate provided the data for the averages and standard deviations 
seen above. 
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Figure 28. Average and standard deviations (bars) of the DNA content 
of carrot cells during the first 7 days in culture in hormoneless 
media ~ith either 5uM thymidine or BrdU. The initial cell density was 
5 X 10 cells/ml. Cells were collected on different days, the DNA 
extracted (Smille and Krotov, 1960) and the average DNA content (and 
standard deviation of 3 experiments done in triplicate) determined 
with the diphenylamine test (Burton, 1956). 
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Figure 29. BrdU effects on carrot RNA content. Carrot cells were grown 
with SuM of BrdU or thymidine in 250ml shaker cultures (same cells as 
used for figure 28). Cells were collected at different times and 
fractionated according to SmilIe and Krotov (1960). The RNA content 
was estimated by absorbance at 260nm. These data represent averages 
and standard deviations from 3 experiments done in triplicate. 
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Figure 30. Protein content of carrot cells grown in hormoneless media 
with either 5uM thymidine or, BrdU. Protein was fractionated according 
to SmilIe and Krotov (1960) and estimated using the method of Lowrey 
(et al., 1951). Cultures were identical to those of figs. 28 and 29. 
The data is again represented as the mean and standard deviation of 3 
experiments done in triplicate. 
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Figure 31. Actinomycin D (AcD) inhibition of 3H-uridine incorporation 
into carrot cells grown for 2 days in hormone1ess media and with SuM 
thymidine (T) or BrdU (B) each +/- 2gug/m1 of actinomycin D. After a 2 
hour pulse (2. SuCi/m1 , 25 Ci/mM) of H-uridine with 100uM unlabeled 
uridine, RNA was extracted from duplicate treatments using the hot 
phenol method (Maniatis, et a1., 1982). The data above reflects the 
mean and standard deviation (above the bars) of three experiments. 
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Figure 32. Actinomycin D (AcD) rescue of BrdU arrested carrot 
embryogenesis. After washing and incubation in O-BS media, some 
cultures received 20ug/ml of AcD with either SuM thymidine (dT) or 
BrdU. After two days of incubation, the cultures were washed 4X with 
fresh O-BS and the cells plated in O-BS. Embryogenesis was 
determined 28 days later. Bars represent averages (with standard 
deviations above the bars) from 3 experiments done in triplicate. 
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extracted according to the Materials and Methods section and the rRNA 

precipitated with 2M LiCl (Hall, 1979) and 1M Na acetate. The LiCl 

soluble tRNA fraction was precipitated with ethanol, redissolved in 

water and tested with diphenylamine (Burton, 1956). 

The results indicate that about 50% of the total nucleic acid 

in the tRNA fraction was DNA. All isolations contained the same 

relative amount of DNA. The DNA was of little concern as the amino 

acid acylation reaction proceeded in a substrate dependent manner when 

tRNA from carrot cells grown for 18 days in either SuM dT or BrdU was 

used (Figure 33). 

No clear difference in the extent of aminoacylation was 

observed in tRNA from carrot cells grown with SuM of either BrdU or dT 

(Figure 33). However, tRNA isolated 3 and 7 days after embryogenic 

induction from carrot cells grown in SuM BrdU were less able to serve 

as amino acid acceptors when compared to tRNA from thymidine treated 

cells (Table 4). 

The above results with actinomycin D mediated rescue of 

embryogenesis in the presence of BrdU and the apparent altered tRNA 

amino acceptor activity in cells grown in the presence of BrdU, a 

measurement of DNA and RNA synthetic rates was required. A comparison 

of these synthetic rates may indicate whether RNA or DNA synthesis is 

the primary BrdU target. 
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Figure 33. Amino acid acceptor activity of tRNA isolated from carrot 
cells 18 days after differentiation induction in the presence of SuM 
thymidine (solid lines) or BrdU (broken lines). After tRNA isolation, 
and estimation, the a~inoacylation was measured with a crude 
wheatgerm enzyme and H-amino acid mixture. Values are means (and 
standard deviations) of 2 extractions and each extraction 
measured in duplicate. 
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Table 4. The relative amino acid-acceptor activity of tRNA isolated 
from carrot cells grown in SuM BrdU or thymidine (dT). The amount of 
nucleic acid assayed in each sample was 0.2 OD 260nrn units/reaction. 
Values are expressed % of control (the level of incorporation in the 
tRNA from dT grown cells). All values are from at least 2 separate 
extractions. 

Days Post Induction 

3 

7 

18 

! tRNA Acceptor Activity of 
dT Grown Cells 

51.0 +/- 7.1% 

57.6 +/- 1.3% 

103.0 +/- 7.1% 



91 

After pulse-labeling with 3H-thymidine and measuring the 

radioactivity of the DNA fractions, (Smi11e and Krotov, 1960), the 

findings are not clear (Figure 34). While a trend of repressed 

synthesis in the BrdU treated cells was evident, the standard 

deviations are quite large. Simplified pulse labeling, TCA 

precipitation and counting (Ferrari and Widho1m, 1973) produced even 

more variable results (data not shown). 

To study the influence of BrdU without potential problems with 

32 DNA (and perhaps RNA) precursors, P-orthophosphate was incubated for 

24 hours at different times after culture transfer to hormone1ess 

medium. The BrdU effect on DNA synthesis (specific activity) of carrot 

cells grown in the presence of either SuM BrdU or dT are demonstrated 

in figure 35. The specific activity of either BrdU or thymidine 

treated cells was identical up to 3 days after embryo initiation. By 

5-7 days (2 or more doub1ings) the synthesis in BrdU treated cultures 

was 70% to 80% of the dT grown cultures. When total DNA/ culture was 

estimated from these same cultures, DNA levels declined in BrdU 

grown cells from 3 day (Figure 36). This result indicates that the 

synthetic rate of DNA may be similar, but the DNA turnover in BrdU 

grown cells is larger than dT grown cells. 

The substitution of BU into DNA can create light induced 

DNA damage. The highly electronegative bromine acts as a long-range 

trap for electrons derived from energy absorbance elsewhere in the DNA 

molecule. The electron is trapped by the Br producing Br ion and a 

uraci1y1 radical. As depicted in figure 37, the 5-uraci1ic radical is 

---------------_.--_. __ ._----_. --- ---- .-.-- ---
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Figure 34. 3H-thymidine pulse labeling of carrot cells after 
embryogenic induction in SuM thymidine (solid) or BrdU (dotted). The 
label (lOmCi/mM) was added as 2uCi/ml together with lOuM unlabeled 
thymidine, the cells incubated for 1-2 hours, processed according to 
the Material and Methods section, and the DNA fraction hydrolyzed and 
counted. The above figure depicts the averages and standard deviations 
of S experiments done in triplicate. 
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Figure 35. (The relative) DNA synthesis in car32ts growing in 
hormoneless media with SuM thymidine or BrdU. P-othophosphate 
(luCi/ml) was added at different days after cell transfer for 24 
hours, the RNA removed by base hydrolysis and the DNA hydrolyzed 
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at 70C in O.SM PCA. Each sample was counted and DNA estimated with 
DABA. Averages and standard deviations from 3 experiments done in 
duplicate are shown above. Data is expressed as the mean ratio of DNA 
synthesis in BrdU/dT grown cells. 
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Figure 36. Total DNA content of BrdU and dT grown carrot cells. 
The cells used were identical to those of figure 35. The DNA 
fraction remaining after counting was estimated with the DABA method 
described in the Materials and Methods section. The data represents 
the mean and standard deviations of three experiments done in 
duplicate. 
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Figure 37. A model for free radical induced damage to DNA (from Ward, 
1975). The bromine (Br) of 5-bromouracil (5BU) traps an electron and 
results in the Br-ion and uracilyl radical being formed. The Br atom 
is within a van der Waals radius of the 2' carbon atom of the 
deoxyribose sugar. Thus a H atom is extracted from the sugar (R), the 
radical center then is shifted to the sugar and later produces chain 
sission of the phosphate-ester bond. 
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reactive and will remove a hydrogen atom from other nearby sources 

(i.e. deoxyribose). The bromine atom is within a van de Waals 

radius of the 2' carbon of the sugar. When the H atom is extracted, 

the radical center transfers to the sugar backbone of DNA, breaks the 

phosphate ester bond and results in DNA chain rupture (Ward, 1975). 

When DNA from carrot cells treated with BrdU for 2 days is 

isolated, three bands are observed in a preparative CsCl gradient 

containing ethidium bromide (EtBr). These fractions were manually 

collected, the EtBr removed and the density of the fractions 

determined in an analytical CsCl gradient. The results (Table 5) 

demonstrate that the lightest fraction has the same density as 

the control DNA. The middle and bottom bands have the same density in 

CsCl gradients without EtBr (1.729gm/cm3), heavier than the dT treated 

control cells. This degree of substitution corresponds to 28.5% of 

the T residues being substituted by BU as determined according to Luk 

and Bick (1977). 32p orthophosphate labeling, DNA nucleotide release 

and chromatography also reflected BU DNA substitution. When cells were 

grown for 2 days in 0.5uM and SuM BrdU, BU had substituted 5.3 +/-

4.5% and 24.8 +/- 7.4 % of the thymidine residues. After 18 days, the 

degree of BU DNA substitution was reduced (1.695gm/ml) to 0.5% (Table 

5). The loss of BU from the DNA may be due to BU DNA repair. 

The bottom fraction of BU substituted DNA is high 

molecular weight and is very suceptible to RNase digestion (Figure 

38). As replication relies on RNA primers to copy the 

lagging strand (Kornberg, 1980), the bottom band (in EtBr-CsCl 
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Table 5. DNA density summary of carrot cells growing for 2 and 18 days 
in SuM thymidine (dT) or BrdU: DNA was isolated from purified nuclei 
and the density determined by CsC1-ana1ytica1 ultracentrifugation. 
Position of the DNA band in EtBr-CsC1 gradient: B; bottom DNA band, M; 
middle band and T; top DNA ~and. Daucus carota L. (cv. unknown) main 
band density is 1.693 gm/cm (Duhrssen and Neumann, 1980). 

~ Days In Culture gm/cm 3 % Substitution 

SuM dT 1.697 

SuM BrdU 

T 1.699 1. 7% 

M l. 729 28.5% 

B 1.729 28.5% 

18 Days in Culture 

SuM dT 1.694 

SuM BrdU 1. 695 0.5% 

.~~------------------.------------------------ -------------------------------- -------



98 

X + - B + - M + . 

Figure 38. DNA from 2 day old carrot cells grown in SuM Brdu is 
susceptible to RNase. (T) DNA from SuM thymidine grown cells, (M) the 
predominant "middle" DNA fraction from BrdU grown cells and (B) the 
bottom DNA band on a CsCl-EtBr gradient of DNA from BrdU treated 
cells. All DNA was isolated as described for nuclear preparations. 
Equal concentrations (4ug) were +/- digested with 1 ug RNase, 
subjected to agarose gel electrophoresis (0.8%), stained with SOOug/ml 
EtBr and photographed. (X) DNA size markers. 
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gradients) may be comprised of replicons. The circular and 

superhelical replicon would be expected to bind less EtBr than non-

replicating linear DNA, and thus have a greater density (Radloff, 

Bauer and Vinograd, 1967). Once the EtBr is removed then both 

replicating and nonreplicating DNA would have the same approximate 

density. 

CsCl density gradients of carrot cells grown for 2 or 3 days in 

BrdU or dT are presented in figures 39, 40 and 41. During this time, 

DNA density increases from 1.693 gm/cm 3 to 3 1.716 gm/cm by 2 days and 

to 
3 . 

1.756 gm/cm by 3 days when cultured in 5uM BrdU. 

The size (greater that 40 kilobases) of BU substituted DNA does 

not necessarily indicate an intact molecule. Local nicks in the DNA 

may be present. One method that distinguishes between damaged DNA and 

intact DNA is nick-translation (Maniatis, Fritsch and Sambrook, 1982). 

By omiting the DNase, labeling will be a result of in vivo DNA damage. 

The results found in table 6 strongly suggest that BU substituted DNA 

is largely intact but contining 10-20% more damage that non-

substituted DNA. 

RNA Metabolism 

3H-uridine pulse labeling indicates that apparent RNA 

synthesis/culture in thymidine treated cells is 4X greater 3 days 

after culture transfer (Figure 42). The difference was not due 

specifically to poly A+ RNA synthesis (Table 7). Total RNA synthesis 

(specific activity) in BrdU vs dT treated cells is depressed 80% (2 

days) and 45% (7 days) (Figure 43). 
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Figure 39. CsCl density gradient of DNA isolated from nuclei of 
carrots grown in35uM thymidine for 3 days. DNA was isolated, added to 
esCl (1.700gm/cc ) and centrifuged at 175,000xg for 16 hours. Tubes 
were punctured, drops collected, the density (refractive index) 
measured and the optical density at 260nm me3sured. The arrmv 
indicates the average density of 1.693 gm/cc , identical to main band 
DNA reported in Daucus carota L. (Duhrssen and Neumann, 1980). 
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Figure 40. Nuclear DNA from carrot cells grown in hormoneless media 
for 2 days with SuM BrdU. Nuclear DNA was isolated and the CsCl 
gradient and subsequent analysis identica1 with fig 39. The arrow 
indicates the average densitY3(1.716gm/cc ) and the star indicates the 
nonreplicated DNA (1.693gm/cc ). 

----------------------------------------------
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Figure 41. The density of DNA from carrot cells grown for 3 days in 
SuM BrdU. DNA isolation and CsCl gradients were done as in fig~. 
39 and 40. The arrow indicates the average density (1.756gm/cc ). 
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Table 6. Estimation of damage to DNA from carrot cells grown in either 
SuM BrdU or dT using a nick translation assay. DNA samples were 
isolated using the "mini prep" method (Dellaport et al., 1983) with 
modifications. 

DNA origin cpm 32p % of BrdU Grmm -------
Cells 

Extraction #1 

dT 2.11 X 105 74% 

BrdU 2.85 X 105 100% 

Extraction #2 

dT 3.91 X 105 78% 

BrdU 5.03 X 105 100% 
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Figure 42. 3H-uridine incorporation into total RNA at different times 
after carrot cell transfer to hormoneless media ~ith either SuM 
thymidine (hatched) or SuM BrdU (crosshatched). H-uridine (2SmCi/mM) 
was added as 2.SuCi/ml together with lOOuM nonradioactive uridine. The 
cells were incubated for 2 hours. RNA was then isolated using the hot 
phenol method and the radioactivity determined in each treatment. The 
data appears as the average and standard deviation (top of bars) of 
thre~ experiments done in duplicate. 
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Table 7. Poly A+ RNA synthesis in differentiating carrot cells in the 
presence of SuM dT or SuM BrdU minus 2,4D or in the presence of 2mg/L 
2,4D in SuM dT. Ca3rot cells were labeled for 2 hours in 100uM uridine 
plus 2.SuCi/ml of H-uridine. RNA was extracted using the hot phenol 
method and oligo dT (or U) cellulose chromatography. Data presented as 
the % (standard deviation) of total counts in the RNA fraction. 2,4D 
influence on poly A+ RNA was not measured further than 24 hours after 
embryo induction as this work has been previously reported (Sengupta 
and Raghvan, 1980b). 

Hours After Transfer ---

24 

48 

72 

SuM dT 
+2,4D 

1.4 (0.2) 

not done 

not done 

.'----------_._--------_._-_. 

SuM dT 
-2,4D 

2.3 (0.3) 

0.9 (0.1) 

1.9 (0.7) 

SuM BrdU 
-2,4D 

2.1 (0.2) 

l.S (0.3) 

1.7 (0.6) 



1.2 
-< 
Z 
fr 
Ol 
:l 

" E 
Q. 
o 

P 
" .9 m 
'-' 

b 
'> 
+i 
o « 
o 
;;: 
'0 
Cl) .6 
Q. 
m 
CD 
> 

+i 
o 
CD 
fr 

~~----'-----'------'-----r----~------
1 2 3 5 7 

Days 

106 

Figure 43. RNA synthesis measured with 32p-orthophosphate. The results 
shown in fig. 3S and 36 are the base stable nucleic acid fraction 
of this same experiment. The RNA concentration was estimated with 
absorbance at 260nm. This data is depicted as the fraction of 
cpm/ug RNA of the cells grown in SuM BrdU (B) relative to the 
cpm/ug RNA of cells grown in SuM thymidine (T) the mean and 
standard deviation of three experiments done in duplicate. 

---,-----, 
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Media Inhibitory Factors (MIFs) 

To establish whether BrdU treatment of carrot cells causes a 

temporary or permanent developmental arrest, cells treated with BrdU 

for 2 days and for 18 days were recovered and washed extensively with 

hormoneless media. After dilution, the cells were cultured as before, 

except without BrdU. Figure 26 indicates that cells grown in BrdU for 

24 hours will not differentiate, yet if treatment is extended to 18 

days the cells will form plants (Figure 44). 

Culture media from either BrdU or thymidine treated cells was 

recovered 2 and 7 days after cell transfer. The media was filter 

sterilized and stored at 4C for up to 6 months. Carrot cells growing 

in 2,4D were washed extensively with hormoneless medium. These cells 

were then resuspended in 2X concentration of all nutrients normally in 

hormoneless (O-BS) medium. An equal volume of one of the above 

"conditioned" medias was then added together with SOuM thymidine. The 

addition of thymidine was to counteract residual BrdU present in some 

of the conditioned medias. Secondly, the media strength (2X) was used 

in order to exclude potential effects of nutrient exhaustion in a 

particular conditioned media. Controls cultures of IX and 2X media with 

50uM thymidine were also prepared and incubated alongside the 

experimental group. 
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Figure 44. Carrots are able to differentiate even though BrdU once 
arrested development. This plant was generated by washing 18 day old 
BrdU arrested cells, diluting and transfering them to fresh 
hormoneless 0-BS media. After 28 days many globular, heart and 
torpedos were observed. When these cells were transfered to tobacco 
M&S rooting media (no hormones) many plants were generated. 
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The results of figure 4S demonstrate that media from cells 

grown for 2 days in either SuM BrdU or thymidine can support 

embryogenesis while media from either treatment isolated after 7 days 

cannot. These experiments indicate -that a diffusible substance(s) are 

present in the media between 2 and 7 days after culture transfer to 

embryogenic media and that this substance(s) halt differentiation. 

The next experiment attempts to define the extent of inhibitory 

factor (MIF) accumulation into the media of BrdU and thymidine treated 

cells. Carrot cells were recovered from 2,4D containing cultures and 

washed with hormoneless medium. The cells were then subcultured for 2 

days in either SuM BrdU or thymidine. After 2 days, the cells were 

recovered, washed extensively in hormoneless media, the thymidine 

treated cells mixed in various ratios with cells from the BrdU treated 

cells and finally cultured in fresh hormoneless media. Table 8 

indicates that cells grown for 2 days in SuM BrdU can inhibit 

differentiation of neighboring cells previously grown in thymidine. 
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Figure 45. The reuse of culture media normally arrests embryogenesis. 
O-Bs media (2X concentrate) was mixed 1:1 with media from cultures 
previously incubated for 2 or 7 days after transfer to hormoneless 
media with SuM thymidine (T) or BrdU (B). Fresh carrot cells were 
washed in O-Bs media and cultured in these medias combinations with of 
sOuM thymidine. The results shown are the means and standard 
deviations (top of the bars) of embryogenesis/ culture from 3 
experiments. 
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Table 8. BrdU ability to halt development of nonexposed carrot cells. 
Carrot cells were induced to differentiate in the presence of either 
SuM BrdU or SuM dT. After 2 days, the cultures were washed and mixed 
in various portions with each other. Embryogenesis was determined 4 
weeks later. 

% cells % cells Embryos/plate ---- ----
BrdU Exposed dT Exposed 

0 100 1,599 +/- 199 

20 80 134 +/- 134 

40· 60 258 +/- 166 

60 40 146 +/- 46 

80 20 130 +/- 53 

100 0 none 

----------_._---------------.. _----_ .. --



DISCUSSION 

Cytokinins and BrdU Act Independently Upon Development 

Inhibition of cytokinin production could explain BrdU mediated 

cell growth and differentiation arrest. BrdU may act as a cytokinin 

antagonist. If true, the addition of more cytokinin to the culture 

medium would be expected to restore growth and development. 

Exogenously supplied cytokinin induces BrdU tolerance in cytokinin 

habituated and tumor tissues of tobacco (Meins, 1976; Vyskot, Karpfel 

and Bezdek, 1977). Likewise, the addition of exogenous cytokinin may 

promote BrdU tolerance of other normal (cytokinin dependent) plant 

tissues. 

Soybean callus growth and radish cotyledon expansion are both 

cytokinin dependent and are inhibited by similar BrdU levels 

regardless of the cytokinin (kinetin) concentration tested. Exogenous 

zeatin and thidiazuron were also unable to rescue soybean callus 

growth in the presence of BrdU. These findings are of particular 

interest because thidiazuron restores soybean callus ability to 

produce endogenous purine cytokinins (Thomas and Katterman, 1986). 

Endogenous cytokinin levels in soybean cells grown in sub toxic 

BrdU concentrations are similar to those of the untreated cells. The 

orlly difference observed in the endogenous cytokinin levels of BrdU 

treated soybean cells is a slight shift from zeatin riboside to the 

free base. Because endogenous cytokinin synthesis is largely unchanged 

112 
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and the addition of exogenous cytokinin to soybean callus or radish 

cotyledons does not create a more BrdU tolerant response, BrdU induced 

effects and cytokinin autonomy are not directly related in these 

plants. The independence of BrdU resistance and cytokinin habituation 

also lends support to this conclusion (Kendra and Ma1iga, 1977). 

In order to accept the idea that BrdU tolerance and cytokinin 

autonomy are independent events, the findings of tobacco habituated 

cell lines must be addressed. Non-habituated tobacco callus growth is 

inhibitited by BrdU and cannot be rescued by additional cytokinin to 

the medium. Growth in BrdU treated tumerous and cytokinin habituated 

tobacco lines can be restored by addition of exogenous cytokinin. 

Studies with "normal" tobacco callus are puzzling. The results 

described in figure 17 indicate that callus I growth is completely 

inhibited by 1.5 X 10- sM BrdU. This is not the case for tobacco callus 

II. Callus II growth continues to 3 X 10-4M. An exp1aination of these 

results is required. 

Pith callus I and II are clearly different in their response to 

BrdU. Both sets of experiments were done at different times, callus I 

in 1982 and callus II in 1984. The exact growth conditions for callus 

I and II were also not identical. During experiments with tobacco 

callus II, incubator temperatures occasionally approached 40C. 

Exposure to temperatures in excess of 3sC induces pith cells of 

tobacco become cytokinin habituated (Me ins , 1986). It appears that 

pith callus II used in these experiments was unknowingly cytokinin 

habituated. A singular experiment indicates that tobacco callus II 
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could grow for one transfer on medium lacking cytokinin and was 

cytokinin habituated (data not shown). As was mentioned earlier, 

cytokinin habituated tobacco cells are more tolerant of BrdU (Me ins , 

1976). The response of tobacco callus I to BrdU growth inhibition is 

more characteristic of non-tumerous and non-habituated tobacco callus. 

The plant in vivo depends on endogenous cytokinin synthesis and 

is by definition cytokinin habituated. If cytokinin habituation 

accompanies differentiation, then tobacco differentiation itself 

should be more tolerant to BrdU than callus growth. Therefore a 

comparison between non-habituated tobacco callus growth (in a medium 

with low cytokinin) and tobacco plantlet regeneration (in a cytokinin 

rich medium) was done. 

Tobacco plantlet regeneration from leaf explants continues in 

the presence of 5 X lO-5M BrdU, a level slightly higher than the 

-5 interruption of callus I growth at 1 X 10 . Also, plantlet 

regeneration is 10 fold less sensitive to BrdU as compared to the 

fresh weight of that same regenerating culture (Figure 18). These 

experiments suggest that BrdU acts primarily on growth (fresh weight 

gain). Increased BrdU sensitivity during differentiation (as compared 

to callus growth) in tobacco is not observed. One interpretation of 

these findings is that BrdU preferentially acts on the "housekeeping 

functions" and not the "specialized" differentiation functions, a 

hypothesis contrary to the original premise of this study. 

The above results can also be interpreted in a different 

manner. In Nicotiana tabacum, plantlet differentiation may be impaired 
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by BrdU at a very early period, prior to leaf excision and culture. 

The potential BrdU sensitive period would then occur prior to the 

saturation of pyrimidine nucleotide triphosphate pools with BdUTP. 

dTTP, previously accumulated in the nondividing leaf cell, may allow a 

limited degree of cell division and eventual differentiation. BrdU 

would later saturate the BdUTP pools, slow development and cell 

division. A few early rounds of replication permit the concomitant 

differentiation of tobacco plants, however their size remains small as 

further growth is impaired by BrdU. In another genus, Nicotiana glauca 

pith explants are unable to proliferate further after BU DNA 

incorporation (Durante et al., 1977). This species may have lower 

endogenous dTTP levels as compared to ~ tabacum. 

This study concludes that cytokinin habituation in all plants 

tested does not necessarily grant BrdU tolerance. Tobacco cytokinin 

habituants (including developing tobacco plants) may possess traits 

other than the ability to produce cytokinins, that lead to BrdU 

tolerance. Greater synthesis of thymidine or the increased breakdown 

of BrdU to nontoxic uridine (Wataya, Negishi and Hayatsu, 1973) could 

also explain BrdU tolerance in differentiating and cytokinin 

habituated tobacco cells. Thus, it is an event that accompanies 

cytokinin habituation in tobacco and not the ability to make 

cytokinins that grants BrdU tolerance. 
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Ribonucleotide Reductase and BrdU Treatment -- --- ~~~~~ 
A prominent hypothesis to explain the action of BrdU on 

differentiation is the creation of a deoxycytidineless state (Davidson 

and Kaufman, 1977; Meuth and Green, 1974a, 1974b). Ribonucleotide 

reductase is the sole source of dCDP. This enzyme is coordinately 

inhibited by any dNTP. Addition of excess BrdU and the subsequent 

phosphorylation to BdUTP would inhibit ribonucleotide reductase, halt 

deoxycytidine and DNA synthesis as well. 

Were this hypothesis true, then thymidine addition 

(effectively dTTP) would not rescue carrot embryogenesis from BrdU 

induced arrest. The results described in this work demonstrate that 

excess thymidine can rescue BrdU inhibited soybean callus growth 

(Figure 15) and carrot embryogenesis (Figure 26). Because both 

deoxycytidine (Figure 27) and thymidine can rescue embryogenesis in 

the presence of BrdU, a deoxycytidine1ess state is not responsible for 

developmental arrestment. 

BU DNA Incorporation Leads to Developmental Arrestment 

Carrot DNA synthetic rates in the presence or absence of SuM 

BrdU were measured. The results of 3H thymidine labeling experiments 

(Figure 34) show a general trend of repressed synthesis in the BrdU 

treated cells. However, the standard deviations of these experiments 

were large. 

This experiment is at fault in two ways. First, carrot cells 

quickly convert thymidine to a1pha-aminobutyrate, itself recycled into 

various cellular components (Slabas, McDonald and Lloyd, 1980). Thus, 

._----------------------- ._--_._-
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thymidine labeling does not exclusively measure thymidine 

incorporation into DNA. A greater degree of thymidine vs BrdU 

breakdown following uptake may in part explain the preferential uptake 

of BrdU depicted in figure 20. 

The DNA synthesis measurements (Figure 34) are flawed in a 

second way. BrdU is taken up, converted to BdUTP and saturates the 

former dTTP pool. During replication, the excess concentrations of 

BdUTP (as compared to trace amounts of TMP) will be incorporated into 

most available sites such that 3H-thymidine incorporation into DNA 

seems repressed even though DNA synthesis rates in BrdU treated and 

untreated cells could be identical. The DNA synthesis inhibitor and 

precursors used to measure DNA synthesis should not compete for the 

same base partner (A). 

Problems with DNA labeling were overcome by using 32p_ 

orthophosphate. As shown in figure 35, DNA synthesis becomes repressed 

in BrdU treated carrot cells, long after the 0-24 hour BrdU sensitive 

period (Figure 26). These results provide the basis for concluding 

that while extensive BU DNA incorporation takes place during the first 

round of DNA replication, that it is the BU substituted DNA 

that is a poor template for continued replication. 

The accumulation of DNA in BrdU treated cells is repressed by 3 

days in culture (Figure 36). At the same time the synthetic rate of 

DNA in both dT and BrdU treated cells is similar. BrdU treatment 

either enhances DNA breakdown or halts the completion of replication. 

In either case, the net result is an impaired ability for replication. 

--...;..-------_ ......... _---_._----_. __ . 
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In vitro studies support the above conclusion. Both BdUTP and 

TTP are indiscriminately incorporated into DNA by calf DNA polymerase 

(Bollun, 1963). ~ coli DNA polymerase I also equally incorporates 

dTTP and BdUTP, but dUTP only 54% as well (Bessman et al., 1958). 

Once BU incorporates into DNA during the first round of 

replication, the ability of that DNA to serve as a polymerase template 

is impaired. Kapuler and Spiegelman (1970) found that BrUMP does not 

alter the initial transcriptional rate of ~ coli DNA or the 

first round of replication in Qb (RNA) virus. Once BU DNA substitution 

had taken place in the + strand of Qb' the subsequent replication of 

the - strand was halted. In non-habituated tobacco, BU DNA 

substitution also results in DNA that can no longer replicate (Bezdeck 

and Vyskot, 1981). BU substituted DNA is not an efficient replication 

template. 

When subject to CsCl gradient centrifugation in the presence of 

EtBr, three distinct DNA bands were observed. Unlike the dT grown 

cells, a bottom band was seen in the BrdU treated carrot cells. If 

this fraction represents a GC rich DNA fraction that is preferentially 

replicated in the presence of BrdU, then after EtBr removal the 

density of this fraction should remain heavier than the middle band. 

The data (Table 5) indicates that the density of the middle and bottom 

band are identical in neutral CsCl gradients without EtBr. 

RNA is used as a DNA synthesis primer (Eliason, Martin and 

Reichard, 1974). When the bottom band mentioned earlier was mixed 

with RNase, the high molecular weight "DNA" was digested leaving a 

----------------------_. 
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trace of high molecular weight DNA and no distinct smear or band on a 

1.2% agarose gel (Figure 37). While by no means definitive proof 

(Gefler, 1975), the bottom DNA fraction may represent replicons that 

become initiated but are slow to elongate and repair the RNA primers. 

Following RNase digestion, the heterogeneously sized replicons would 

be converted to small fragments, themselves running rapidly off the 

gel. 

Similar results have been obtained in sea urchin embryos. In 

pulse-chase experiments BU substituted DNA remains small (8-l5S) while 

dT substituted DNA is first made as an 8-l5S molecule and later 

ligated into a larger molecule (Kotzin and Baker, 1972). BU DNA 

incorporation in sea urchin slows but does not halt replication and 

stops development when applied prior to the third replication event 

(Gontscharoff and Mazia, 1967). Reduced elongation rates (0.565 vs 

0.619 urn/min) and an increase in replicon size (33 to 46urn) have been 

observed in BrdU treated minnow cells (Flickinger et al., 1980). Taken 

together, these findings indicate that BU DNA incorporation either 

stimulates replication initiation, or more probably impairs 

elongation. 

To what extent does replication become halted in carrot cells 

following BU incorporation and how does this relate to embryogenic 

arrest? During carrot differentiation the extent of replication 

inhibition is incomplete. Following BrdU treatment, replication rates 

at 7 days proceed about 60-80% of the thymidine treated cells (Figure 

35). 
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Using the hypothesis that BU DNA incorporation inactivates that 

DNA as a replication template and assuming that eucaryotic DNA is 

replicated semidiscontinuous1y, the synthetic rate and degree of DNA 

accumulation observed by 7 days can be explained. 

In thymidine treated cells, total DNA increases 4 fold (2 

rounds of replication) during the first 7 days. If BU substituted DNA 

is unable to replicate, all DNA replication in cells grown in BrdU 

will be copied from the original nonsubstituted DNA and all copies 

will contain various levels of BU, depending on the DNA repair rate. 

Using only the original dT containing DNA strands, their replication 

should result in a 2 fold increase in total DNA by 7 days. 

Following BU DNA incorporation much of the newly synthesized 

DNA may be incompletely elongated and contain many rep1icon 

structures. Based upon only replication (elongation) inhibition in the 

BU DNA incorporated strands, BrdU treated carrot cells should contain 

50% of the DNA found in thymidine treated cells 7 days incubation. Net 

DNA accumulation in BrdU treated cells was found to be 40% of the 

thymidine treated carrot cells (Figure 36). DNA repair and the 

semidiscontinuous nature of eucaryotic replication can account for the 

lower (than 50% predicted) total DNA content in carrot cells grown in 

BrdU for 7 days. 

BrdU and the Role of Medium Inhibitory Factors 

Carrot cells exposed to BrdU for 18 days repair most of the BU 

from their DNA. Why does this culture fail to differentiate following 
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repair? After washing in hormoneless medium, 18 day old cells 

previously exposed to BrdU will form embryos (Figure 44). A medium 

change is required to reinitiate differentiation from these cells. 

Either certain nutrients in the culture medium become exhausted by 18 

days, or there exist medium inhibitory factors (MIFs) in the spent 

culture medium able to arrest development. 

To test for the presence of MIFs, spent medium was again used 

to initiate differentiation of fresh carrot cells. The spent medium 

was supplemented with additional concentrated medium in order to 

alleviate the possibility of nutrient depletion as a cause for 

embryogenic inhibition. The results (Figure 45) demonstrate that MIFs 

are present by 7 days after culture transfer and that both BrdU 

treated and thymidine treated cells produce MIFs. 

Contrary to 18 day BrdU exposed carrot cells, cells exposed to 

BrdU for 2 days, washed and transfered to hormoneless medium fail to 

differentiate. The DNA of 2 day old cells is heavily substituted with 

BU (Figure 40, 41 and Table 5) while by day 18 most of the BU is 

repaired. BU DNA incorporation must preceed MIF production. 

MIFs could be produced earlier in developmental chronology, 

produced in greater quantity or exuded more effectively in BrdU 

treated cells. If true, all cells (regardless of BU DNA incorporation) 

exposed to the culture medium of BrdU treated cells would be unable to 

differentiate. If BU DNA incorporation halts development directly 

(without involving MIFs) then cells grown in BrdU or thymidine for 2 

days, washed and mixed in equal portions would be expected to produce 
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approximately half the embryos produced in the thymidine incubated 

cells alone. The findings of this study (Table 8) clearly indicate 

that BrdU treated cells interrupt the development of the thymidine 

treated cells. 

BU DNA incorporation occurs during a developmentally sensitive 

period, 0-24 hours after culture transfer. BU DNA incorporation either 

leads to excessive MIF production, or stops development by postponing 

replication without diminishing MIF synthesis. Similar findings have 

been observed in BrdU treated chondrocytes (Abbott and Holtzer, 1968; 

Chacko, Holtzer and Holtzer, 1969). 

MIFs could playa useful role in normal plant development, as 

spontaneous somatic embryogenesis may pose some serious complications. 

First somatic propagation defeats the selective advantages of sexual 

reproduction. Secondly, the biochemistry of embryogenesis may be 

incompatible with the differentiated state of the mature plant organ. 

In Citrus there are inhibitory factors present in normal tissue that 

impair embryogenesis (Tisserat and Murashige, 1977). 

Is RNA Metabolism Affected During BrdU Exposure? 

Developmental BrdU sensitivity occurs prior to the first cell 

doubling (up to 24 hours following differentiation induction). BrdU 

then slows total replicative ability during the subsequent doublings. 

This effect can be reversed by the addition of actinomycin D. 

RNA synthesis inhibition is often mentioned as the effect of 

actinomycin D treatment. This present study also verifies that 

actimomycin D impairs transcription. DNA polymerase can also be 
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impaired, perhaps as a result of actinomycin intercalation into DNA 

(Meltzer, 1977). It is likely that actinomycin D rescues BrdU treated 

cells by slowing BU DNA substitution and/or replication. These cells, 

with little BU DNA substitution, can differentiate after washing and 

reculture ill media without BrdU (Figure 32). 

RNA synthesis is not inhibited in either the total or the poly 

A+ fraction for up to 72 hours after transfer in BrdU. After this time 

RNA synthesis (per culture) decreases reflecting a lower rate of cell 

division. Preliminary experiments with tRNA from BrdU grown cells 

suggest that the tRNA are less functional than the tRNA from the 

thymidine treated cells. This response may reflect an increase in RNA 

degradation rather than impaired synthesis. Further work is required 

in order to cla~ify whether BrdU influences RNA metabolism. 

Summary 

Extensive studies with a variety of cytokinin types, 

concentrations and cell lines indicates that BrdU does not affect 

differentiation and growth by repressing endogenous levels of 

cytokinins. BrdU tolerance appears to be an indirect consequence of 

cytokinin habituation in tobacco but not in cotton and jojoba callus 

cells. Furthermore, ribonucleotide reductase inhibition, and an 

impaired ability to synthesize total RNA do not occur following BrdU 

treatment and cannot account for BrdU induced responses. 

BrdU (SuM) does not significantly impair carrot suspension 

culture growth while halting somatic embryogenesis. Developmental 
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arrest occurs between the proembryogenic mass and globular stages of 

development. The time of BrdU sensitivity is from 0-24 hours after 

cell transfer to embryogenic permissive medium (i.e. without 2,40), 

prior to the first DNA doubling. 

After the first replicative round, BU DNA incorporation is 

extensive, from 25-66% depending on the duration of culture in BrdU. 

BU DNA incorporation slows the subsequent replications. These early 

replication events following differentiation induction must be 

necessary for globular embryo development. 

Based on time-course studies and washing experiments, BU DNA 

incorporation occurs prior to the synthesis of MIFs and to 

developmental arrest. Either the act of BU DNA incorporation or DNA 

synthesis interruption itself is responsible for the increased 

production of MIFs in BrdU treated cells. The cells are eventually 

able to repair the BU DNA, however differentiation is halted by the 

then accumulated MIFs. 

The unique ability of BrdU to arrest carrot development in the 

absence of auxin has allowed for the discovery of MIFs. The biological 

mechanism of MIFs action remains unknown. In one experiment, MIFs (at 

developmentally inhibitory levels) did not interrupt carrot cell 

growth in the presence of 2,40. MIF absorption and removal from the 

medium may permit embryogenesis in presently recalcitrant species. MIF 

characterization could provide an understanding of both BrdU effects 

and the developmental regulators involved in somatic embryogenesis 

initiation. 

-----------------------------------------------. 
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