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ABSTRACT 

Ribonucleic Acid and Morphogenesis in the Fungus, Mucor rouxii 

Kathryn Diane Reitz Henry 

The fungus, Mucor rouxii, can grow in two morphological states depen¬ 

ding on culture conditions. The present work analyzed total RNA popula¬ 

tions from aerobically grown filamentous cells and anaerobically grown (in 

an atmosphere of N2) yeast-like cells of this organism. No differences 

in the RNA populations were revealed by competition hybridization, using 

the filter technique in a formamide - standard saline citrate system. 

Limitations of the hybridization technique and RNA isolation methods were 

discussed as possible reasons for this result. DNA optical renaturation 

experiments gave a genome size of 7*2 x 10^ daltons for M. rouxii, with 

no evidence of significant DNA redundancy. These results were confirmed 

on hydroxyapatite. The difficulties of obtaining highly labeled, stable 

3H-DNA prevented the completion of in-solution hybridizations to deter¬ 

mine the extent of genomic transcription. Preparing DNA labeled at very 

high specific activity with a radioisotope other than tritium might hold 

promise in answering this question. 
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I. INTRODUCTION 

An area of biology presently enjoying active investigation is that 

of cellular differentiation and its genetic control. Molecular genetics 

theorizes that ultimately the information determining the phenotypic 

characteristics of a cell or an aggregate of cells is contained in the 

nucleotide sequence of DNA, and that all cells of a given organism contain 

identical genetic information in their nuclei. Tobler (1972) has reviewed 

the latter assumption, calling attention to work on such phenomena as 

gene amplification and chromosome diminution or elimination. Since these 

phenomena do not appear to be general, however, the assumption of genetic 

identity of cells of multicellular organisms seems valid. The basic 

question of developmental genetics, as the science concerned with apply¬ 

ing molecular genetics to cellular differentiation, is therefore how two 

cells of identical genetic complement can differ morphologically and 

functionally. A more specific and more complex question is what controls 

the programmed sequence of genetic activities which lead from fertilized 

egg to adult in the development of higher multicellular organisms. 

The use of the phrase ''sequence of genetic activities" already implies 

that controls occur primarily at the level of transcription. Indeed, many 

theories being advanced to explain differentiation are variations on the 

classical Jacob and Monod (1961) model for the lactose operon in 

Escherichia coli. For example, some of these theories postulate a so-called 

hierarchy of regulatory genes (Britten and Davidson, 1969$ Crick, 197l); 

repressors which are combinations of chromosomal proteins (Tsanev and 

Sendov, 1971), specific polymerases or sigma factors (Furth and Austin, 
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1970), or combinations of these (Scherrer and Marcaud, 1968). However, 

controls may occur at any of a number of post-transcriptional levels: 

processing, selective transport, degradation, or masking of messenger 

RM; availability of ribosomes or precursors for protein synthesis; or 

enzyme-substrate interactions and cytoplasmic localization. Reviews of 

models based on these various levels of control and data supporting them 

have appeared recently (Davidson, 1968; Rutter et al., 1973; Tyler and 

Tyler, 1970). 

Most eukaryotes have fax greater DM sequence complexity than one 

might expect (Laird, 1971)• la addition, some have classes of highly 

repetitive DM sequences, with up to a million copies per cell (Britten 

and Kohne, 1968). These two observations raise the intriguing question, 

what are the reasons for the vast DHA content and the redundant DM of 

the eukaryotic genome. Many investigators (Thomas, 1971; Britten and 

Davidson, 1969; Crick, 197l) have suggested that much of the DM is not 

transcribed at all, but instead participates, for example, in regulation, 

in evolution of the genome, or in the physical structure of the chromo¬ 

some. In addition to this question of the extent of genomic transcrip¬ 

tion, the question of differing RM populations in different cell types 

arises, if one postulates transcriptional controls of differentiation. 

A useful experimental technique for investigating these questions, 

of both qualitative and quantitative nature, is that of DM-RM hybridiza¬ 

tion. This technique is based on the fact that complementary single 

stranded nucleic acid sequences associate by specific base-pairing under 

appropriate conditions of temperature and ionic strength (Marmur and Lane, 

i960; Doty and Marmur, i960; Schildkraut, et al., 1961). Qualitative dif¬ 

ferences in RM populations are often investigated by competition 
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hybridization, in which two KNÀ populations, one of them radioactively 

labeled, compete with each other for binding sites on a given DM. In 

order to obtain quantitative information on the extent of genomic trans¬ 

cription, conditions must be chosen such that all DM sequences which 

have transcripts present in the reaction mixture will be able to hybridize. 

Both of these techniques and their applications in the present study will 

be discussed in more detail later. 

Many investigators consider the fungi to be particularly useful tools 

for the study of differentiation. Some fungi undergo biochemical and 

morphological changes during stages of the life cycle or under differing 

growth conditions. They are easy to handle and grow rapidly on simple 

media. Because their haploid genome size is generally only one order of 

magnitude larger than that of bacteria and two orders of magnitude smaller 

than the mammalian genome, they are indeed the most simple and primitive 

of the eukaryotes. For example, Neurospora crassa has a genome size of 

22 x 1C)9 daltons (Ray and Dutta, 1972), Saccharomyces cerevisiae 9*2 x 

1C)9 daltons (Bicknell and Douglas, 1970)» and Mucor rouxii 5*2 x 10^ daltons 

(Storck, 1972), as compared to 2.6 x 10^ daltons for E. coli (Cairns, 1963) 

and 1.8 x 10^ daltons for the mouse (Laird, 1971) • This relatively small 

genome size is an advantage in hybridization studies. Significant levels 

of hybridization can be attained in shorter times and at smaller nucleic 

acid concentrations than with more complex genomes. 

The fungus used in the present study is M. rouxii, of the order 

Mue orales. Ever since the time of Pasteur it has been known that the fungi 

belonging to the genus Mucor are able to carry on fermentation and/or 
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respiration, depending on growth conditions, like the common yeast 

Sacchromyces. In addition Mucor exhibits two morphological types. Under 

anaerobic conditions Mucor carries on fermentation and grows as spherical, 

yeast-like cells which reproduce by budding. Under aerobic conditions 

this organism carries on respiration, grows filamentously like a 

"typical" mold and, on a solid medium, reproduces by forming spores in 

aerial sporangia. Yeast-like cells transferred from an atmosphere of COg 

or Ng to air undergo conversion to the filamentous form. Germ tubes, 

which continue to elongate into hyphae, appear after three to five hours' 

exposure to air (Bartnicki-Garcia and Nickerson, 1962a). This conversion 

phenomenon is further characterized by mitochondrial regeneration and the 

appearance of respiratory enzymes, such as cytochrome oxidase (Haidle and 

Storck, 1966). Much attention has been given to the relationship between 

fermentation and respiration in Mucor with the tacit assumption that the 

morphological changes were secondary effects. The evidence argues for a 

close correlation between the biochemical and the morphological changes. 

First, glucose or other fermentable hexoses repress filamentous growth 

just as they repress respiration (Bartnicki-Garcia, 1968). Second, on 

the basis of studies with phenethyl alcohol, which both stimulates fermen¬ 

tation and induces yeast-like morphology in M. rouxii, it was suggested 

that filamentous morphology might be regarded in many instances as a 

morphogenetic expression of the Pasteur effect (Terenzi and Storck, 1969). 

Third, a mutant of M. bacilliformis is now available which can neither 

respire nor grow filamentously with or without oxygen (Storck and Morrill, 

1971). 
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In addition to the above mentioned vork on the relationship of fermen¬ 

tation and respiration to morphology, some previous vork has been concerned 

with macromolecular differences in the two cell types of M. rouxii. One 

study showed significant differences in protein and polysaccharide content 

of cell walls of yeast-like and filamentous cells. Only quantitative dif¬ 

ferences were demonstrated, however (Bartnick-Garcia and Nickerson, 1962b). 

In another study (Haidle and Storck, 1966) it was found that the incorpora¬ 

tion of labeled ENA precursors into ENA was discontinuous during conver¬ 

sion, showing a series of rapid increases followed by periods of little 

or no incorporation. Neither the incorporation of labeled ribonucleotides 

during continued anaerobic growth nor the incorporation of labeled amino 

acids during conversion showed similar discontinuity; their rate curves 

were smooth, and in the case of the latter, exponential. 

The present study further explored the role of nucleic acids in 

morphogenesis of M. rouxii. It focused on possible controls at the tran¬ 

scriptional level by comparing ENA populations from filamentous and from 

yeast-like cells. Competition hybridization was used to look for quali¬ 

tative differences in these populations and thus to reveal differences in 

gene expression. Because of technical problems discussed below, in-solu- 

tion hybridization experiments to determine the percentage of the genome 

transcribed in the two cells types of M. rouxii have not been successful 

thus far. 
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II. MATERIALS AND METHODS 

A. Organisms 

The following strains were used: 

- Bacillus subtilis (SB-1, kindly supplied by Charles 
Stewart) 

Mucor rouxii (NEEL 189*0 

Macor bacilliformis (NRRL 2346) 

B. Growth of Cultures 

Cultures of Mucor were routinely maintained on slants of com¬ 

mercial tomato juice (Libby's) and distilled water (l:l, v/v) containing 

2.5 g/l agar. For the production of large numbers of spores, cultures 

were made on the same medium in Roux bottles and were allowed to grow 

10 to 14 days at room temperature. Spores were harvested by rinsing the 

mycelial mat with sterile distilled water. They were washed twice by 

.centrifugation and were stored at 4°C in sterile distilled water for up 

to two weeks. 

Mucor was cultured aerobically at room temperature in liquid medium 

containing 0. 3$ yeast extract, 1.0$ peptone, 2.0$ glucose (YPG medium) 

in baffle flasks rapidly shaken for aeration. Cultures were routinely 

inoculated with approximately 5 x 10^ spores/ml. 

Mucor was cultured anaerobically in YPG medium with 5«0$ glucose in 

a Virtis ADL Biospin Culture Flask with magnetic stirrer. Pre-purified 

R2 gas, which had been passed through hot copper filings to remove traces 

of oxygen, was constantly bubbled through the culture. The same spore 

suspension was used as above. 

B. subtilis was cultured in liquid YPG medium with 2.0$ glucose at 

37°C in a shaking water bath. 



Cultures of Mueor were harvested by suction filtration and were 

washed with either saline-EDTA* or Tris-EDTA*, the buffer used for sub¬ 

sequent nucleic acid isolation. Cells to be used for DNA extraction were 

sometimes stored at -23°C for several weeks. Cells to be used for RNA 

extraction were frozen with liquid N2 and were used immediately or were 

stored in liquid Ng for no more than one week. 

C. Preparation of Nucleic Acids 

1. DNA 

Fungal DNA was extracted by the procedure of Marmur (1961) 

and Kirby (1956), as modified by Cheng and Suoeka (1964) and previously 

reported for use with fungi (Villa and Storck, 1968). The procedure 

included freezing with liquid N2; grinding with mortar and pestle; 

deproteinizations with mixtures of phenol, chloroform and isoamyl alcohol 

ethanol precipitation; enzymatic treatment with bacterial alpha-amylase 

(B grade, Calbiochem), bovine pancreatic ribonucléase A (5x crystallized, 

Sigma, boiled 10 min. to deactivate contaminating DNAse), and bacterial 

pronase (B grade, Calbiochem, self digested for 1 hr. at 37°C to destroy 

DNAse); additional deproteinization, precipitation with 2-propanol; and 

dialysis. 

For the extraction of DNA from B. sub tills, cells were disrupted by 

incubation with lysozyme (Calbiochem, 3x cryst. B grade), and the isola¬ 

tion procedure of Marmur (1961) was used. 

The DNA was sheared in an Aminco French pressure cell (Model 4-3399) 

at 2700 psi. The resulting fragments were subjected to alkaline band 

*See Table I for abbreviations. 
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Table I: Abbreviations used in the text 

Saline-EDTA   
ethylene diamine tetraacetate), 
pH 8.0. 

Tris-EDTA  
methane)-HCl, 0.002 M EDTA, pH J.b 

SSC (standard saline citrate).... 0.15 M NaCl, 0.15 M tri-sodium 
Citrate. 

PB (phosphate buffer).. 
pH 6.8. 
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centrifugation in a Beckman Model E analytical ultracentrifuge (Studier, 

1965). By this criterion the fragments had a size of 33O to 380 nucleo¬ 

tides or a single-stranded molecular weight of 1.1 to 1.5 x 10^ daltons. 

The concentration of the DMA was estimated optically by assuming 

that an absorbance at 26o run of 1.0 was e qui lavent to 50 micro 

g/ml, and chemically by the diphenylamine test (Schneider, 1957). A 

value of approximately 2 for the ratios ^2^0/^230 an<^ ^260/^280 vas c0n~ 

sidered an indication of purity. The actual ratios obtained ranged from 

1.6 to 2.7 and from 1.8 to 2.3 respectively. 

The melting of a sample of each DBA preparation was monitored spec- 

trophotometrically. The TJJ, (82°C in 1 x SSC) and the percentage hyper- 

chromicity, i.e., the percentage increase in A260 upon dénaturation, were 

used as further indicators of purity, with a hyperchromieity of 36-40$ 

taken as that of ’’pure" DBA (Wetmur and Davidson, 1968). 

Figure 1 shows a typical DBA melting profile for M. rouxii DBA. The 

Tm is 69°C in l/lO x SSC and the hyperchromicity recorded at 260 nm is 

38$. The hyperchromicities of the DBA preparations varied from 24$ to 

38$. 

2. REA 

RHA was isolated from M. rouxii by the phenol method of 

Gierer and Schramm (1956) with modifications as reported previously 

(Taylor et al., 1967) and with the addition of a "hot phenol" step 

(Georgiev and Mantieva, 1962) as follows: after disruption by grinding 

with a mortar and pestle and the first phenol deproteinizatlon at 4°C, 

the phenol phase was mixed with an equal volume of the aqueous buffer at 
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Figure X 

Melting curve for M. rouxii DM. 

DM samples in. l/lO x SSC were placed in tightly capped 

cuvettes and their absorbance at 260 nm through a 1 cm light 

path was monitored as the spectrophotometer chamber was heated 

approximately 0.5 degrees C per minute. 
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Temperature, °C 
50 
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6o°C and the aqueous phase with an equal volume of phenol at 4°C. Both 

were shaken at their respective temperatures for 30 minutes and then 

centrifuged. The aqueous phases were collected, pooled, and re-extrac¬ 

ted with phenol at 4°C repeatedly until there was no protein at the 

interface. The rest of the procedure involved ethanol precipitations 

for at least eight hours at -23°C, treatment with pancreatic DNAse 

(Worthington, electrophoretically purified), further deproteinizations, 

ethanol precipitation, and dialysis. Throughout the KNA isolation 

RNAse inhibitors, polyvinyl sulfate (20 micro g/ml, Taylor et al., 1967) 

and diethyl pyrocarbonate (l$, v/v, Wiener et al., 1972), were used. 

ENA was isolated from M. bacilliformis and from B. subtjlis in the 

same way except that the phenol extraction at 6o°C was omitted. All 

operations were carried out at 4°C. 

The ENA concentration was estimated optically by assuming that an 

A260 1*0 was equivalent to 50 micro g/ml and chemically by the orcinol 

method (Schneider, 1957)• DNA contamination was checked by the diphenyl- 

amine method. Absorbance ratios at wavelengths of 230, 260, and 280 nm 

were determined as for DNA. 

In order to check the size distribution of the ENA preparations, 

each was subjected to velocity sedimentation centrifugation in a Beckman 

Model L-2 preparative ultracentrifuge. The ENA solution was layered 

directly on a linear gradient of sucrose (20 to 2 percent) in 0.01 M 

tris-HCl, 0.05 M KC1, pH 7.I4- and centrifuged for 5*5 hours at 36,000 rpm 

in a SWL50 rotor at 5°C. Fractions were collected from the bottom of the 

tube and their A2Ô0 waS measured. 
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In order to label ENA, ^H-uridine (Schwarz/Mann, 28 C/ra mole) was 

added to a ten-hour aerobic culture of M. rouxii at a concentration of 

5 micro c/ml. The culture was harvested 7 hours later and the ENA was 

extracted by the usual method. The ENA thus obtained had a specific 

activity of 2 x 10^ counts per min. per micro g; determined in a Nuclear 

Chicago, Unilux II, liquid scintillation spectrometer, at 10$ efficiency. 

D. Competition Hybridization 

Competition hybridization was done by the filter technique of 

Gillespie and Spiegelman (19&5) as modified for use with formamide solu¬ 

tions (Gillespie and Gillespie, 1971)* Formamide was used to achieve 

better retention of the DNA by the filter and to permit lower reaction 

temperatures, thus reducing thermal breakage of the ENA. 

DNA was denatured for 10 minutes in 1 ml of 0.3 N NaOH and then 

neutralized with 1 N HC1. It was diluted to approximately 20 ml with 

either 6 x SSC or 2 x SSC and loaded on the filter (27 mm nitrocellulose, 

Schleicher & Schuell, B6) by slow suction filtration. The filters were 

air dried at room temperature for 2 hours, then dried for l6 to 18 hours 

at 8o°C in a vacuum oven. 

The filters with bound DNA were placed in solutions of 6 x SSC - 

formamide (Fisher), 1:1, v/v, containing equal amounts of labeled ENA 

and varying amounts of unlabeled competitor ENA and were incubated at 

35°C for various lengths of time. 

At the end of the incubation time the filters were removed from the 

hybridization mixtures, were rinsed in ice cold 2 x SSC, and were incubated 

for 30 minutes at 35°C in 2 x SSC with 40 micro g/ml ENAse A. They were 
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' then washed on both sides by suction filtration with 2 x SSC, air dried, 

and placed in toluene based scintillation fluid for scintillation 

spectrometry. 

Tests with labeled DM showed that 95$ °f the DNA was retained by 

the filter during loading and that 80$ of the DM loaded on the filter 

was retained through hybridization and further processing. 

E. DM Renaturation 

1. Optical 

These experiments were done on a Gilford Model 2400-S record¬ 

ing spectrophotometer. The DM in either 1 x SSC or 0.14 M PB was placed 

in tightly capped cuvettes and the Aggg was followed and recorded as the 

temperature of the cuvette chamber was increased at a rate of approxi¬ 

mately 0.5 degrees per minute by means of a Haake temperature bath 

circulator. The cuvette chamber was then cooled to 60°C (approximately 

Tm - 25 degrees, Wetnrur and Davidson, 1968). To start the reaction the 

cuvettes were removed from the chamber and a syringe was used to add a 

pre-measured volume of 5 M RaClO^ to each cuvette to a final concentra¬ 

tion of 1 M NaClO^ (Wetmur and Davidson, 1968). Absorbance recordings 

were continued until at least 50$ renaturation had been attained. 

2. Hydroxyapatite 

DM samples in 0.14 M PB were sealed in capillary pipettes 

or placed in small, tightly capped vials and were denatured in a boiling 

water bath for 15 minutes. They were then placed in a water bath at 

60°C and were incubated at this temperature until the sampling times, 

when they were diluted to stop the reaction. The final PB concentra¬ 

tion was either 0.01 M or 0.l4 M. The samples were either frozen or were 
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chromatographed immediately. 

Hydroxyapatite (Hypatite C, Clarkson Chemical Co.) vas washed 

extensively with 0.50 M PB at 90°C and then with 0.001 M PB. Columns 

were prepared by layering either 1 ml or 0.5 ml of hydroxyapatite on top 

of a small piece of filter paper in a vertical glass syringe. The 

column was placed in a 6o°C water bath and equilibrated by washing with 

the initial PB molarity, which was O.lU M in those experiments in which 

single-stranded DNA and oligonucleotide were eluted together, and 0.01 M 

in those experiments in which oligonucleotides were eluted first 

(Bernardi, 1971). 

The DNA was loaded on the column and the first eluate was collected. 

The column was then washed successively with 0.01 M, 0.14 M, and 0.50 M 

PB. In a control experiment a series of hydroxyapatite columns were 

loaded with DNA which had been heat denatured at 100°C for 15 minutes 

and another series of hydroxyapatite columns were loaded with native DNA. 

All columns were washed as described above. Figure 2 shows the result¬ 

ing elution patterns, with each of the fractions averaged for the series 

of columns. A total of 96$ + 2$ of the denatured DM was eluted with 

0.ih- M PB and 95$ +2.5$ of the native DNA with 0.50 M PB. 

The hydroxyapatite eluates were analyzed for their Aggo or portions 

of them were placed in scintillation vials, 10 ml of Bray's solution 

(Bray, i960) was added for liquid scintillation spectrometry of aqueous 

samples, and the radioactivity was determined. Efficiency of liquid 

scintillation spectrometry in this solubilizer was 6 to 10$, which 

seemed to be typical for tritium labeled material in aqueous solution. 

To correct for salt quenching vials containing identical amounts of 



Figure 2 

Elution patterns of denatured and native DM 
from hydroxyapatite. 

A series of hydroxyapatite columns were loaded with heat- 

denatured DM (a) and native DM (b) and were washed at the PB 

molarities shown, as described in the text. The percentage of 

DM eluting with each fraction (wash) was averaged for the 

series of columns. 
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3H-DNA in 0.14 M PB and in 0.50 M PB were prepared and the counts 

per minute (cpm) were determined. A "quenching factor" was calculated 

and was used to correct all cpm readings. 

F. Tritium-labeled DNA 

1. Labeling and isolation 

The labeling of DNA needed for in-solution hybridizations 

was complicated by the fact that neither thymine nor thymidine could be 

incorporated into M. rouxii DNA (Storck, personal communication). 

A culture of M. rouxii was grown in 150 ml of synthetic medium 

(Hesseltine, 1954) containing glucose (40 g/l), asparagine (2 g/l), 

KE^PO^ (0.5 g/l), MgSO^ (0.25 g/l), and thiamine hydrochloride (0.5 

mg/l). 

The following isotopes in aqueous solution were mixed aseptically 

and neutralized with 0.3 H NaOH: 

5 nC adenine, 2-^E (28 c/m mole, Schwarz/Mann) 
2.5 mC guanine, 8-% (10 c/m mole, Schwarz/Mann) 
2.5 wC cytosine, 5~3H (21 C/m mole, Schwarz/Mann) 

One-fourth of this isotope mixture was added to the above culture of 

exponentially growing cells at each of four six-hour intervals. About 

6 hours after the last addition of isotope, the culture was harvested 

and the DNA extracted by the usual method. The highest specific activity 

attained was 1.4 x 10^ cpm/micro g, determined at 6$ efficiency. 

2. TCA precipitation 

The 3H-DNA samples eluted from hydroxyapatite were mixed 

quickly with an equal volume of 20$ trichloroacetic acid and were held 

on ice for 20 minutes. The precipitate was pelleted by centrifugation 

and the supernatant material was analyzed for radioactivity. 
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3* CsCl çentrifugation 

Solid CsCl was added to the ^H-DNA samples eluted from 

hydroxyapatite and the unlabeled M. rouxli reference DÏÏA in 0.01 M 

tris-HCl, 0.001 M EDTA, pH 8.5» to give a refractive index of 1.400 

to 1.402 (i.e., 7-8 M CsCl). These DNA solutions were centrifuged for 

72 hours at l6°C and 32,000 rpm in a SWL50 rotor on the Beckman Model 

L-2. The resulting gradients were fractionated and the ^260 an^ r^°' 

activity were determined. 
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III. RESULTS 

A. KM preparations 

Figure 3 shows a sucrose gradient profile of ENA extracted by 

the cold phenol procedure from M. bacilliformis. Three peaks, presumably 

corresponding to transfer RM and the two ribosomal M's, can be seen. 

Figure 4 shows a sucrose gradient profile of a hot-phenol-extracted RM 

preparation from M. rouxii. Since Figures 3 and 4 represent profiles of 

RM extracted with cold phenol and hot phenol respectively, a number of 

differences should be pointed out. The small peak at fraction l6 in 

Figure 4 might have been taken as an artifact had it not appeared in 

almost all such profiles, whereas it did not appear in the curve in 

Figure 3* That DM contamination accounted for as much of the total 

nucleic acid as was represented by this peak was ruled out by the 

diphenylamine test. In addition, in many of these gradients, though not 

the one in Figure 4, there was quite high absorbance in the bottom 

fractions (#' s 1-4), which was also absent from the profile shown in 

Figure 3* The differing distance between peaks in the two gradients can¬ 

not be considered significant, as this discrepancy was sometimes noted 

in different gradients done at the same time with the same RM prepara¬ 

tion. Presumably it was caused by variations in the fractionation process. 

Figure 3 gives the profile of the only cold-phenol-extracted RM prepara¬ 

tion from Mucor. On the basis of this single comparison it is difficult 

to decide what the above differences mean. However, the question of 

what species of ENA were actually represented in these preparations will 

be raised later in the discussion of hybridization results. 
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Figure 3. 

Sucrose gradient profile of a cold-phenol-extracted 
RNA preparation from M. bacilliformis. 

The RNA was layered on a 20 - 2$ sucrose gradient in 0.01 M 

tris-HCl, 0.05 M KOI, pH l-h, and centrifuged at 5°C for 5*5 hours 

at 3^,000 rpm, in a SWL50 rotor of the Beckman Model L-2 prepara¬ 

tive ultracentrifuge. Fractions were collected from the bottom of 

the tubes and analyzed for their A-26O' 
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Figure 4 

Sucrose gradient profile of a hot-phenol-extracted 
ENA preparation from M. rouxii. 

Centrifugation vas done as for the experiment given in 

Figure 3* Symbols indicate the following: © , ENA immediately 

after isolation and purification; o , ENA after incubation 

under hybridization conditions (6 x SSC-formamide, 1:1, v/v; 

35°C for 10 hours). 
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Figure 4 also shows the hot-phenol-extracted RNA preparation after 

incubation under routine hybridization conditions. There is apparently 

some degradation during this time but not to the extent that the RNA 

cannot hybridize. 

B. Competition Hybridization 

In order to establish the optimal time and %-RNA/DNA ratio for 

hybridization to a given amount of DNA bound to the filter, filters con¬ 

taining 50 micro g of DNA were incubated in varying concentrations of 

M. rouxii 3H-RHA and were removed at various times. The results are 

shown in Figure 5* Hybridization seemed to reach a plateau within ten 

hours, irrespective of the 3H-RNA/DNA ratio; however, higher saturation 

values were reached with higher 3H-RNA input. Controls with B. subtilis 

DNA bound to the filter showed that KNA adhered non-specifically to a 

filter containing non-homologous DNA up to 4$ of the highest level 

attained with homologous DNA. In the succeeding filter hybridization 

experiments a %-RNA/DNA ratio of approximately 100 micro g/50 micro g 

and an incubation time of 6 to 10 hours were used. 

In the competition hybridization experiment presented in Figure 6 

filters containing 30 micro g of M. rouxii DNA were incubated in the 

presence of 100 micro g of %-RNA from M. rouxii filamentous cells and 

increasing amounts of unlabeled competitor RNA from the sources indicated. 

The results showed no significant differences between unlabeled RNA from 

yeast-like and from filamentous cells of M. rouxii in competition with 

3H-RNA from filamentous cells. Both eliminated about 90$ of the %-RNA 

from the hybrids. In the presence of control B. subtills RNA up to l6$ 

of the labeled RNA which vas bound in the absence of competitor failed to 

hybridize. 
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Figure 5 

Hybridization at varying %-RNA/DNA ratios. 

Approximately 50 micro g of M. rouxil DMA was loaded on the 

filters, which were incubated at 35°C in 6 x SSC-formamide, 1:1, 

v/v, containing the following amounts of M. rouxli 3g-KNA: © f 20 

micro g; o , 50 micro g; & , 100 micro g; and Â , 100 micro 

g hybridized with 50 micro g of B. subtilis DNA bound to the 

filter. The filters were removed at the times shown and were 

processed as described in the text. All points are in duplicate. 
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Figure 6 

Competition hybridization with ENA's from the 
two cell types of M. rouxii. 

Filters containing 30 micro g of M. rouxii DNA were incubated 

in reaction mixtures containing 100 micro g of 3H-ENA from 

M. rouxii filamentous cells and varying amounts of unlabeled, 

competitor ENA from the following sources: O , M. rouxii 

filamentous cells; Q , M. rouxii yeast-like cells; A , 
B. subtills cells. Hybridization took place for 6 hours at 

35°C in 6 x SSC-formamide, 1:1, v/v. Post-hybridization proces¬ 

sing was done as described in the text. All points are in 

duplicate. 
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A probable explanation for the results given in Figure 6 was that 

the hybridization conditions used allowed only very abundant RNA's 

(mostly ribosomal RNA) to hybridize. In order to check the sensitivity 

of the technique and also to make an interspecies comparison, the experi¬ 

ment presented in Figure 7 was done. A cold-phenol-extracted RNA prepara¬ 

tion from a fungus in the same genus, M. bacilliformis, was used as com¬ 

petitor RNA. The results indicated a significant difference in the 

radioactivity eliminated from the hybrid by the two competitor RNA 

preparations. The RNA from M. bacilliformis was 60$ as effective as a 

competitor, that is, it eliminated 60$ of the radioactivity that M. rouxii 

RNA eliminated. 

C. DNA renaturation 

DNA renaturation experiments were undertaken primarily to check 

the thermal renaturation behavior of ^H-DNA samples before using them for 

in-solution hybridizations. 

The experiment presented in Figure 8 is an optical renaturation of 

unlabeled M. rouxii DNA with a B. subtilis DNA control. The initial con¬ 

centration of denatured DNA, (C0), was calculated as follows : 

A26O of 

native 
DNA 

dilution 
upon 

addition I 
of NaClOj 

1 f hyperchromieity 
40# X 

= C0 moles of phosphate/liter 

1.47 x 10~4 

moles of 
phosphate 
per liter 

’(Wetmur ana 
Davidson, 

1968) 

The third factor, ^ hyperchromiclty^ was inciuded to correct for impuri¬ 

ties, taking hyperchromicity as that of "pure" DNA. For the experiment 
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Figure 7 • 

Competition hybridization using ERA from 
two Mucor species. 

This experiment was performed in the same way as that 

presented in Figure 6, except that the incubation time was 

10.5 hours. The sources of competitor ENA were M. rouxil 

filamentous cells, extracted with hot phenol ( © ) and 

M. bacilliformis cells extracted with cold phenol ( O ). 

All points are in duplicate. 



32 



33 

presented in Figure 8 the hyperchromieity values were 36$ for B. subtilis 

DM and 38$ for M. rouxii DM. In Figure 8 time (t) is given in seconds 

and CQt in mole-sec/liter (Britten and Kohne, 1968). The percentage of 

DM remaining denatured at any given time was determined from the change 

in hyperchromicity as in Wetmur and Davidson (1968). At the end of the 

experiment the DM was re-melted by heating. It was assumed that any 

difference between the Agfa at this time and the A260 (denatured) at the 

beginning of the renaturation (tQ) was due to evaporation and that this 

evaporation had taken place at a constant rate throughout the renatura¬ 

tion. Rates of evaporation of 0.001$ per minute and 0.005$ per minute 

were computed for the B. subtilis DM and M. rouxii DM respectively in 

this experiment. The A260 eac^ data point was normalized accordingly. 

The normalized data followed a second-order rate curve with C0ti values 
° 2 

of 1.0 and 3*8 for B. subtilis and M. rouxii respectively. Based on a 

genome size of 2.0 x 10^ daltons for B. subtilis (Gillis et al., 1970), 

these values gave a genome size of 7*2 x 10^ daltons for M. rouxii, which 

compared well with that found by Storck, 5*9 x 10^ daltons (Storck, 1972). 
4 

Also there was no evidence of repeated sequences, which would have appeared 

as a bi-phasic renaturation curve (Britten and Kohne, 1968). 

Figure 9 shows the results of two DM renaturation experiments 

monitored by hydroxyapatite chromatography. The CQt values were computed 

in a manner similar to that for the optical renaturation experiments. The 

percentage DM remaining denatured was found by determining the fraction 

of the radioactivity or the ultraviolet absorbing material which was 

eluted from hydroxyapatite with 0.14 M PB. The two curves drawn in 
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Figure 8 

Optical renaturation of M. rouxii and 
B. subtilis DM's. 

DM samples in capped cuvettes were placed in a Gilford 

2l)-00-S spectrophotometer. The cuvette chamber was heated 

approximately 0.5 degree C per minute until the DM reached 

maximum, absorbance. The chamber tempera tiare was dropped to 

6o°C and 5M NaClQ^was added to a final concentration of 

1M NaClOip Absorbance recordings were made continuously until 

about 50$ renaturation had occurred. The symbols indicate 

the following: A > M. rouxii DM; Q , B. subtilis DM. 
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Figure 9 are "ideal” second-order rate curves. While the renaturation 

of subtills DM followed second-order kinetics, the M. rouxii DM 

did not. In the first experiment presented in Figure 9 ^H-DM was 

renatured in the absence of unlabeled DM. The data points fit the 

second-order curve up to a C0t of 2.2 mole-sec/l, or up to about 6 hours, 

and thereafter renaturation appeared to cease, leveling off at about 19$. 

A possible explanation of these results was that the %-DM was 

being degraded under renaturation conditions. To check for degradation 

by a contaminating nuclease, the second experiment shown in Figure 9 

was performed, in which the 3H-DM was mixed with a 100-fold excess of 

unlabeled DM from M. rouxii and heat denatured. Renaturation was 

followed by measuring the radioactivity and the of the hydroxyapatite 

eluates. DM renaturation measured optically followed approximately 

second-order kinetics and attained about 80$ renaturation. The CQti 
2 

value obtained was about 3 times the Crtti obtained for B. subtilis DM u 2 — ■ 

renatured under the same conditions, this factor being the same as that 

from optical renaturation experiments. In contrast, renaturation of the 

labeled DM was again limited and, compared to the first experiment, only 

a small additional fraction seemed to have reacted with the unlabeled DM, 

that is, 33$ compared with 19$. These results were inconsistent with 

enzymatic degradation, since a contaminating enzyme would degrade the 

unlabeled DM as well as the 3H-DM, but instead the unlabeled material 

continued to renature to 80$. 

D. Breakdown of 3H-DM 

Several experiments gave further evidence that under renatura¬ 

tion conditions the 3H-DNA was degraded, perhaps to pieces too small to 
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Figure 9 

Renaturation of M. rouxii and B. subtllis DM's 
measured by hydroxyapatite fractionation. 

DM samples in 0.l4 M PB were sealed in capillary pipettes 

(labeled DM) or small vials (unlabeled DM), were heat- 

denatured for 10 minutes in a boiling water bath, and were 

incubated at 6o°C. At the sampling times the DM solutions 

were diluted to stop the reaction and were chromatographed on 

hydroxyapatite as described in the text. The eluates were 

analyzed for their radioactivity or Aggo an<^ 'the percentage 

denatured DM (0.14 M PB eluate) was calculated. All points 

are in duplicate. The symbols indicate the following: 

First experiment : 

Second experiment : 

O , B. subtills DM; ô , M. rouxii 
3H-DM after storage for 4 days at 4°C 
over chloroform. 

A , unlabeled M. rouxii DM after 

after storage for 6 months at -23°C ; 

A , M. rouxii 3H-DM after storage 
for 25 days at 4°C over chloroform. 
These DM's were mixed and renatured 
together. 
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renature. In the experiment presented in Figure 10 %-DNA was incubated 

under renaturation conditions for the times shown and was then chromato¬ 

graphed on hydroxyapatite using an initial elution at 0.01 M PB as ex¬ 

plained in Materials and Methods. Bernardi (l97l) has shown that single 

nucleotides or DNAse-digested DNA applied directly to a hydroxyapatite 

column are eluted at PB molarities less than 0.005 M. The percentage of 

0.01 M PB-eluted labeled material in this experiment (Fig. 10) increased 

linearly throughout; the percentage eluted by 0.14 M PB decreased at 

different rates during and after the first ten hours; and the percentage 

eluted by 0.50 M PB increased and then leveled off within ten hours. One 

might hypothesize from these results that (l) DNA renatured only within 

the first 10 hours and leveled off at 19$ renaturation, a percentage 

which agrees well with the data given in Figure 9J (2) the percentage 

of single-stranded DNA decreased most rapidly during the first 10 hours 

as some of it renatured and some of it was degraded; (3) subsequently the 

radioactivity in the 0.01 M PB eluates continued to increase and that in 

the 0.14 M PB eluates continued to decrease as single-stranded DNA was 

further degraded to oligonucleotides. The increased percentage of 

degraded DNA following heat dénaturation suggests the presence of single¬ 

strand nicks in the 3H-DNA. It is not clear why renaturation ceased 

entirely after 10 hours. Presumably any of the DNA which continued to 

elute with 0.14 M PB should have been able to renature. 

The data given in Figure 11 show the increase in radioactivity in 

the supernatant material after TCA precipitation and centrifugation of 
* 

the hydroxyapatite eluates obtained by the same method as in the previous 
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Figure 10 

Hydroxyapatite elution pattern of M. rouxil %-DNA after 
incubation under renaturation conditions. 

Samples of M. rouxil 3H-DM in 0.14 M PB were sealed in 

capillary pipettes, heat-denatured, and incubated at 6o°C as 

described in the legend to Figure 9* The hydroxyapatite 

chromatography of the diluted samples included an initial wash 

at 0.01 M PB to remove oligonucleotides (Bernardi, 197l)* One 

sample was chromatographed at time zero, before dénaturation. 

All points are in duplicate. The change in elution pattern by 

the process of heat dénaturation is shown by the dotted line. 

Symbols indicate elution by the following PB molarities: 

Ô , 0.01 M (oligonucleotides); O , 0.14 M PB (denatured 

DM); A, 0.50 M PB (renatured DM). This experiment was 

done after the 3H-DM had been stored for 14 days at 4°C over 

chloroform. 
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Figure 11 

Trichloroacetic acid precipitation of hydroxyapatite 
eluates of renaturing M. rouxii -^H-DNA. 

Samples of M. rouxii %-DKA. were sealed in capillary 

pipettes, heat-denatured, incubated at 6o°C, removed at the 

given times and diluted, and chromatographed on hydroxyapatite 

with an initial 0.01 M PB elution as described in the legend 

to Figure 10. The hydroxyapatite eluates were precipitated 

with an equal volume of ice-cold 20$ TCA. After 20 minutes 

on ice the precipitates were pelleted by centrifugation and 

the supernatant solutions were analyzed for radioactivity. 

The symbols indicate eluates from the following PB molarities : 

O , 0.10 M; O , 0.14 M; & , 0.50 M. This experiment 

was done after the 3H-DNA had been stored for 21 days at 

4°C over chloroform. 



^3 



44 

experiment. The TCA-soluble radioactivity from the 0.01 M PB eluates 

increased linearly as did the radioactivity of the eluates themselves 

(Fig. 10), while no TCA-soluble radioactivity was recovered in the 0.14 

M PB and 0.50 M PB eluates throughout the experiment. 

Two other observations were consistent with these results. First, 

a CsCl equilibrium centrifugation indicated that the radioactivity 

eluted by 0.01 M PB from hydroxyapatite did not band at all in the 

gradient, but remained dispersed throughout, providing evidence that the 

0.01 M PB eluate contained small, diffusable pieces of DNA. Second, 

degradation continued during storage at 4°C over chloroform, which was used 

to inhibit bacterial growth. Table II shows a comparison of 0.01 M 

PB hydroxyapatite eluates of a DMA preparation before and after storage 

for 30 days. This problem was not encountered with unlabeled DMA 

preparations. No attempt was made to determine the actual size of the 

DNA breakdown fragments. The possibility that the breakdown was tritium- 

induced will be discussed later. 



45 

Table II: Degradation of M. rouxii JH-DNA during storage. 

. Percentage of radioactivity eluted from 
hydroxyapatite with 0.01 M PB 

Immediately after 
preparation and 
purification 

After storage at 4°C 
over chloroform for 

30 days 

Un-denatured ^H-DNA 30# 

%-DNA, heat-denatured for 
15 min. i4$ 41£ 



46 

IV. DISCUSSION 

A. Analysis of results of competition hybridization 

The present study did not show significant qualitative differences 

between KNA populations from the two cell types of M. rouxii by competi¬ 

tion hybridization. This result will be analyzed from two main approaches: 

(1) a discussion of the percentage of input DNA hybridized, the results 

with KNA from another species and the limitations of the filter hybridi¬ 

zation technique, all of which suggest that only ribosomal KNA was detected 

in these experiments, and (2) a discussion of the KNA extraction proce¬ 

dure and of what species of KNA were actually present in the preparations 

used for hybridization. 

1. The percentage of DNA hybridized 

Using the total radioactivity of the KNA hybridized at satura¬ 

tion and its specific activity, one can calculate the amount of KNA and 

thus the amount of DNA hybridized as follows: 

Radioactivity of hybridized KNA _ 1C>3 cpm _ 0-5 micro g of 
Specific activity of RNA ~ 2 x 10i cpm/micro g ~ KNA hyb'd. 

Assuming a 1:1 (w/w) ratio of DNA to RNA hybridized gives 0.5 micro g of 

DNA hybridized. Since the filter retained 80$ of its 30 micro g of input 

DNA through incubation and processing, 

0.5 micro g DNA hybridized 
30 micro g DNA (O.8O) " 0,02 

Thus 2$ of the input DNA was hybridized in the absence of competitor in 

the experiment presented in Figure 6. This percentage can easily be 

accounted for by assuming that only the relatively abundant RNA species, 



i.e., ribosomal and transfer RNA were hybridized. Such an assumption 

is supported by data from other fungi. For example, ribosomal genes 

make up less than 1$ of the genome of N. crassa (Wood and Luck, 1969), 

2.4$ of the genome of S. çerevisiae (Schweiser et al., 1969), and 2.0$ 

of the genome of S. carlgergensis (de Kloet, 1970). 

2. Use of RNA from another species 

Results of the interspecies comparison of hybridization • 

behavior (Fig. 7) give further argument that hybridization was restricted 

to ribosomal RNA’s. Although the sequence homology of ribosomal RNA 

from the two Mucor 6pecies has not been compared directly, results of 

other studies gave reason to expect very similar hybridization behavior 

for ribosomal RNA from these two species. For example, one study 

(Taylor, 1967) compared hybridization between DNA from M. rouxii and 

ribosomal RNA from various fungi of a wide phylogenetic range, as well as 

ribosomal RNA from E. coli and chick embryo cells. With the saturation 

value of M. rouxii rRNA, that is, the highest amount of DNA which 

hybridized with a given amount of rRNA, taken as 100$, those of the 

heterologous rRNA's ranged from 0$ for E. coli and 3*9$ for chick embryo, 

through 66$ for M. genevensis to 85$ for Rhizepus oligosporus and 90$ 

for Pénicillium chrysogenum, indicating a high degree of conservation of 

rRNA genes among the fungi generally. Another study measured intrageneric 

conservation of genes for the high molecular weight rRNA (25S) among 

species of Saccharomyces (Bicknell, 1969; Bicknell and Douglas, 1970). 

The sequence homology between DNA's from these species ranged from 0 to 

40 percent, while that between their ribosomal RNA's ranged from 83 to 100 

percent. In the competition experiment presented in Figure 7> competitor 
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ENA from M. bacilliformis extracted by the cold phenol procedure eliminated 

60$ of the amount of radioactivity from hybrids which was eliminated by 

M. rouxil competitor ENA extracted by the hot phenol procedure. Although 

this difference is significant, it can be accounted for by assuming that 

there is a 60$ homology between the rRNA genes of these two species and 

that only rRNA was hybridized in this experiment. 

3* Limitations of the filter technique 

The limitations of the filter competition hybridization tech¬ 

nique have been discussed by various authors (e.g., McCarthy and 

McConaughy, 1968; Church and.McCarthy, 1968; Bishop et al., 1969; Walker, 

1969; McCarthy and Church, 1970 J Kennell, 1971 > Church and Brown, 1972) 

mainly with respect to two important factors; (l) complexity of the DNA, 

i.e., genome size and redundant sequences, and (2) frequency distribution 

of the ERA, i e., the different numbers of molecules per cell for dif¬ 

ferent ENA sequences. The first factor has little relevance to Mucor 

because of its relatively small genome and the apparent absence of 

repeated DNA. Two authors (Bishop et al., 1969; Kennell, 1971) have paid 

particular attention to the second factor, which is important in almost 

all cells and which will be discussed here. 

Since, in competition hybridization, the competitor ENA eliminates 

^H-ENA that would otherwise form hybrid, its effectiveness as competitor 

depends only on its ability to compete against those ^H-RNA species that 

form the bulk of the hybrid. These particular species are different at 

each 3H-RNA/DNA input and include more species as this ratio is increased. 

At low ratios, where the bulk of the hybrid is formed by ribosomal and 

transfer ENA, the competitor can eliminate a high percentage of the label 



while having only a very few RM sequences in common with the labeled 

RNA. In the limiting case, at very high ratios, all transcribed DNA 

sites might be expected to be filled and all RNA species competed 

against. In theory this would be the condition under which to draw 

conclusions about the relatedness of active DNA sequences. In practice 

such measurements are difficult because enormous amounts of RNA are 

required and the fraction of % hybridized becomes intolerably low 

(Kennell, 197l)• Thus the unequal frequency distribution of RNA 

sequences makes it almost impossible to draw quantitative conclusions 

from competition hybridization data, when experiments are done under 

conditions that do not ensure saturation of transcribed DNA sites, as is 

usually the case in filter competition hybridization. It is likely too 
* 

that the bulk of the hybrids formed in the experiments reported here 

contained only abundant RNA species (rRNA and tRNA). 

4. RNA Extraction Procedure 

Several times in this report the "hot-phenol" extraction of 

RNA has been mentioned, as one of a number of ways of obtaining heterogen¬ 

eous RNA (Kirby, 1964). The importance of temperature in phenol extrac¬ 

tions of RNA was first reported by Wecher (1959)» who used elevated tem¬ 

perature to obtain infectious RNA from West and East equine encephalo¬ 

myelitis viruses. Later Georgiev and Mantieva (1962) showed that they 

could extract rapidly labeled RNA from nuclei with hot phenol (55O-60°C). 

They also showed that the RNA extracted from both rat liver and Ehrlich 

carcinoma cells with hot phenol had a "DNA-like" base composition, i.e., 

percentage of guanine plus cytosine, and was therefore assumed to repre¬ 

sent "messenger" RNA, while RNA extracted with cold phenol (lO°-50°C) had 
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a base composition like that of ribosomal RNA, which has a higher G- + C 

content than does total DNA. Georgiev et al., (1972) have further ela¬ 

borated and developed this technique to include successive hot phenol 

extractions at increasing temperatures. They have shown by velocity 

sedimentation that successive extractions obtained different sized KNA's 

and that the 65°-85°C fraction contained the highest molecular weight, 

pulse-labeled nuclear RNA. 

Some variation of the hot-phenol method is now used by many inves¬ 

tigators for obtaining large nuclear and messenger RNA’s (e.g., Chet and 

Rusch, 1970 ; Hahn and Laird, 1971; Firtel, 1972: Davidson and Hough, 1971; 

Turner, 1971)• The basis for this preferential extraction based on tem¬ 

perature is not understood and is still questioned. Brawerman et al., 

(1972) showed that, at neutral pH's, polyadenylie acid-containing RNA 

sequences were bound to denatured proteins at the phenol-aqueous inter¬ 

face. These investigators used elevated pH rather than elevated tempera¬ 

ture to release these poly-A-containing sequences into the aqueous phase. 

Although polyadenylic acid has not been demonstrated in Macor, it has been 

found in both Dictyostelium (Firtel, et al., 1972) and in Saccharomyces 

(McLaughlin et al., 1973). IT present in Mac or perhaps it is not 

released to the aqueous phase by the single 6o°C phenol extraction step 

used in this work. 

Additional work in progress in this laboratory gives evidence that 

intact mRNA may be extremely difficult to obtain from M. rouxii. A tech¬ 

nique of cell disruption, removal of debris, and sedimentation velocity 

centrifugation on a sucrose gradient has yielded peaks corresponding to 

polysomes from Saccharomyces sp. The same technique has not yielded 
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polysomes from M. rouxii, but only a large monosomal peak. Attempts to 

adjust and vary a number of parameters, such as method of cell disrup¬ 

tion, type of buffer, general ionic strength, Mg++ concentration, pH, 

cycloheximide, RNAse inhibitors, or preservatives have failed to yield 

polysomes (j.S. Price, personal communication). While it is true that 

polysomes may be disrupted by some factor that does not cause total 

degradation of the messenger RNA molecule attached, it could be the case 

that polysomes are quickly reduced to monosomes by unusually rapid RNAse 

degradation during harvesting, for example, in M. rouxii. Perhaps the 

present work therefore does not look at mRNA molecules large enough to 

hybridize. Such a possibility ought to be considered when discussing 

results of hybridization using this organism. 

B. Breakdown of tritium-labeled DNA. 

The possibility that the observed degradation of tritium-labeled 

DNA was tritium induced will be discussed here. 

There are three causes of radiation decomposition of labeled compounds 

(l) "primary internal" decomposition or transformation due to decay or 

transmutation of the unstable nuclei; (2) "primary external" decomposi¬ 

tion due to interaction with emitted nuclear particles; and (3) "secondary 

decomposition due to reaction with free radicals produced by radiation 

(Bayly and Weigel, i960). 

With tritium labeling the primary external effects are by far the most 

important ones. Because the mean energy of the ejected p particle is rela¬ 

tively low (5.6 to 5.7 kev), it travels a short distance and deposits all 

its energy at very high densities within a fairly restricted volume 

(Feinendegen, 1967; Bockrath et al., 1968). Thus it may cause within the 
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labeled or unlabeled molecules, in the neighborhood of less than 6 

micrometers away from the decaying tritium, excitation and ionization 

with all possible consequences typical of direct radiation effects, 

including bond breakage. The site of the breakage need not be identi¬ 

cal to the initial tritium site (Feinendegen, 1967). Within the dimen¬ 

sions of a bacterium, for example, many primary ionizations occur for 

every transmutation event (Bockrath et al., 1968). Other isotopes are 

not considered to be as damaging in this respect, simply because their 

energy is not deposited in as restricted a volume as that of tritium. 

The authors referred to here (Bayly and Weigel, i960; Feinendegen, 

1967) are mainly concerned with proper storage of labeled compounds. 

The rate of decomposition they report occurs over periods of days or 

weeks. The breakdown observed in the present study, in contrast, 

occurred in a matter of hours, the incubation time for renaturation or 

hybridization. Other authors (Bockrath et al., 1968) are concerned with 

lethal effects in living cells. However, the number of bond breaking 

radiation events which is lethal is far less than that necessary to 

cause the breakdown observed in the present study. Furthermore, there 

have been successful hybridization studies using DNA labeled with tritium 

at high specific activity (e.g., Hahn and Laird, 1971; Turner, 197l)* 

Thus it is not clear that the observed breakdown of 3H-DNA in this study 

was indeed tritium induced. The evidence against enzymatic degradation 

has already been discussed. Other types of chemical decomposition due 

to impurities have not been ruled out. 
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C • Use of Hybridization by Other Investigators 

I. Filter hybridization with fungi 

Despite the limitations of the filter technique for com¬ 

petition hybridization discussed above, this technique has been widely 

used in the past; in some cases the authors have attempted to draw con¬ 

clusions of a quantitative nature from the results (e.g., Glisin et al., 

1966; Widholm and Bonner, 1967). The technique continues to be used at 

present, usually with more cautious interpretations. Three studies 

with fungi will be mentioned here. Chet and Rusch (1970) used competi¬ 

tion hybridization experiments with Physarum polycephalum to compare RNA 

from cultures undergoing spherulation with RNA from exponentially growing 

cultures. They concluded that some classes of RNA were ''depressed or 

quantitatively diluted" during spherulation. Stavy (Rodeh) et al., 

(1972) used the same technique to test for differences in transcription 

following photoinduced differentiation in Trichoderma viride. They 

could detect no changes in RNA transcription directly following induc¬ 

tion, and suggested that limitations of the technique could be one reason 

for this failure. Bhagwat and Mahadevan (1973) used competition hybridi¬ 

zation to compare RNA from N. crassa at selected growth periods after 

germination of conidia. They attempted to deduce percentage homologies 

between RNA's from these growth periods. Even though they used pulse- 

labeled RNA rather than RNA labeled for long periods, an unequal fre¬ 

quency distribution among mRNA species alone would call into serious 

question their quantitative deductions. 
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2. 11 In-solution" reactions 

Some recently reported experiments have gone a long way 

toward overcoming the limitations of filter hybridization discussed 

above. These experiments make use of very high nucleic acid concentra¬ 

tions and/or very long reaction times, and are therefore called "high 

CQt reactions" (Church and Brown, 1972). Experimenters use either a 

large excess of unlabeled RNA with a small amount of highly labeled DNA 

(RNA-driven reaction) or a large excess of unlabeled DNA reacting with a 

small amount of highly labeled RNA (DNA-driven reaction, Bishop, 1972). 

The first method will be discussed here, since, up to now, it has been 

the most widely used. 

High C0t hybridization is done with all nucleic acids in solution, 

rather than bound to a filter or other supporting medium. Hybrids are 

usually assayed by hydroxyapatite separation of single-stranded and double- 

stranded nucleic acids. The in-solution reaction rate is 20 times that 

of the filter rate for the same system (McCarthy, 19&7) • It has been 

reported also that formamide and high salt (conditions used in the present 

study) yield slower rates of reaction than do comparable aqueous reactions 

(Church and Brown, 1972). The higher in-solution reaction rates permit 

a closer approximation of saturation conditions. 

Several controls are needed for high CQt, in-solution reactions in 

addition to those needed for filter experiments. In the RNA-driven 

reaction the complexity of the DNA, as reflected in the C0tL value, is 

taken into consideration and the DNA concentration is kept low enough to 

minimize self-reassociation of the DNA. A control for self-reassociation 
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is included, i.e., a reaction mixture containing no RNA. At very high 

concentrations of RNA needed for the RNA-driven reaction, possible DNA 

contamination of the RNA is a serious problem. Thus the additional 

control of base hydrolysis or RNAse treatment of the hybridizing RNA 

is included to show that hybrid formation is due to RNA and not to con¬ 

taminating DNA. 

In order to minimize the base mismatching and consequent misinter¬ 

pretation due to the presence of partially redundant DNA and also to 

ensure that conclusions are relevant to unique DNA, investigators who 

have done in-solution hybridization have removed the reiterated 

sequences by allowing them to reassociate under conditions for DNA 

reassociation and then separating them from the unreassociated unique- 

sequence DNA (Hahn and Laird, 1971; Firtel, 1972; Davidson and Hough, 

1971; Turner, 1971; Brown and Church, 1971; Gelderman et al., 1969; 

Gelderman et al., 1971; Davidson and Hough, 1969). The hybrid product 

formed at high RNA/DNA ratios with this unique DNA has a Tm which 

approaches that of DNA-DNA reassociation duplexes, indicating a minimum 

of mismatching (Brown and Church, 1971)* 

The RNA/DNA ratios used in these experiments are usually at least 

1000:1 (Hahn and Laird, 1971) and may be as high as 64,000:1 (Firtel, 

1972) • It is assumed that at these high ratios the DNA becomes 

"saturated”, that is, every RNA transcript is in such excess of its 

transcription site that it will probably be able to hybridize, and there¬ 

fore all DNA sequences with transcripts present in the RNA preparation 

will form hybrids. These experiments therefore give a quantitative 
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estimate of the percentage of the genome transcribed in a given cell 

type or developmental stage. Firtel (1972) has argued that in his 

experiments saturation conditions were very closely established. Using 

a given ENA to DM ratio per cell and the given CQt values, he has cal¬ 

culated that he could have detected an EM species present only once 

per cell. He admits that, due to differential efficiency of extraction 

of EM species and to other difficulties of reaching saturation, his 

results represent a minimum estimate of the transcribed DM. Nevertheless, 

Firtel's measurements and similar results from other organisms give the 

best estimates available to date of the percentage of the eukaryotic 

genome which is transcribed in a given cell type or developmental stage. 

A summary of these experiments is given in Table III. 

The highest percentage DM hybridized, shown in Table III is 28$ for 

the combined stages in the life cycle of D. discoideum. Assuming 

asymétrie single-strand transcription, one sees that this represents 

actually 56$ of the unique DNA or 28$ of the total DM. Similarly, in 

the larval stage of D. melanogaster, 48$ of the unique DM or about 41$ 

of the total DM is expressed. At the lower extreme, in the Xenopus 

lampbrush oocyte only 0.28$ of the unique DM or 0.14$ of the total DM 

is expressed. The percentages of DM which are transcribed raise intri¬ 

guing questions when considered in terms of the number of "typical” 

proteins for which they could code. In the last column of Table III the 

percentages of DM hybridized are converted to the numbers of sequences 

of 1000 nucleotides in length, that is, the information necessary for a 

"typical" protein of about 330 amino acids. It is most interesting to 
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compare these numbers to the total informational capacity of the entire 

E. coli genome, which is about 4 x 10 ^ sequences of 1000 nucleotide 

pairs. The data on Table III suggest that the transcribed unique DNA 

of N. crassa and D. discoideum is approximately equal in complexity to 

the E. coli genome. In the higher organisms, however, the complexity 

of this transcribed unique DM is orders of magnitude greater than that 

of the E. coli genome, even though the percentage of the genome tran¬ 

scribed in these organisms is very small. What is the function of this 

large amount of EM? Is it conceivable, for example, that a mammalian 

liver cell needs 20 times the protein complexity to carry on its func¬ 

tions as is needed by the E. coli cell? It is possible, and indeed likely, 

that some of the ENA transcripts detected by hybridization are not trans¬ 

lated into proteins, but rather act themselves as factors in regulation 

of differentiation. There is evidence that some KM sequences never leave 

the nucleus (Shearer and McCarthy, 1967) or that they are rapidly 

degraded before they are translated (Georgiev et al., 1972). The role of 

non-translated RM, as well as that of non-transcribed DM, in cellular 

differentiation continues to be an interesting developmental question. 
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V. CONCLUSION 

Competition hybridization by the filter technique has not revealed 

qualitative differences in ENA populations from aerobically grown fila¬ 

mentous cells and anaerobically grown yeast-like cells of M. rouxii. 

Limitations of the hybridization technique and ENA isolation methods 

have been discussed as possible reasons for this result. 

DNA renaturation experiments have given a genome size of 7*2 x 10^ 

daltons for M. rouxii, with no evidence of significant DNA redundancy. 

The difficulties of obtaining highly labeled, stable %-DNA have 

made it impossible to do in-solution hybridizations. The sources of 

these difficulties have been discussed. Preparing DNA labeled at high 

specific activity with a radioisotope other than tritium might hold 

promise in answering the truly interesting question of how much of the 

genome is transcribed in the two morphological states of this primitive 

eukaryote. 
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