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IN'TRO DUC1r TON 

LIFE CYC LE OF YEASTS 

The character istic method of vegetative cell multi

plication in Saccharomyces yeasts is budd ing. In this 

pr ocess the mother cell develops a bud which swell s and then 

is released as a daughter cell. Cagniard-Latour ( 1838 ) 

observed the presence of " bud and bir th scars " and described 

precise dimension s of the cells and their mode of repr oduc 

tion ; however , little attention \Alas given these structures 

until the detailed study by Bar ton i n 1950. Barton demon

strated the presence of both " bud scars '1 and " birth scars " 

on the walls of the mother cell and of the n ewly formed 

daughter cell. vlhen these cells themselves pr oduce more bucls , 

upon detachment , each of the daughter cells leaves a bud scar 

upon the mother cell. The bud scar produced is situa t ed 

diametr ically opposite to the birth scar . Calculations 

based on an average size yeas t cell by Bartholomew and Mitt

wer (' 1950 ) revealed that the maximum number of bud scars 

on a cell would be on the order of 100. Bar ton ( 1950 ) 

stated tha t buds n ever formed at the same site as an old scar 

and so the repr oductive li fe of a yeast cell is definitely 

limited. · Mor e than 20 bud scars on any one c ell was not found 

out of the several hundred cells that were photographed by 

Bartholomev; and r11 ttNer. Bower s and McClar y ( 1964 ) studied 

1 
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thin sections of cultures of Saccharomyces cerevlsiae in var

ious phases of the budding cycle using the electron micro

scope. Budding began with an ever increasing protuberance 

of the cell wall from the mother cell. The nuclear division 

was mitotic and one of the resulting diploid nuclei remained 

in the parent cell. With increase in size of the bud separa

t ion occurred by an annul ar groHth of cell wall material. 

The first acceptable descr iption of yeas t ascospores 

was publis1ed by DeSeynes ( 1868 ) . Sexual reproduction in 

yeast involves the production of ascospores , the " sporogenic ., 

process . Nuclear reduction division occurs in the "ascus " , 

the last cell of the diploid stage , where meiosis takes place , 

and results in the production of four haploid nuclei of sexual 

spores in Saccharomyces c erevis1ae . Unlike vegetat ive repro

duction l'lhich occurs in common yeast nutrient media quite 

readily, spor ulation of yeast cells requires the restriction 

of nutrients. Stantial ( 1935 ) reported that some strains 

of yeast would sporulate readily in dilute solutions of cer

t ain sugars , or acetates , or both together , and this has been 

abundantly confirmed by worker•s such as Elder , ( 1937 ) ; 

Adams , ( 1949 ) ; Fowell , ( 1952 ) ; Adams and I•Uller , ( 1954 ) ; 

and many others . I'-Ull er and Halpern ( 1956 ) found that op

timum sporulation occurred in a hexose concentration that was 

much belm'l the optimum for vegeta tive growth. Also , a supply 

of assimilable nitrogen and of minerals other than that con

tained in the cells was not required. Thus, yeast cells when 
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transferred to a restrictive medium from a nutritive medium 

will proceed to sporulate and produce ascospores. If the 
' nutrient supply in a vegetative growth culture becomes ex-

hausted, the vegetative cells become " starved " and may pro

ceed to sporulate. It is emphasized here that the yeast 

ascospore is produced under conditions where vegetative re-

production is not possible. 

Yeast ascospores are produced as a reaction to un-

favorable nutritive conditions, but, unlike spores of bac-

teria, yeast spores are not markedly more resistant than vege

tative cells to influences such as heat and disinfectants, 

though there are slight differences according to Ingram ( 1955 ). 

Using the data obtained by Lund ( 1951 ) and others, Ingram 

concluded that " wet " ascospores, that is, in suspension> 

usually could withstand temperatures 'l'lhich were 5-10 degrees 

higher than vegetative cells. HoHever, when the ascospores 

have been dried the resistance to heat was much greater. Al

cohol, which kills vegetative cells, was resisted by mature 

ascospores for a long time and viable ascospores can be sep

arated from vegetative cells better in this way than by heat-

ing. Once ascospores are formed they remain in a dormant 

state until sufficient nutrient and/or favorable conditions 

are provided whlch will allow their germination to occur. 

Thus the significance of the sporogenic process in yeast in

cluded the proVision of a mechanism which allows for survival 

when yeast cells are exposed to unfavorable grOi<J"th cond1 tions. 
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The provision of a mechanism \'Y'hich allows fot~ gene

tic variation to occur is a second and equally important 

function of this sporogenic process in yeast. Comprehensive 

studies by Winge and Laustsen ( 1937 ) presented conclusive 

evidence that genetic segregations occurred during spore 

formation wl11ch ~·;as preceded by reduction d1 vision. These 

workers observed this phenomenon regularly, each time all 

the four spores of an ascus were isolated. By the formation 

of giant colonies from each of the isolated spores they 

found that the differences between the four haploid clones 

of yeast originating from the same ascus was often great. 

These workers established that heterozygosity in more than 

one gene t'las common in the segregations and that crossing

over may occur frequently dur•ing reduction division. 

The mature ascospore of the Saccharomx9~ yeast ger

minates to produce haploid vegetative cells which proceed to 

reproduce vegetatively by budding. !1atings or copulations oc

cur between these haploid spores ( or the buddil1g haploid 

cells ) to produce zygotes which.bud off diploid vegetative 

cells. Ingram ( 1955 ) noted that it was unusual to find 

much vegetative proliferatj · :: in both haploid and diploid 

generations in any one yeast species. Saccharomyces cerevisiae 

for example, is normally diploid, that is, vegetative pro

liferation occurs mainly in the diploid phase. Winge :( 1935) 

sho'L'red that conjugations betNeen the haploid cells occurred 

some generations subsequent to the germination of ascospores 

of Saccl?_aro_!!!yces \'Jhich did not conjugate. pairwise. 
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The main stages of the life cycle of Saccharomyces 

yeasts can be summarized as follows: 

(1) The characteristic method of vegetative reproduction is 

by budding. A protuberance or bud is developed by the mother 

cell \<lhich sw·ells and then is released as a daughter cell. lls 

each bud develops, the nucleus undergoes mitotic division and 

one of the t\·10 daughter nuclei enters the bud before it de

taches from the mother cell. This process continues indefin-

1 tely as long as favore.ble conditions for gro'L'Tth are main

tained. 

(2) Sporulation provides the mechanism for sexual reproduc

tion of diploid vegetative cells. In this process, the nucleus 

in any such cell may undergo meiotic ( reductional ) division 

producing four haploid nuclei. A spore wall forms around 

each haploid nucleus to produce the ascospore. The vegetative 

cell has nov1 become the ascus. The yeast is now in the rest-

ing or dormant phase of its life cycle. 

(3) Germination occurs when the dormant spore is placed in a 

favorable environment, generally-a medium suitable for growth. 

In this process spores swell, bud, a11d then continue to re

produce vegetatively by budding. 

(4) Conjugations between pairs of haploid cells of opposite 

mating type result in the production of the diploid state 

once again. This may occur early in the germination process 

between spores or later between haploid vegetative cells pro

duced from germinated ascospores. 
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SPORES OF BACTERIA AND FUNGI 

Halvorson and Sussman ( 1966 ) employed the term 

" spo1~e " to describe " any reproductive structure found in 

microbes ". A prefix to this ter•m denoted the origin of the .. 

spore or the name of its container. For example, fungal 

ascospores are spores formed within the ascus; basidiospores 

are exospores formed on basidia; teliospores are spores within 

which nuclear fusio11 in the rusts occur; and bacterial end.o

spores are spores formed inside bacterial cells. 

Bacterial enc1ospores occur most frequently in the 

gram-positive rods of the genera Bacillus and Clostridium, add 

much less often in some species of Vibrio, Spirillum, and 

Sarcina ( Lamanna and Hallette, 1953 ) • Bacterial spores 

and to a lesser degree fm1gal spores possess the ability to 

resist extremes in temperature and other physical stresses. 

VanNiel ( 1955 ) suggested that the property of spore resis

tance was an important factor in survival. For example, no 

spore-formers are lrnm·n;~ \•J'hlch thrive in media unsuitable for 

growth of nonspore-formers. Apparently, spore-formers have 

found competitive advantage in nature via their resistance 

to adverse conditions in the environment. 

Spores can be considered to be timing devices which 

ensure that active growth occurs when condi tiol.1s are most 

favorable, in addition to their roles of survivability and 

disseminability. This ecological adaptation would confer 

selective advantage upon organisms l>7hich live in fluctuating 

environmental conditions ( Halvorson and Sussman, 1966 ) • 
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Knaysl ( 1948 ) postulated that autogamic sexual pro

cesses t-.rere involved in the formation of endospores of bac

teria. The claim was that at the time of sporulation the 

nucleus, consisting of a single chromosome, divided length

wise equally, the tt1o chromosomes subsequently uniting in an 

autogamous sexual process accompanied by chromatin reduction 

( Robinm·1, The Bacteria~ 1960 } • Hot-lever, recent electron 

microscopy of spore formation in bacteria has eliminated this 

possibility as fusion preceding spore formation was not obser

ved (Young and Fitz-James, 1959 ). On the other hand, many 

dormant fungal spores a1~e produced by the haploid portion of 

the life cycle (Halvorson and Sussman, 1966 ). 

BACTERIAL SPORE FORHATION 

Lamanna and Nallette ( 1965 ) state that (i) the 

optimum conditions for bacterial sporulation are like those 

for growth of the vegetative form, the permissible variation 

being within narrm1er limits than those for growth and. ( ii) 

the sporulation process commences after the period of most 

rapid vegetative grOi'lth. These tvro generalizations probably 

indicate that physiologically vigorous parent cells are re

quired and that a tl"•igger mechanism for sporulation is oper

ative, as the sporulation in a culture is not a gradual pro

cess but one in which within a relatively short period of 

time sporulation is initiated and completed. 

The sporulation process requires an extensive de ~ 

synthesis based on lovr molecular weight presuPsors derived 
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from the breakdovm of vegetative cytoplasmic components. Holz

muller ( 1909 ) found that with five species of Bacillus endospores 
' 

were formed only by well-nourished bacterial cells. Foster and 

Heligman ( 1949 ) demonstrated that Bacillus cereus grew well but 

sp?rulated poorly in a glutamate-salts medium. The addition of 

glucose increased growth by a factor of only 2.3% but increased 

sporulation almost 100 fold in comparison to the increase in 

growth factor. In this case it appeared that glutamate alone was 

adequate as a carbon source for vegetative groHth but that cells 

produced in such a medium were lack:tng in energy reserves suffi

cient to cause a high degree of sporulation. Hardwick and Foster 

( 1952 ) also found that several Bacilli grovm on glutamic acid-

salts medium sporulated poorly when transferred to distilled·water; 

but, sporulation was increased by addition of glucose to the 

groNth medium. The:l also found that cells of Bacillus m1.9oides. 

produced in a medium low in nitrogenous material failed to sporu-

late Nhen shaken in distilled vmter, whereas cells produced in a 

nitrogen-rich medium spouulated readily. Thus the ability of spor

angia ( cells ) to form spores depends on the adequacy of the 

intracellular reserves. They concluded that a cell impoverished 

in regard to its protein content loses its ability to sporulate. 

Many of the physiological features characteristic ·of 

bacterial sporulatj_on are also found_ in the sporulation process of 

many fungi ( ~'liller, 1959 ) • 
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Sporulation or the conversion of a vegetative cell 

to the dormant state, is accompanied by extensive changes in 
•' 

the structure of the cell. The electron microscope has pro-

vided the means for the elucidation of the fine structure of 

the bacterial endospore: Bacillus subtilis, Takagi et al., 

( 1956 ); ~illus cereus, Young and Fitz-James, ( 1959 ); 

Bacillus £Ol~my~a, Holbert, ( 1960 ); and many others. The 

role of internal membranes in the sporulation process has 

been clarified by the elegant studies of Fitz-James ( 1960, 

1962a,b ) in Bacillus and Clostridium and by Ohye and Murrell 

( 1962 ) in Bacillus. Early in the sporulation process in-

folding of the cytoplasmic membrane occurs and a differentia

ted area termed the " forespore " is produced, a double mem

brane which surrounds the spore nuclear material. This pro-

cess seems to be under the con·trol of membranous organelles 

termed "mesosornes "· 

Although the fine structure of enclospores differs 

somewhat from one species to another, generally, the central 

core is surrounded by a delicate membrane termed the " spore 

wall ". This eventually transforms into the 11 cell wall " 

of the nei'l vegetative cell produced upon germination ( Mayall 

and Robinm·J, 1957; Hashimoto and Naylor, 1958; Robinm'l, 1960; 

Takagi ~ al., 1960 ) • S1~rrounding the spore l:lall is a 

second layer, the " cOI•tex ", which is thicker and of rela

tively low density. Enclosing the cortex is the 11 spore coat '~ 

which is reported to consist of 1-4 layers depending on the 
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species { Robinm1, 1953; Nayall and Robin ow, 1957; Hashimoto 

and Naylor, 1958 ). The spore coat may be smooth, grooved, ur 

raised into ridges. Finally, the " exosporium " may surround 

the entity fitting snugly at the sides but protruding beyond 

the end of the spore. 

The remarkable resistance of the endospore implies 

that their chemical composition and physical structure differ 

radically from the pare11t vegetative cells. Sporulation is 

a process \1hich includes chemical changes as t-lell as physical 

changes 'Nhich are visibly detected. One of the most striking 

features of endospores is that d1picolin1c acid is present 

in all bacterial spores but is absent from the vegetative 

cells. This compound makes up 5-15% of the dry weight of the 

spore. Among others, this compound is released from the 

germinating spore and simultaneously to this the heat resis

tance property of the spore is lost. Thus it appears that 

dipicolinic acid is involved in the phenomenon of spore 

resistance { Povrell, 1953 ) • 

FUNGAL SPORE FORHA'J.liON 

Although most frequently filamentous in terms of 

microscopic structure, fungi also exist in single-celled 

forms, for example, many ·or the yeasts. Carpenter { 1961 ) 

states that there are five classes of fungi belonging to a 

subgroup of the Thallophytes, ~·Jhich comprise the second di vi

sion of the Plant Kingdom: I1yxomycetes, Phycomycetes, Asco

mycetes, Basidi.omycetes, and Fungi Imper>fecti. The terms 
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'' molds " and " yeasts 11 have no taxon omic significance a s 

they are colloquial designat ions for forms that canno t be ac

curately defj.ned. Molds are usually described as filamentous, 

multicellular fungi in wh ich the filaments or " hyphae " branch 

and sometimes rejoin to fo r m a tangled mass which is referred 

to as 11 myceli um ". Jllolds reproduce by spore formation and 

two types of spores may be produced: sexual and asexual. 

Both of these types of spores are formed by the Phycomycetes 

and Ascomycetes, while only asexual spores are formed in the 

Fungi Imperfecti. 

Asexual spores are pr oduced by the mycelium Vii thout. 

nuclear fusion. There are several kinds of asexual spores 

and the type of spore is more or less characteristic of the 

species. For example, sporanglospores are produced 'Ni thin a 

swollen structure , the " sporangium ", on the end of fertile 

hypha of a nonseptate mold or Phycomycete. The Ascomycetes 

and many Fungi Imperfect! bear exposed or unprotected spores, 

" conidia ", upon fertile hyphae ca lled 11 conidiophores u. 

The ascus is the one structure which is common to all 

fungi b longing to the Class Ascomyceteae . Sexual spores are 

produce follm.;lng nuclear fusion. The young ascus is a bi

nucleat cell which is well supplied with nutrients. The two 

nuclei hlch are usually considerably larger than those of 

the veg tative mycelium fuse forming a diploid nucleus. This 

nucleus enlarges quite consider ably and divides meiotically 

to form four nuclei which in the great majority of cases 
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divides again. The portion of the ascus cytoplasm which 

s each nucleus is separated from the remaining cyto

= eplplasm ) by the formation of the cell Nall, thus 

forrnin the ascospore. The cytoplasm of the ascospore builds 

spore, the inner layer of the spore ~all ( Bessey , 

1950 ) • 

Lowry and Sussman ( 1958, 1965 ) have studied the 

surface of ascospores of the fungus NeurosE£~ tetrasperma 

derable detail. The " endospore wall " is the most 

surface str•ucture of the spore and it sur rounds the 

st. The layer immediately surrounding the endospore 

is the ' epispore v1all ". The epispore and the endospore 

ovide support and rigidity to the spore and maintain 

e. The " perlsporlc " structures include all the 

layers all other elements of the spore Hhich surround the 

oper and v.,rh 'ic h can be absent without interfering Hi th 

the tioning of the spore. The per isporic structures include 

the " s bper1spor1c laye1~ " , which is often very thin and on 

rface is a membranous pellicle, the " per1spor·e ". 

For the study of the physiology of endospore forma tion 

fungi " the yeasts are the ideal representatives 

accor di g to Miller ( 1959 ) in view of their predominately 

lar na ture and the fact that the process of endospore 

u can be accomplished by individual cells of spore

rains uncomplicated by a necessity for preliminary 

ent of mycelium and fruiting bodies. 
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The ascospore of yeast was discovered in 1868 by 

DeSeyne and since that time intermitten t attention has been 

the sporogen ic pr ocess in yeast ( Miller and Hoff

enhof , 1964 ) • Not as much is knmrn concerning yeast 

ion as compared to bacter ial spor ulation,however 

oni , 1961 ) • 

Pontefract and Miller ( 1962 ) observed that yeast 

peared to increase in size after t ransfer to a sporu

lation edium. It was discovered that small granules become 

visible in sporulating cells after five hours in sporulation 

medium; and these granules become mor e con spicuous as aporu

la tion r egresses. Nagel ( 191+6 ) and Kleyn ( 1954 ) have 

noted t e appearance of gran ular cytoplasm in sporulating 

yeast c Mundkur ( 1961b ) using electr on micr oscopy 

tra11sferred from growth culture 

to acet te sporulation medium, observed that after six hours 

in this sporulation medium the dense heavy concentration of 

ribosom of actively budding cells decreased greatly. 

Accompa dec1.,ease \'las a progressive vacuolization 

of the ell and the numerous small vacuoles which were formed 

increas d in size and con fluency t.·Il th continued exposure to 

obs erve 

( 1946 ) and Pontefract and Miller ( 1962 ) 

the nucleus appeared to become larger and less 

dense v-1 en the cell had been only a few hours in the sporula-

tion me The diploid nucleus of the sporulating cell 
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divide reductionally ( = mei otically ) to form four haploid 

nuclei. This vms established by the work of Winge 

and vl1nge and Laustsen ( 193'7 ) wnose cytological 

tical evidence showed that i n sporulation the diploid 

nucleus of the vegetative cell underv;ent reductional division 

t o form a tetrad of haploid nuclei . 

The deposition of t he spore walls is the next stage 

i n the por ogenic process. Mundkur ( 1961b ) gave figures 

that each haploid nucleus along Nith a small quantity 

lasmic partic les were enclosed within a vacuolar 

cavity nd the spore wall ttms l aid dovm along the outer marg:..n 

of the lear zone surrounding each nucleus. Outer and i nner 

spore w lls form and as the spore matures the volume of the 

cytopla m t hey enclose increases in size ( t'JcClary et: al., 

1957b ; I ashimoto ~ al. , 1958, 1960; Marquardt , 1963 ) • 

Nagel ( 1946 ) , I1agni ( 1958 ) , and Pontefract and 

Mi l ler 1962 ) observed unen€losed nuclei in the cytoplasm 

outside the spores. Thus even t hough a single nucleus is 

contain d i n each spore ( Hashimoto et al. , 1958 ) each 

nuc leus of the t etrad does not necessarily become surrounded 

by a sp re v.;all and so 1- , 2- , and 3-spored asci occur f re-

quent1y 

A considerable amount of cytoplasm or epiplasm is 

located in t he spac e between t he immature spore and the ascus 

wall wh n the spore membrane fi rst appears ( Miller and Hoff

rnann-Os enhof , 1964 ). Hashimoto et al. ( 1960) and 

l1arquar ( 1963 ) showed that this epl plasm c ontained lipid , 

glycogen , ana rnitoehond!• i a o The spores a lso conta ined mi to-
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During spore matur·ation the epiplasm diminishes in 

amount greatly and mostly disappears ( l'Uller• and HoffmanE

Ostenhof, 1964 ). Epiplasrnic material was observed to add 

to the outer l'J'all of the ascospope making it thicker and more 

electron dense by Marquardt ( 1963 ). Miller and Hoffrnann

Ostenhof. ( 1964 ) inferred that some of the disappearing ep1-

plasrn was transferred into the spores since the cytoplasm 

within the spore increased in volume during the maturation 

process. Harquardt ( 1963 ) showed that the spore cytoplasm 

became denser than the epiplasm so that the volume increase 

was not due to water absorption. 

SPORE GERIUNATION 

CRITERIA 

Germination has been descr•ibed as a process which 

leads to an irreversible stage that is distinctly different 

from the dormant organism (Halvorson and Sussman, 1966 ). 

Thus the emergence of a germ tube from the spores of fungi or 

the unilateral S't'lelllng and/or release from the spore \'tall 

are examples of morphological alterations occurring which 

represent this i:r.~reversible stage. DeBary ( 1887 ) considered 

bacterial spores as having germinated when the spore had ac

quired all the characteristics of a vegetative cell. Physio

logical criteria such as loss of acid-fastness, or loss of 

resistance to environmental stresses, or respiratory rate 

increases, have been applied to the study of germination of 

spor•es in an attempt to detect the irreversible stage. The 

workers ill the get>mination field are div-ided in their choice 
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Because the study of spore germination necessitates 

a criterion of germination, Halvorson and Sussman ( 1966 ) 

have presented 11 guide lines " useful for 'Che evaluation of 

criteria of germination. They specify that the criterion 

chosen should adhere to the following principles. The tech-

nique should be accurate ancl convenie11t to use. Different 

criteria of germination will have to be used with different 

organisms as spores of various types germinate in a wide 

variety of pattet•ns. The criterion should point out the 

stage which is irreversible or commits the spore to further 

development. 

The subject of bacterial spore germination has been 

extensively studied for the last two decades. The bacterial 

' spore is an excellent entity for the stucly of germination for 

many reasons. Sporulation of all of the cells in a culture can 

be obtained and many cr~.teria of germination can be applied to 

follov1 the course of germination, such e.s differences in the 

morphological properties of bacterial spores and cells, or 

physiological and biochemical changes 1·Jhich occur during germ-

ination. No complications arise as there are only few vege-

tative cells, if any, present in the spore suspension and 

there is only one spore per cell. Thus optical density mea

surements and other physical-morphological techniques can be 

used, as there is little contribution to growth by vegetative 

cells present in the suspension to interfere with measurements. 
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Accordit1g to Lamanna and I1allette ( 1965 ) cells 

soaked in carbol fuchsin take up phenol and dye preferentially 

from the staining solution. Organisms stained with carbol 

fuchsin generally appear more intensely coloured than the 

staining reagents applied; in other wor·ds, sharing of the dye 

and phenol occul"s beti'reen the carbol fuchsin and cell accord-

ing to a distribution coefficient favoring a higher concen

tration l..;i thin the cell. This is expected as acid-fast organ

isms usually contain materials favoring the greater solubility 

of phenol and dye within the cell than in carbol fuchsin. 

Cellular lipids which are soluble in organic solvents ( but 

insoluble in water ) play a most important role in determining 

the distribution of dye and phenol between the cell and 

decolourizer. The phenol-dye in the cell acts as a part of the 

liquid phase. The cell t'lall of acid-fast organisms and bacterial 

endospores retards the penetration of the staining reagents 

due to permeability characteristics, and so, the temperature 

usually must be raised in order to drive the stain into the 

cells or spores within a reasonable length of time. How·ever, 

this step ~tms omitted in this study as it was found to be 

unnecessary for the staining of yeast ascospores, as well as 

eliminating a source of val"iabili ty due to unequal heating 

times and strengths of application. A longer period of time 

of exposure to the stain at room temperature in a stain:tng 

jar of the yeast ascospores allmved sufficient dye uptake. 

Upon addition of a decolorizer to nonacid-fast cells, thG dye 

leaves the cell because of the greater solubility in the 
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inorganic acid. However, in the acid-fast entities the sol

ubility of the dye-phenol is postulated to be relatively 

greater in the cells than in the decolorizer ana_ as a result 

only small quantities of colour is lost. Acid-fast organisms 

must possess a cell wall which resists the rapid movement out 

of the cell of any of the dye and phenol that dissolved in 

the decolorizer within the cell. 

Spores of yeast were freed from the asci by Emeis 

( 1958 ) as a result of homogenization of sporulated cells 

with glass powder, a procedure which destroyed the ascus 

walls. Upon addition of paraffin oil to the mixture an emul

sion or partitioning resulted as spores collected in the 

paraffin layer. As lipid molecules are more soluble in organic 

solvents it t-ms assumed that the outer surface of the yeast 

spores must be lipid in nature. This and other evidence 

( Schumacher, 1926; Miller and Eelnurme, unpublished ) indi

cates that a superficial lipid layer surrounds the spore wall 

in contrast to the vegetative cells. This hydrophobic lipid 

layer has been assumed to account for the failure of spores to 

stain readily with aqueous methylene blue ( Lindegren, 1947 ) 

and ruthenium red ( Miller and Kingsley, 1961 ) which easily 

stain vegetative cells. Electron micrograph study by Marquardt 

( 1963 ) of yeast spores clearly showed that cytoplasmic 

material which -vras more electron dense that the inner spore 

coat or ascus t'lall was deposited on the surface of the spore 

forming an outer covering. The nature of the lipid substance 

surrouncllr1g the yeast spore has not been .determined. 
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Vegetative cells of yeast and germinated ascospores 

do not retain the original dye colour as they are decolorized 

with acid-alcohol. Hashimoto~~., in 1958, used as their 

criterion of germination of yeast ascospores the complete 

loss of resistance of the yeast ascospores to staining by 

basic dyes after alcohol fixation. 

Measurement of respiratory activity can serve as an 

indicator of germination using the Warburg respirometer and 

standard manometric techniques. This technique has been used 

with great success with both fungal and bacterial spores, as 

the germination of spores usually proceeds l'li th increased 

respiratory activity. For example, Goddard and Smith ( 19.37) 

studied the germination of Neurospora tetrasperma ascospores 

and observed increased respiration in the germinating ascospores. 

Also, Halvorson and Church ( 1957 ) used the Warburg respiro

meter to measure the oxygen uptake by dormant, activated, and 

germinating endospores of Bacillus cereus in the presence of 

glucose. It was found that dormant spores had an extrem~ly 

lol't oxygen quotient whereas the value increased greatly dur-

ing activation an~ germination processes. 

BACTERIAL SPORE GERivTINATION 

The process of germination comprises several distinct 

stages and there is great variation in the process itself as 

there are a great variety of spore types which may germinate 

in different ways. Upon the transfer of bacterial endospores 

to a favorable environment the endospore proceeds to germinate 
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or revert baclc to the vegetative state once again. Various 

criteria of germination, such as dye uptake, manometric 

measurements, and direct microscopy, reveal that germination 

of the bacterial endospore occurs in stages. 

The first stage consists of an increase in stainability 

of the endospore, a decrease in optical density, and a loss 

in the property of heat resistance. Also, aerobic species of 

bacteria· show a rapid increase in respiratory activity. The 

spore volume undergoes 1 ts greatest incr·ease in the seconc1. 

stage of germination. The linear increase to some final rate 

characteristic of the vegetative state in this second stage, 

as the germ cell having broken through the spore coat elon

gates and arrives at the point 6f fission. Almost all of the 

dipicolinic acid present in the spore is eliminated into the 

medium probably as a mixture of free acid and calcium chelate 

with a small quantity released as the monoethyl ester 

(Lamanna and Hallette, 1965 ). 

FUNGAL SPORE GERI'1INATION 

When fungus spores are placed in a suitable germina

tiol"l medium there occurs swelling of the spore followed by 

germ tube format:1.on. !1andels and Darby ( 1953 ) observed that 

the spores of the fungus 1'1yrothecium verrucaria swelled ra-

pidly and germinated when in the presence of sucrose and yeast 

extract, a suitable germination medium for this organism. 

They found that the m,relling of the spores was not a simple 

osmotic process but was accompanied by an increase in dry 

weight of the spores. Oiimori and Gottlieb ( 1965 ) also 
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observed swelling, the degree of which increased gradually 

with time when the following spores were placed in a germ

ination medium: Trichoderma viride, AsEergillus niger, 

Penicillium atroventum, and Penicillium oxalicum. The mor

phology of fungus spore germination in Neurospora has been 

studied in great detail. One end of the ascospore develops 

a bulge and there is formation of a hyphal wall upon germin

ation which is continuous with that of the ascospore ( Halvor

son and Sussman, 1966 ). Yanagita ( 1957 ) studied the germ

ination of conidia of bspergillus niger in great detail and 

distinguished two stages of swelling. The primary stage, 

endogenous sv-1elling, occurred in the absence of carbon dioxide 

whereas the secondary or exogenous swelling stage required 

the presence of carbon dioxide for its completion. It was 

found by vlood-Baker ( 1955 ) working with Mucor that oxygen 

was required in the seco11d phase instead of carbon dioxide and 

not in the first. 

In addition to these morphological changes which occur 

early in the germination process, other physiological and 

biochemical changes occur as well. Spores of fungi like 

those of bacteria have been foutld to shm'l marked increases 

in respiratory activity during the germination process. 

Sussman ( 1961 ) repor·ted that dormant ascospores of Neuros

pora remain quiescent and metabolize at slov-1 rates until 

they are activated by heat or chemical treatment. After the 

activation treatment, there is initiated in the spore a 

series of changes which result in increased respiratory rates 
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as well as increases in the respiratory quotient and loss 

in thermal resistance. The respiratory rate as a result of 

the " induction " to germinate or act,_vation treatment 1 

increases 1 O-ll·O times. Hoi'Tever, the high rate has to con

tinue for 2-3 hours if germination is to occur. A second 

increase in the respiratory rate is found upon germination, 

nearly doubling that of the activation period. Thus, three 

distinct phases in the rate of the respiration of the asco

spores are detected: (1) dormancy, (2) activation, and 

(3) germination. Activation and germination in Neuros~ra 

occur readily in distilled water so that external substrates 

are not required. Lingappa and Sussman ( 1959 ) performed 

more work in this area of metabolism of germination of 

spores. As judged by their gradual disappearance from dor

mant ascospores of Neurospora tetrasperma, lipids are the 

substrates which are utilized during the dormant period. 

Carbohydrates do not appear to be used during the dormant 

period but begin to disappear almost immediately after 

the spores are activated. Lipids are also used during 

this activation period but in lesser amounts than carbo

hydrates. The proposed hypothesis by Sussman ( 1961 ) was 

that activation consisted of induction of an enzyme system 

through which trehalose was metabolized 1 \';hereas the dor

mant stage was restricted to a diet of endogenous lipids. 

In contrast to Neurospora a great number of other 

fungus spores require exogenous substrates for germination. 

Z.1ano.els and Norton ( 1948 ) , Terui and ·Mochizuki ( 195.5 ) , 

and Yacw.gl te ( 195? ) h:::l.Ve all founcl. thj s to be the case in 
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Ekundayo and Carlile ( 1964 ) found that the initiation of 
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germination in sporangiospores of ?hizopus arrhizus required 

the presence of glucose or fructose. Maximal spore swelling 

required in addition the presence of a nitrogen source. When 

germinating spores were transferred to a medium lacking glu-

cose from glucose medium the m.,relling of the spores soon 

ceased. 

Excretion of cell materials is another common phy-

siological occurrence in germinating spores. It is l'lell 

knmm that dipicolinic acid is excreted in large amounts 

from bacterial spores during germination ( Powell and 

Strange, 1953 ). However, fungus spores, unlike bacterial 

spores are not known to accumulate dipicolinic acid in 

sporulated cells or excrete it into the medium. Pontefract 

and ~11ller ( 1962 ) made attempts to detect dipicolinic acid 

in ascospores of Sacchar2myces cerevisiae but the results 

were negative. They concluded that if dipicolinic acid oc

curred in yeast spores at all, it was far less abundant 

than in bacterial spores. Sussman et al. ( 1956 ) showed 

that immediately after the start of germination in ascospores 

of Neurospor.§_, ethanol and acetaldehyde accumulated in the 

medium. These substances were present in minimal amounts 

only in the dormant ascospores but were produced in large 

amounts immediately after activation. However, 2-3 hours 

later, the activated cells no longer produced these fermen

tation products. They concluded that enzymes and intermedi-

ates of the oit.r:Ie acid cycle have probabJ.y been sy-nthesized 
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by this time and so more complete or further oxida-

tion of the fuel molecules occurred. Nishi ( 1961 ) obser

ved the exchange of labelled phosphate in conidia of Asper

gillus niger· Nith unlabelled phosphate in the medium during 

germination, and Yanagita et al. ( 1961 ) observed the 

release of polyphosphate. During the germination of these 

spores that vvas induced by L-alanine, it was found that carbon 

dioxide, pyruvate, and. ammonia accumulated in the medium 

( Hoshino ~ al., 1962 ). 

Sussman ( 1954 ) found that inorganic substances 

accumulated in the medium during germination of ascospores 

of Neurospora ~rasperma including calclum and. sodium ions. 

Fermentation products and ions were not the only materials 

excreted from germinating spores. I>1anc1els ( 1956 ) for 

example, detected that invertase \'laS released from I1yrothe.

cium verrucaria spores. Thus enzymes can be released as Nell. 

The sequence of events in the germination of conidia 

of Aspergillus niger is quite similar to the events observed 

in bacteria in regard to cellular composition and metabolism 

(Halvorson and Sussman, 1966 ). Yanagita et al. ( 1961 ) 

reported that in germination of As2ergillus nige£, loss of 

heat resistance followed decreases in polyphosphate and sub

sequent synthesis of macromolecules. RNA synthesis began at 

approximately three hours after the start of incubation of 

conidia of AsEergillup ~ige£ whereas ~NA and protein synthe

sis began later according to Yanaglta ( 1957 ). Shepherd 
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( 1957 ) found that protein nitrogen rose f1•om 26% dry weight 

in the spore to 36% dry ttleight in the mycelium of Asp~~gill~s 

nidulans. 

Henney and Storck ( 1963a,b ) have performed much 

work concerning RNA and ribosomes in the morphological states 

of ~.'SJ.spor.§_. They found that the dormant spores contained 

no polysomes but that these appeared in the early phase of 

germination. They concluded that germination was accompanied 

by rnRNA synthesis and subsequent binding of ribosomes to 

form polysomes. 

YEAST SPORE GERNINATION 

Only very little systematic work on the germination 

of ascospores of yeast has been performed outside of the 

purely observational or descrlpti ve ea:t'lY work. However, 

this is not the case for other fungi where spore germination 

studies have been a major area of research for a long period 

of time. Descriptive reports on the mode of germination are 

well represented in the earlier literature on reports such as 

Hansen ( 1894 }, Guillermond ( 1920 ), and many others. Host 

recently in 19.58, Hash:l.moto ~ §1_. performed electron micro

scopy upon resting and germinating ascospores of .sac~harom:y

~ cerevisiae. However, very little work has been performed 

on the physiological basis of spore germination. 

Hashimoto et al. ( 1958 ) placed yeast ascospores in 

a germinat:ton medium and observed the. ascospores to SNell, 

the result of which was breakage of the outer spore coat at 
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more than one point. The inner spore coat was more resistant 

to disruption as no breakage occurred in it. Simultaneously 

with the swelling process, there was formed a large vacuole 

near the nucleus in addition to several smaller ones , prior 

to the shedding of the outer spore coat . The resistant inner 

spore coa t gave ri se to the cell wall of the neHly formed 

vegetative cell produced upon liberation. The ductile 

nature of the ascus wall made it possible for the bud to 

carry part of the ascus wall in the direction of bud forma-

tion. No alteration in interna l or external structure of the 

nucleus was observed during germination. 

For these purely observa.t ional studies upm'l yeast 

germination undefin ed media were used since there was no 

chemica l study intended. An early worker, Hansen ( 1894 ), 

germinated Saccharom:yces spores on a medium of variable com-

1\ " position- mout de biere or beer wort. Tomato juice was the 

medium used by v:lnge and Laustsen ( 1937 ) for their genetic 

work. Hashimoto et al. ( 1958 ) used a semi-defined germ

ination medium consisting of glucose, yeast extract , peptone, 

KH PO , and MgSO for their electron microscope worlk. 
2 4 4 

Nagashima ( 1959 ) must be regarded as the pioneer 

in the study of the nutritlo:nal and environmental aspects of 

spore germination in yeast. Purified agar v.rith added sub

stances Has adjusted with phosphate buffer to the required 

pH. Loopfuls of spore suspension were placed upon sterile 

slides, covered with a cover glass , and sealed with vaseline. 

However , th e purely observational criterion along with his 
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very incomplete series of experiments provide little infor-

mation concerning the nutritional requirements for spore 
·' 

germination outside of a few basic facts. Nagashima found 

that the ascospores of the wine yeast employed did not germ-

inate on plain agar even in the course of 50 hours. It 't'Jas ·· 

found that glucose alone, or tomato juice, 't-'J'as sufficient to 

allot-J germination to occur. Though ammonium sulphate alone 

did not permit germination to occur its admixture to glucose 

in an appropriate concentration promoted germination. Vari

ous glucose concentrations ( 0, 0.1%, 1.0%, 10% ) were tested 

for their effect and Nagashima determined that 1% glucose 

sufficed for abundant germination. Too much ammonium sulphate, 

such as 5% or more, exerted an inhibitory effect upon ger~

ination when added to 1% glucose. The combination of 0.05% 

ammonium sulphate and 1% glucose proved to be the most effec-

tive germination medium. Germination appeared to be indiffer-

ent to the presence of vitamins and salts. 

The optimum pH for germination on this agar medium 

was determined to be pH 6.5 and it was noted that the germ-

1nation rate sank abruptly above pH 7. The spores were 

capable of vigorous germination on this medium at a temperature 

" of 27-JO C •• Attempts Nere made to substitute sodium salts 

of pyruvic, citria, and acetic acids for glucose in the pre-

sence of ammonium sulphate; however,. none of them allmtled 

germination to occur. Some amino ac~ds ( number and type 

not revealed ) v"Vere tested in 0.1% concentrations as substi-
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tutes for ammonium sulphate for their availability as a 

nitrogen source. Without the concurrent presence of glucose 

these amino acids caused no germination of spores. L-glutamic 

and L-aspartic acids were found to show slight stimulatory 

effects when added to 1% glucose, but not to such a degree 

as ammonium sulphate, while DL-alan:'Lne had no effect. 

Palleroni in 1961 was the only other Norker to deal 

with the nutritional aspect of yeast ascospore germination. 

No reference to Nagashima was made by Palleroni so that it 

is unlikely that he NBS aware of his predecessor's work. His 

observations upon the germination of ·a_ strain of Sa_2ch~E.,9.EJX.

ces cerevisiae, 20SJ, were similar to those of Nagashirn~s 

who employed a vline yeast ( unrevealed strain and species ) • 

However, Palleroni's experiments Nere performed more syste

matically. Again a purely observational or morphological 

criterion of germination was used as Palleroni isolated 

single ascospores by the use of a Leitz micromanipulator 

and germinated them on vmshed agar containing various addi

tions. Palleroni ar·bi trarily considered a spore as having 

germinated when it reached a specific morphological size and 

shape. " The observations reported in this paper constituted 

only a preliminary attempt to elucidate the nutritional fac

tors involved in the process of germination of the yeast 

spore", ( Paller on i, 1961 ) • 

It was found by Palleroni that maximum spore germin

ation of 2accha££myc~ ~~siae ascospores occurred in 

Wickerham's yeast nitrogen base-glucose medium ( 1946 ) which 
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is described under materials and m'?thods. When this medium 

was dilutsd the rhythm of the morphological stages described 

by Pall'-'roni was considerably altered. For example, with a 

1:6 dilution the arbitrarily chosen stage which indicated that 

germination had occurred was delayed J-.5 hours. The ascospores 

were found to be able to germinate under " anaerobic " condi

tions ", _that is, under cover slips, but the onset of gr:~rm1na

t1on was considerably delayed under this condition. Palleroni 

assumed that conditions would be anaerobic under this condition, 

that is, under cover slips. The influence of the various 

components of Wickerham's medium were tested alone and in 

combinations for their effect upon germination of the ascospores. 

The result was that glucose alone jproved as effective as the 

complete medium in promoting germination as germination only 

occurred when glucose was present. Some sugars other than 

glucose in a concentration of 1% were also tested with no 

other add1tiDDs. Only fructose and mannose gave results com

parable to those of glucose. Sucrose and galactose permitted 

the germination of a limited number of spores only, although 

Palleroni indicated that this germination could be due to 

impurities. Ascospores of the strain used did not germinate 

in the preseECe of acetate, ethanol, or pyruvate, as the sole 

source of carbon in germination media. The ascospores were 

unable to germinate in Wickerham's YNB medium where acetate 

was substituted for glucose. Optimum environmental conditions 

of temperature and pH were found to be.similar to those obtained 

by Nagashima. 
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Yeast nitrogen base is a chemically defined medium developed 

by Wickerham ( 191+6 ) for use in yeast taxonomy. This medium con

tains all the essential nutrients required for yeast growth except 

that carbon sources suitable for vegetative reproduction are totally 

absent. Included in this YNB medium is 0.5% ammonium sulphate 

which serves as a nitrogen source, as well as mineral salts, 

compounds containing trace elements and vitamins, all present in 

minute amounts. Three amino acids, L-histidine, DL-methionine, 

and DL-tryptophan, are also included in trace amounts because a 

few yeasts require these grmllth factors. This medium is marketed 

commercially by the Difco company. There is a description in 

greater detail of this medium to be found in Appendix I~ 

Subsequently, Difco has supplied a YNB medium modified by 

omission of these amino ac~.z.l.s, as well as another l'NB medium 

modified by omission of ammonium sulphate and the three amino acids. 

These media are of value for physiological stUdies as well in 

allo\!Iing the grol'Jth of yeast in a chemically-defined medium con

taining carbon and nitrogen sources in desired combinations and 

concentrations. 

Because r1iller ( 1959 ) has sho\lm that I! purified II agar 

may contain sufficient nutritives to support limited groHth of 

yeast cells, it was not added to the YNB meo.ia in this study. 
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PURPOSE OF INVESTIGATION 

The purpose of this investigation vms to study the require

ments for germination of ascospores of Saccharomyces ~revisiae 

using physiological criteria of germination ( changes in acid

fastness and respiratory activity ) in addition to the purely 

optical one used by the tl'J'O previous workers. A more systematic 

study of the effect of both carbon and nitrogen sources upon germ

ination was undertaken. In an attempt to explain the effect of 

these nutrients, germination was compared in aer•obic and anaerobic 

environments. The final aim was to,compare the responses of the 

three main phases of the life cycle of Sacchar~myces cerevisiae, 

strain F49.3, that is , growth, sporulation, and germination, to 

the factors studied. 
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MATERIALS AND METHODS 

YEAST CULTURES 

The primary yeast culture employed during the course 

of this investigation was Saccharomlces cerevisiae Hansen, 

strain F49J. This culture was originally isolated from a 

package of Fleischmann's yeast and has been used for many 

years at this institution by Dr. J. J. Miller and his asso

ciates in research upon sporulation. Preliminary experiments 

were performed with the F493 strain of yeast as well as with 

two other yeast strains: 

(i) NCYC 79- a Fleischmann strain of Saccharomyces cerevisiae 

Hansen, obtained from the National Collection of Yeast Cul-

tures, Brewing Industry Research Foundation, Nutfield, 

England. 

(ii) Bobadilla 18- a strain of wine yeast of Sac~h~Fomyces 
I 

chevalieri Guillermond, which was obtained from the Estacion 

de Viticultura y Enologi£, Jerez de la Frontera, Spain. 

Stock cultures of these organisms were maintained in 
(l 

the refrigerator at 6 C. on agar slants of a nutrient medium 

of the following composition: 

1% glueose 

2% Bacto-Agar 

0.67% yeast nitrogen base 

Yeast nitrogen base is a chemically defined medium developed 

by rlickerham ( 1946 ) containing 0.5% ammonium sulphate, 
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trace amounts of the amino acids L-histldine, DL-methionine, 

and DL-tryptophan, as well as minerals and growth factors 

in trace amounts. The detailed description of the yeast 

nitrogen base medium can be found in Appendix I. These 

stock cultures were transferred to fresh agar slants regularly 
c 

at weekly intervals and allowed to grm•1 2 days at 27 C before 

being placed in the refrigerator. Inocula were removed from 

these slants when required. 

Spores of the above mentioned 3 strains were pro-

duced in the usual manner, to be described below; however, 

1n some instances, once the spores were produced they were 

air-dried following filtration through Milllpore filters 

( pore size 0.8~ ) and then stored ln tightly capped jars 

containing anhydrous silica gel in the refrigerator. Thus a 

source of dried spores of the 3 types was available when 

required. 

It was considered to be of considerable advantage to 

use dried ascospore preparations in addition to freshly 

prepared ascospores. This had the advantage of eliminating 

the variability which might be induced by slight differences 

1n the physiological conditions among similarly prepat•ed 

fresh ascospores, because dried samples were always taken 

from the same identical source. A second advantage is that 

the drying process should kill most, if not all, of the un-

sporulated cells: therefore, in respiratory experiments 

the contribution from these unsporulated cells would be 
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expected to be small. In comparison, however, approximately 

30% of the cells in the fresh spore suspensions are viable-

unsporulated and so would contribute to respiratory measur·e

ments. Since the production of 100% sporulation was not found 

possible in the F493 strain, the dried ascospore preparations 

provided an excellent basis for comparison with the fresh 

spore suspensions in rega1~d to respiratory activity measure

ments. Ideally, total separation of unsporulated cells from 

asci ~'lould be desirable for this work; hm-1ever, efforts by 

Snider and fi'Iiller ( 1954 ) to achieve this \<Tere not success-

ful. 

PRESPORULATION AND SPORULATION }1EDIA 

Vegetative cells were harvested by inoculation from 

yeast stock cultures into 250 ml. Erlenmyer flasks contain

ing 50 ml. of " high nutrient medium ". This medium was 

devised by Wickerham ( 1951 ) and is of the following compo-

sition: 

2% glucose 

0.5% peptone 

0.3% yeast extract 

0.3% malt extract 

The medium \vas modified by the inclusion of 0.1% KH PO which 
2 4 

reduced the pH of the medium to pH 5. This ensured an ample 

phosphate supply for groHth and the low pH would discourage 

the development of any chance bacterial contaminations. 

The flasl<:s were placed on a vrater bath shaker, Warner-



Chilcott Laboratory I'-1odel, set at 27<- C and were allowed to 

shake for 2 days at a speed of 60 shakes per minute, each 

with a horizontal displacement of 5 em.. This \'later bath 

shaker was used for all the required incubations except for 

the early preliminary experiments Hhere cultures were gro\•m 

on an Eberbach shaker i'Vi th a horizontal displacement of 5 em., 

at room temperature, with a shaking speed of 60 per minute. 

Thus, conditions with respect to temperature and oscillation 

frequency were kept constant in this investigation. 

After the growth period the cells were separated by 

centrifugation, washed 3 times with sterile distilled water, 

and placed in 250 ml. Erlenmyer flasks containing 1% potassium 

acetate. The cell density was adjusted to 50 million per ml. 

by the use of a haemacytometer counting chamber. These " spor-

ulation flasks " were then placed on the water bath shaker 
0 

again at 27 C for 2 or 3 days, depending upon the sporulation 

time desired. Pontefract and Miller ( 1962 ) observed that 

the first nuclear divisions occurred in some F493 cells af-

ter 15 hours in a similar sporulation medium. After 20 hours 

or longer in this acetate medium about 50% of the cells had 

developed into spore-containing asci and the spores were in 

varying stages of maturation. After 3-4 days 75-80% of the 

cells contained spores. 

GERMINATION STUDIES 

After incubation in the acetate sporulation medium 

the cells were again collected by centrifugation, washed 3 



37 

times with sterile distilled water, and then suspended in 

M/30 pH 6 potassium hydrogen phthalate buffer at a concentra

tion of 15 million cells per ml. ( adjusted with a haemacyto

meter counting chamber ) • 

RESPIRATION 

The vlarburg respirometer employed to measure the 

gaseous exchanges was a Bronwill Series 5UV. For these 

experiments cells that had been 2 days in the sporulation 

medium \I-T ere used. Although the percentage sporulation was 

not extremely high, approximately 65%, it was fairly constant 

from one experiment to the other so that there t>1as nearly the 

same proportion of nonsporulated to sporulated cells in each 

suspension used. For convenience, suspensions of cells'frorn 

sporulation cultures are termed ascospore suspensions although 

these are not suspensions of 100% asci. Two ml. of a spore 

suspension containing 15 million cells per ml. was placed 

in Warburg flasks and when carbon dioxide adsorption was re

quired 0:~ ml. of 10% KOH was added to the center well. An

aerobic conditions were produced by the flushing of nitrogen 

gas through alkaline pyrogallate solution contained in a 

Fisher-Milligan gas t>msher ( to remove tl'•ace amounts of oxy

gen from the cylinder nitrogen gas ) through the Warburg 

flasks for a period of 10 minutes. The flasks were allo'l'red 
C> 

to equilibrate to the 27 C temperature of the \'mter bath be-

fore the contents of the side arm were tipped in. 

The final conditions of the germination period in 
. c 

the vlarburg vessels were a temperature of 27 C and a 10 mil-
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lion per ml. spore suspension with an oscillation frequency 

of 90 per minute. The measurement of the respiratory activity 

of the spores was performed in yeast nitrogen base-germination 

medium containing individual carbon sources, each at a con

centration of 1% by Height. The composition of the yeast 

nitrogen base medium is given in Appendix I. Readings were 

taken for a 4 hour period and the oxygen uptake, aerobic caP

bon dioxide production, and anaerobic carbon dioxide produc

tion were measured using standard manometric techniques as 

outlined by Umbreit, Burris, and Stauffer ( 1949 ). Some 

similar germination media were tested for their ability to 

support grot·Tth with 2 day vegetative growth cultures so as 

to obtain comparisons as to the effect of the carbon source 

upon both germination and grm>Jth. 

ACID-FASTNESS 

The second procedure used to follow the course of 

germination of the yeast ascospores was the utilization of 

the acid-fast staining technique. Yeast ascospores have a 

high lipoidal content and this is presumably why they are 

acid-fast organisms while vegetative cells and germinated 

cells are not. Thus staining samples of cells from the germ

ination media at various time intervals can give an estimate 

of the proportion of acid-fast/nonacid-fast cells in the 

suspension" 

The Ziehl-Neelsen acid-fast staining procedure 

( Society of the American Bacteriologists f1anual of Methods, 

1957 ) was modified slightly in this investigation by elim-

inaU.1:·1g the heating step l·rhicb IT<::ts founc1 to be unnecessary 
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and the method was standardized before use in this study. 

Smears were made of loopfuls of spore suspension on clean 

glass slides and these were immersed in Ziehl-Neelsen carbol 

fuchsin stain ( 0.3g. basic fuchsin in 10 ml. 95% ethanol 

mixed with 5g. phenol dissolved in 95 ml. distilled water ) 

for 5 minutes in a staining jar. The slides were removed, 

rinsed by dipping thri·ce in beakers containing distilled 

water, and then placed in a staining jar containing acid

alcohol ( 9 ml. 37% HCl mixed with JOO ml. 95% ethanol ) for 

10 seconds for decoloration. Three dippings in distilled 

water to rinse the slides was follO\'led by counterstaining 

in a staining jar containing methylene blue stain ( 0.3 g. 

methylene blue dissoved in 30 ml. of 95% ethanol and diluted 

with 100 ml. of distilled water ) for 75 seconds. After this 

time the slides were again rinsed in distilled water, air

dried, and examined under oil-immersion. 

The result '\>laS that spores stained red \'lhereas non-

sporulated cells and germinated spores stained blue. Each 

ascospore was counted individually as was each vegetative 

cell in random microscopic fields. All spores in an ascus 

were included in the enumeration as well as nonsporulated 

cells; for example, an ascus containing 4 ascospores, 3 of 

which remained red following staining, is counted as 3 acid

fast staining entities/ one nonac:ld-fast. In this strain of 

yeast, F49J, most asci contain more than one ascospore and 

so the value of the percentage acid-fastness exceeds the per-. 

percentage sporulation. As the spores ·germinate a change in 
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the colour retain ed after staining results due to the differ

entia l staining ~ropert i es of spores and germinated spores. 

The extent of th e decrease in the value of acid-fastness in 

a given time period Nas used to express the relative amount 

of germinat ion which had occurred. Thes e experiments \'Tere 

performed in duplicate and at least 200 randomly selected 

cells were coun t ed for ea ch determina tion. 

Other modifications or changes in the proc edures 

used in this invest igation will b e made explicit when results 

obtained from these are presented. 
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RESULTS 

LOSS OF ACID-FASTNESS DURJNG GERMINA'l'ION OF ASCOSPORES 

FRESHLY PREPARED ASCOSPORES 

Suspensi01:1s of ascospores of Saccharonwces cerevis iae, 

strain F49J, from 2 day sporulation cultures were prepared in 

M/JO phthalate buffer. These ascospores t·rere placed in '\!Jar

burg flasks and the germination substrate, at final concen

tration 1% glucose plus 0. 67% yeast nitrogen base, \'laS tipped 

in from the sidearms at the beginning of each experiment. 

The ascospore suspensions at final concentrations of 10 mil-

lion per ml. -vrere allm<Jed to germinate in these flasks at a 
0 

constant temperatu1•e of 27 C with shaking. At various time 

intervals, samples were removed from these " germination 

flasks " via platinum t'lire inoculating needles ending in 2 mm. 

loops and placed on clean glass slides. These slides i·rere 

then subjected to the acid-fast staining procedure described 

above: the samples were then examined under oil-immersion 

to determine the percentage of red entities. The result of 

this procedure is provided in the followiug graph, Figure 2, 

which represents the average of J separate trials, each per

formed in duplicate. 

It l'laS observed that the yeast ascospores had S~'lelled 

or enlarged slightly after 1-2 hours in incubation in this 

germination medium under the conditions of the experiment. 

The initial sign of ascospore germination occurred as early 
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as one hour as the proportion of nonacid-fast staining enti

ties had increased; hmvever, it \'laS not until after 2-J hours 

or incubation that abundant asci were observed to contain 

enlarged ascospores having both red and blue colour in the 

same ascus. Conjugations between germi11ating ascospores were 

rirst observed at approximately 4 hours and became more fre~ 

quent.after .5 hours in the germination medium. Germination 

buds were also visible in the yeast ascospore samples around 

the same time that abund.ant conjugations l<1e1 .. e found, that i~, 

after 5 hours in 1% glucose plus 0.67% yeast nitrogen base. 

Many asci vtere found that contained both germinated 

and ungerminated ascospores during the germination period. 

The progressive increase in the proportion of nonacid-fast 

ascospores, shmm in Figure 2, accompanied some other aspects 

of yeast ascospore germination, that is, the swelling of the 

spores, conjugations betv1een spores, and the production of 

germination buds. No spores were observed which after having 

produced a bud remained acid-fast. Almost invariably, a sharp 

distinction was evident betNeen the acid-fast and the nonacid

fast entities, and. so as a result of this sharp " endpoint " 

the ascospores could be categorized without any doubts. Thus 

this staining procedure was found to be very useful for fol

lowing the progt~ess of yeast ascospore germination and gave 

a measure of the extent of ascospore germination at any 

given time. 



Note I. Final conditions of these experiments: ~emperature, 27°C.; 

yeast density, 10 million per rnl.; total volume per flask, 

3.0 rnl.; pH, 6.0. 
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Note I. Final conditions of these experiments: temperature, 27 C.; 

yeast density, 10 million per ml.; total volume per flask, 

J.O ml.; pH, 6.0. 
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DRIED ASCOSPORES 

Spore suspensions t-vere prepared in r1/.30 pH 6 phthalate 

buffer of dried ascospores of F49.3, NCYC 79, and Bobadilla 18, 

which had been stored 2 months in the refrigerator in tightly 

capped jars containing anhydrous silica gel. The ascospores 

were alloNed to germinate for a period of 24 hours in a germ

ination medium consisting of 1% glucose plus 0.67% yeast nitro

gen base. Loopfuls of samples of ascospores were removed at 

various time intervals and a similar procedure -v,ras folJ.owed 

as used for the freshly prepared F49.3 ascospores and the re

sults obtained are provided in Figure .3, where each curve 

represents the average of 2 determinations for each strain. 

It was observed that the proportion of acid-fast 

staining entities decreased with the time of incubation in 

the glucose plus yeast nitrogen base medium for all .3 strains. 

NCYC 79 germinated at a faster rate than either F49.3 or Boba

dilla 18, -v;hose rates of germination, that is, loss of acid

fastness were similar. After 6-8 hours in the germination 

medium the process of spore germination had been essentially 

completed with all .3 strains of yeast, and after 24 hours, 

no acid-fast entities were detected. By this time, a great 

deal of vegetative budding had occurred. The stages of germ

ination similar to those observed "Vli th the fresh F49.3 asco

spores were obtained with the dried F49.3 ascospores. It is 

observed in Figures 2 and_.3 that·initially both the dried and 

fresh ascospores lost their acid-fastness at about the same 

rate. Hm1ever, in the final .3 hour period it appeared that 

the fresh ascospores lost their acid-fast staining capscitv 



at a slightly faster rate than the corresponding dried 

ascospores. 
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RESPIRATORY ACITIVITY OF ASCOSPORES IN 1% GLUCOSE PLUS 0.67% 

YEAST NITROGEN BASE 

FRESH F493 ASCOSPORES 

Ascospores of F493 from 2 and 3 day sporulation cul

tures were suspended in N/JO pH 6 phthalate buffer. These 

ascospore suspensions were placed in vlarburg flasks at a 

final concentration of 10 million per ml. and their respir

atory activity was measured using the respirometer after the 

germination substrate, 1% glucose plus 0.67% yeast nitrogen 

base, was tipped in from the sidearms. The results obtained 

are presented in Table 1 and Figure 4. 

It is shm>rn that the respiratory activity of the 

ascospores which had been the longest in the sporulation 

medium is less than those which were in the sporulation 

culture for a shorter period of time. The high respiratory 

quotient values and the large volume of carbon dioxide pro

duction under anaerobic conditions indicate that fermentation 

is more active than respiration in the early stages of asco

spore germination. 

DRIED F493 ASCOSPORES 

Ascospore suspensions of dried 2 day spores of F493 

which had been stored in the refrigerator in tightly capped 

jars containing anhydrous silica gel for 2 months were pre

pared and added to Vlarburg flasks. Glucose and yeast nitro

gen base were added from the sidearms of the flasks and the 



TABLE 1. Respiratory activity of freshly prepared F493 

ascospores in glucose plus yeast nitrogen base. 

87% 2 days 311.9 '281.5 63.6 4.4 
301.0 297 .o 77.4 4.0 

75 " 286.6 320.6 67.2 4.8 
272.7 285.2 70.1 4.0 

/ 

74 It 301.0 296.0 77 .4' 3.8 
242.3 256.4 56.6 4.5 

68 3 days 179.5 167.6 41.8 4.0 
172.6 153.6 38._5 4.0 

TABLE 2. Respiratory activity of dried F493 ascospores 

in glucose plus yeast nitrogen base. 

% Sporu
lation 

67% 2 months 162.1 

160.5 

170.2 

143.2 

146.4 

158.0 

13.9 

15.2 

16.4 

10.3 

9.6 

9.6 
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Not~ I. Each flask contaj_ned 10 million cells per ml. of 

which approximately 2/3 are sporulated. The cor-

responding dry t-leight of suspension in each flask 

equivalent to 10 million cells per ml. is 1.6 mg •• 

N6te II. Final conditions of these experiments: tempera-
c ture 27 c., yeast density. 10 million per ml., 

total volume per flask 3.0m1., pH 6.0. 



Note I Final conditions of these experiments: temperature, 27'"'c.; 

yeast density, 10 million per ml.; total volume per flask, 

3 • 0 m 1. ; p'H , 6 • 0 • 
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Note I. Final conditions of these experiments: temperature 27VC.; 

yeast density, 10 million per ml.; total volume per flask, 

3.0 ml.; pH, 6.0. 



Figure 5. RESPIRATORY ACTIVITY OF DRIED F49J ASCOSPORES IN 
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respiratory activity of the dried ascospores at a final con-

centration of 10 million per ml. 11as measured using standard 

manometric techniques as used above. The results obtainec1 

given in Table 2 and Figure 5. 

As shovm, the amount of carbon eli oxide produced both 

anaerobically and aerobically was fairly similar in both 

total volume and rate of production, but it was liberated in 

an amount which Has far greater than the oxygen uptake. Al.:.. 

though the amount of oxygen used i'TaS lm'l in total volun:e in 

the 4 hour hour incubation period, in the glucose plus yeast 

nitrogen base medj.um, oxygen uptake became detectable after 

a long initial lag of approximately 90 minutes. Carbon 

dioxide production began after only a short lag of approxi

mately 5 minutes. The great volume difference in the carbon 

dioxide production and oxygen uptake indicates that essenti

ally only fermentation i'ras occurring when the dried F49J asco-

spores germinated. 

RESPIRATORY ACTIVITY OF DRIED ASCOSPORES IN VARIOUS CONC~~-

TRATIONS OF GLUCOSE 

Miller and Halpern ( 1956 ) performed a series of 

expEriments comparing sporulation and groNth of SacchaEorni'ces 

cerev~, strain F49, in varying concentrations of glucose. 

They found that glucose in low concentrations ( 0. 02-0.1% ) 

stimulated sporulation whereas glucose in higher or moderate 

concentrations ( O.JJ-1.0% ) inhibited sporulation. On the 

other hand, grmvth was stimulatec1. by the higher concenb~ations. 
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The oxygen uptake of suspensions of dried ascospores 

of F49J was measur-ed using the \varburg apparatus. The germ

ination medium consisted of 0.6?% yeast nitrogen base to which 

0, 0.05, 0.1, 0.5, and 1.0% glucose was added. The results 

obtained from this experiment are shown in Table J. 

It tms observed that '\lli th loH concentrations of glu

cose, or in the absence of glucose, the oxygen uptake by the 

dried ascospores t'las loH in amount after 1~. hours in the germ

ination media. The greatest oxygen uptake occurred at the 

highest concentration of glucose used ( 1% ) • Thus the oxy

gen uptalw increased as the concentration of glucose was in

creased up to the 1% concentration. The initial lag pre

ceding oxygen uptake by the or5..ed ascospores lasted approxi

mately 90 minutes. The data presented in Table J indicate 

that 1% glucose plus 0.6?% yeast nitrogen base is preferable 

to mnre dilute amounts of glucose in germination medium. 

This was the same concentration of glucose and ammonium 

sulphate ( yeast nitrogen base contains 0.5% ammonium sul

phate ) fom1d to allm'l maximum ascospore germination of wine 

yeast by Nagashima ( 1959 ). As a result of this evidence, 

1% glucose plus o.6?% yeast nitrogen base was chosen as the 

standard germination medium for this study. 



TABLF:_l. Oxygen uptake of dried F49J ascospores in various 

concentrations of glucose. 

Germination medium _!'e!centaf~ 
~ulation 

0.05% glucose + 0.67% YNB 

0.1% glucose + 0.67% YNB 

0.5% glucose + 0.67% YNB 

1.0% glucose+ 0.67% TIJB 

2 months 

11.1 
10.6 

13.9 
13.6 

1.6 
0 
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Note I. Final conditions of these experiments: temperature 

27 c., yeast density 10 million per ml., total 

volume per flask 3.0 ml., pH 6.0. 



EFFECT OF VARIOUS COJVJPON"i-::NTS OF HICKERHAr1 'S r1EDIUf1 UPON 

GERMINATION OF YEAST ASCOSPORES 
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A series of experiments was performed using both 

ascospores from 2 day sporulation cultures and dried asco

spores of strain F493 in order to evaluate the effect of 

various components present in Wickerham's medium ( 1946 ). 

Measurements were made of the oxygen uptake of freshly pre

pared F493 suspensions from 2 day sporulation cultures 

containing 65% ascospores in phthalate buffer to which var

ious additions were made. It can be concluded from the exa

mination of the results presented in Table 4 that 1% glucose 

alone stimulates the uptake of oxygen by the freshly pre

pared ascospores. However, it is observed that the addition 

of 0.67% yeast nitrogen base to 1% glucose increased the up

take of oxygen. Addition of 0.1% ammonium sulphate to 1% glu

cose also increased the uptake of oxygen. I1uch less oxygen 

uptake was detected in germination media which lacked 1% glu

cose. i''he presence of the nitrogen source ( ammonium sul

phate ) and vitamins and minerals without the concurrent 

presence of 1% glucose resulted in very little oxygen uptake. 

Various components of \Vicker ham's yeast nitrogen base 

medium were tested further, both individually and in combin

ation with 1% glucose, to determine their effect upon germ

ination of ascospores of F493 as indicated by change ( decline ) 

in acid-fastness. The results presented in Table ~ again 

indicate that ammonium sulphate, either alone or in yeast 
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nitrogen base or in yeast nitrogen base minus amino acids, 

stimulates the germination of the ascospores when added to 

1% glucose as detected by the decline in the percentage acid-

fastness. Vitamins and salts appear to have no stimulatory 

effect either in the presence or absence of ammonium sulphate 

in glucose solution. Vitamin-free yeast base allowed germ

ination to occur VJithout further addition of glucose as it 

already contains 1% glucose along with 0.5% ammonium sul-

phate, and so stimulation of the yeast ascospore germina-

tion 'l'lOUld be expected to occur and does so in this germin-

ation medium. No germination of ascospores occurs when the 

car•bon source ( glucose ) is absent with both dried and 

freshly prepared F493 ascospores. 

EFFECT OF CARBON SOURCES UPON GERHINATION OF ASCOSPORES 

EFFECT UPON RESPIRATORY ACTIVITY OF FRESH ASCOSPORES 

Suspensions of ascospores from 3 day sporulation 

cultures were allowed to germinate in Warburg flasks con

taining germination media cons5.sting of 1% carbon sources 

plus 0.67% yeast nitrogen base. The results obtained from 

the measurement of the respiratory activities of the asco

spores in the various media are given in Table 6. 
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TABLE. lt_. Effect of various components of \.Jickerham' s medium 

upon oxygen uptalw of freshly prepared F49J asco-

spores. 

GerminatioD medium 

1% glucose 

1% glucose + 0.67% YNB 

1% glucose + 0.1% ammonium 
sulphate 

0. 67% l'NB 

0.67% YNB minus amino acids 

0.67% YNB minus amino acids 
ana_ ammonium sulphate 

buffer alone 

31.5 
J4.1 

56.7 
59.2 

46.7 
44.J 

25.2 
22.7 

21.J 
2J.4 

19.6 
25.4 

24.2 
23.8 

Note I. FiE81 conditions of these experiments: temperature 

27 C., yeast density 10 million per rnl., total 

vohurne per flask J.O ml., pH 6.0. 
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TABLE 5 .. Effect of components of Wickerham's med1 urn upon 

germh1atlon of dried and freshly prepared F49J 

ascospores. 

Germination medium Decrea~e in percentaee acid-fast 
staining entities after 3 hou~ 

Dried ascospor~~ Fresh ascos~~ 

1% glucose 12, 14, 14 

1% glucose+0.67% yeast 41, )6~, 41 
nitrogen base 

1% glucose+0.6?% yeast 
nitrogen base minus 43}, 41 
amino acids 

1% glucose+0.67% ye~st 
nitrogen base minus 10, 12 
amino acids and ammonium 
sulphate 

1% glucose+0.67% vitamin-
free yeast base 41, 44 

1% glucese+0.1% ammonium 
sulphate 31, 34 

0.6?% yeast nitrogen 
base o, 0 

0.6?% yeast nitrogen 
base minus amino acids 0, 0 

0.6?% yeast nitrogen 
base minus amino acids 2, 0 
and ammonium sulphate 

0.6?% vitamin-free 
yeast base 18, 17 

0.1% ammonium sulphate 0, 1 

buffer alone 0, 2 

14, 12~, 14 

50' 52t 

52, 54 

12.1. 13-:L 11 
2' 2' 

so, 52 

36, 38 

0' 2 

1' 3 

0' 1 

18, 20 

0' 1 

0' 1} 

Note I. Final conditions of these experiments: temperature 

27 C., yeast density 10 million per ml., total volume 

per flask 3.0 ml., pH 6.0. 



57 

TABLE 6. Respiratory activity of freshly prepared F493 

ascospores in various carbon sources. 

Germinatio~ 5 ~p~rula- RespirationL~4 hours/ f~ask R.Q. 
medl Uf!l tion ~eroblc CO,_ Aero"I?lc CC2J. 9x;y:_gen 

( + 0. 67% production production uptal<:e 
YNB ) . 

1% glucose 

1% fructose 

1% marmose 

1% sucrose 

1% trehalose 

1% maltose 

1% galactose 

1% pyruvate 

1% potassium 
acetate 

1% dlhydroxy
acetone 

1% ethanol 

buffer alnne 

68 

63 

64 

67 

67 

68 

69 

64 

64 

66 

71 

68 

179-5 p.l 
172.6 

221.2 
246.1 

112.1 
126.4 

135.0 
129.4 

4.2 
3.9 

57.2 
61.4 

56.0 
60.2 

4.2 
4.2 

4.4 
4.4 

~3.9 
2.8 

4.4 
4.5 

5.2 
5.2 
6.0 
4.9 

167.6 p.l 
153.6 

188.0 
205.0 

98.3 
113.4 

126.1 
115.2 

19.6 
18.6 

70.6 
71.7 

68.7 
70.1 

14.4 
15.8 

11.9 
8.6 

14.2 
12.2 

11.8 
14.2 

29.5 
27.3 
29.0 
30.0 

41.8 p.l 
lW.2 

38.4 
44.0 

23.5 
25.3 

31.1 
25.0 

20.4 
19.8 

21.3 
24.7 

20.9 
24.2 

22.3 
23.1 

14.0 
13.9 

16.5 
13.4 

14.8 
15.0 

28.2 
26.0 
23.7 
30.0 

4.0 
3.8 

4.8 
4.6 

4.2 
4.5 

4.0 
4.6 

0.9 
0.9 

3.3 
2.9 

3.3 
2.9 

0.6 
0.7 

0.8 
0.6 

0.8 
0.9 

0.9 
0.8 

1.0 
1.1 
1.2 
1.0 

Note I. Final conditions of £i18"S'e ex per imen"Es :---e-em:per~ttrl:'""e-

27 c., yeast density 10 million perm~., total volume 

per flask 3.0· ml., ~H 6.0. 



Some endogenous aerobic respiratory actl vi ty vms 

observed from freshly prepared F49J ascospores, producing 
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an R.Q. value of unity, whereas anaerobic endogenous respir

ation was slight. In germination media containing glucose, 

fructose, mannose, or sucrose, as the sole carbon sour·ce, 

active respiratory activity greater than the endogenous was 

measured. Large volumes of carbon dioxide production oc

curred in these germination media, both aerobically and an

aerobically, and high values for the R. Q. of over 4 \'Jere ob

tained. With maltose or galactose as the sole carbon source 

in germination media, intermediate active respiratory activ

ity was produced during germination of the F49J ascospores. 

Fairly large volumes of carbo11 dioxide pl"oauction, both 

aerobically and anaerobically, were measured resulting in 

R.Q. values of approximately J. Adaptation to the use of these 

2 sugars occurred as the rate of respiration exhibited by the 

yeast ascospores in their presence increased more rapidly af

ter 1-li hours in the germination medium. High R.Q. values 

and active anaerobic carbon dioxide procluction 't'Tere char

acteristics of the germination of F49J ascospores in carbon 

sources supporting the germination process. Slight respir

atory activity, both anaerobic anc1 aerobic, were exhibited 

by the ascospores in trehalose, pyruvate, acetate, ethanol, 

ana_ dihydroxyacetone germination media. R. Q. values of less 

than unity were produced in germination media containing these 

carbon compouncls as sole carbon sources. By the use of the 



increase in respiratory activity as the criterion of germ

ination it was indicated that t1,ehalose, acetate, ethanol, 

pyruvate, and dihydroxyacetone, did not support the germ

ination of F49J ascospores. 

EFFECT OF VARIOUS CARBON SOURCES UPON THE LOSS OF ACID

FASTNESS OF FRESH F49J ASCOSPORES 
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Suspensions were prepared using ascospores from 2 day 

sporulation cultures. Various carbon sources each at 1% con

centration 1 plus 0. 67% yeast nitrogen base, ~Jere added to 

the ascospore suspensions contained in VJarbur·g flasks. These 

ascospores Nere alloNed to germinate at the concU tions of 

the study. Both initially and after 4 hours incubation in 

these germination media samples of the ascospores were re

moved and stained using the ac~.d-fast staining procedure. 

The results obtained showing the decrease in percentage 

acid-fast staining entities are as shovm in Table 7. 

Maximum ascospore germination as evidenced by greatest 

loss in percentage acid-fast staining entities was obtained 

in germination media consisting of 0.67% yeast nitrogen base 

and 1% glucose, fructose, sucrose, and mannose. One percent 

maltose and 1% galactose allowed a smaller loss in the number 

of acid-fast staining entities in the presence of 0.67% yeast 

nitrogen base indicating that these sugars are either utilized 

at a slower rate or that adaptation to the utilization of 

these two sugars had to occur. The remaining carbon sources 

listed in Table 7 did not allow significant germ:tnation to 

occur. Thus, raffinose, melibiose, inqs1tol, malic acid, 

xylose, r11Josc, glycolic 8C id, trehalose, a:nd lactose, did 
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TABLE 7. Effect of carbon sources upon F493 ascospore germ

ination as determined by loss in acid-fast staining 

entities. 

Germination medium 
. ( + 0. 67/b-YNB)-··--

1% glucose 

1% fructose 

1% mannose 

1% sucrose 

1% maltose 

1% galactose 

1% trehalose 

1% lactose 

1% raffinose 

1% melibiose 

1% D-xylose 

1% D-ribose 

1% malic acid 

1% i-inositol 

1% glycollic acid 

1% pyruvate 

1% potassium acetate 

1% dihydroxyacetone 

1% ethanol 

b.uffer alone 

Decreases in l:?_ercentage acid-fast 
staining entities after h-hours 

53!, 58, 55!, 54!, 56 

53!, 57 

41!, 48 

50rz, 49~ 

31, 34 

0' ! 

1' 1 

4~, 2 

1' 2 

0' 2 

3' 6 

4, 3 

1 21,. 
' 2 

~' 1 !, 3' 3! 

o, 1~-, 3, 3 

1 .;!,. 21 
' 2' 2 

2, o, 1, 1 

I' 

Note I. Final conditions of these experiments: temperature 27 C., 

yeast density 10 million per ml·., total l;.tolurne per 

flask 3.0m1., pH 6.0. 
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not allovr significant germination to occur as evideneed by 

the slightness in the decline of acid-fast staining entities 

in these carbon sources. Ethanol, pyruvate, acetate, and 

dihydroxyacetone, did not allow any significant germination 

of the yeast ascospores. No germine.tion occurred in buffer 

solution alone. 

GERHINATION OF DRIIm F49J ASCOS?OF!.ES IN VARIOUS CARBON SOURCES 

Ascospore suspensions of dried ascospores 6f F49J 

from the same supply of dried spores as used in the previous 

experiments v·mre prepared in !1/JO pH 6 phthalate buffer anc1 

utilized in this study to test the respiratory activity of 

dried ascospores in various carbon sour·ces. Conca tion s of 

the experiments remained constant except that in the germina

tion media the carbon source to be tested was substituted 

for 1% glucose in the identical concentration. The results 

are provided in T8 ble 8. 

Highest respiratory activity was observed with the 

germination medium consisting of 1% glucose plus 0.67% yeast 

nitrogen base. There was low respiratory activity with 

acetate, ethanol, and dihydroxyacetone, each ~t 1% concen

trations as the sole source of carbon in the germination 

medium. Pyruvate seemed intermediate between these three 

carbon sources and glucose in respiratory activity in allowing 

some carbon dioxide production to occur both anaerobically 

and aerobically. Endogenous respiration, that is, respira

tion in a medium lacl~ing a carbo·n source vms very slight. 

Oxygen uptake by the dried ascospores in media other than that 

contc!.h1il1£3 glucose ':Inc vel'Y lo1·1 c:n-:d'l. the characteristic lODS:'; 
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T.t'..BLE 8. Respiratory activity of dried F493 ascospores 

in various carbon sources. 

1% glucose 162.1).-ll 14).2}-ll 1J.9J.tl 
160.5 146.4 15.2 

1% pote.ssium acetate 2.8 7.1 4.4 
J.4 6.0 4.4 

1% pyruvate 8.9 8.1 7.5 
10.2 10.4 6.2 

1% dil1yclroxyaceton e 1.4 4.1 5.2 
2.8 4.7 4.4 

1% ethanol J.J 2.8 4.4 
J.O J.8 J.J 

buffer alone 1.3 1.4 1.2 
2.7 2.8 1.6 

Note I. Final conditions of these experiments: temperature 

27c C •, yeast density 10 million per ml., total 

volume per flask J.O ml., pH 6.0. 
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initial lag before commencing was also observed. With glucose 

as the carbon source in the germination medium the initial lag 

period was shortest as at approximately 90 minutes a slow oxygen 

uptake was detected and the rate increased until the end of the 

4 hour period. 

The respiratory activity obtained t-Jhen 1% pyruvate was 

the carbon source t'l'as slightly greater than the respiratoi'Y 

activity obtained with acetate, ethanol, Qr dihydroxyacetone. 

Hov1ever, with glucose as the carbon source in the germination 

medium, a much greater respiratory activity was displayed by 

the dried ascospores as seen in Figure 5. 
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TABLE 9. Respiratory activity of dried F493 ascospores in 

various sugars as the sole carbon source in germin-

ation medium. 

Germination medium pl oxl~n uEtakeL 4 hoursL flask 

( plus 0. 67% ThTB ) 

1% glucose 1.5.9 
14.2 

1% fructose 14.8 
13/9 

1% sucrose 9.1 
8.9 

1% lactose 0 
1.2 

1% galactose 1.3 
0 

Note I. Final conditions of these experiments: temperature 
0 

27 c., yeast density 10 million per ml., total volume 

per flask J.O ml., pH 6.0. 
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In another set of experiments, oxygen uptake by dried F49J 

ascospores in glucose 'l'ms compared to oxygen uptake in germina-

tion media containing various sugars as the sole carbon source, each 

at 1..% concentration, with the addition of 0.67% yeast nitrogen 

base. Results obtained are provicled in Table 9 Nhich follows. 

Fructose at a concEntration of 1% t-ms shmm to be equally effective 

as 1% glucose in its utillty as a carbon source for respiration 

as comparable volumes of oxygen were taken up by the dried asco

spores in germination media containing each of these two sugars. 

Respiration also occurred in 1% sucrose as indicated by uptake of 

oxygen, but the volume of oxygen taken ·up was less than with 

either glucose or fructose. No respiration occurred in 1% lactose 

or 1% galactose. Freshly prepared ascospores of F49J have been 

sho~rn previously to not germinate in lactose but to germinate in 

galactose to a moderate degree. Similarly, freshly prepared 

ascospores of F493 utilized glucose, fructose, and sucrose as 

sole sources of carbon for their germination. 

EFFECT OF CARBON SOlJRCES UPON THE RESPIRATORY ACTIVITY OF VEGE

TATIVE CELLS OF F49J 

Vegetative cells from 2 day grm'lth cultures were placed 

in buffer solution at a final concentration of 10 million per ml •• 

Various carbon sources at a final concentration of 1% Nere added 

to the cells contained in 't·larburg flasks in addi tj. on to 0. 67% 

yeast nitrogen base. The respiratory activity resulting are 

provided in Table 10. 

High respiratory activity of the vegetative cells t1as ob

served in the medium containing 1% glucose.as the sole carbon 

souree. A large volume of car11o·a dioxj cle, ano.erobic anc1 ae:eobic, 



65 

production, but which, nevertheless, was large. A high value 

of the R.Q. of approximately 5 was obtained indicating that 

fermentation ~Tas the main respiratory process functioning in 

the actively budding vegetative cells. With 1% sucrose a 

similar active respiratory activity was measured ( although 

slightly less than 1% glucose ) giving an R.Q. value of 

slightly less than 5. Intermediate values for the R.Q. were 

obtained Hith 1% maltose and 1% galactose ( approximately 3 

and 2 respect! vely ) as the sole carbon sources in grm1tl1 

medium containing yeast nitrogen base. An adaptation period 

for the utilization of these sugars by the cells was required 

however, before the active respiratory activity observed be

gan. R.Q. values less than unity were obtained with 1% ace

tate and pyruvate as carbon sources. Here aerobic processes 

predominated whereas anaerobic carbon dioxide production was 

slight. With trehalose, an important reserve carbohydrate, 

no respiratory activity was detect~d as it was not different 

from the controls. The features of the respiratory activity 

observed with trehalose closely resembled that obtained for 

the endogenous respiration of the vegetative cells as low 

anaerobic carbon dioxide production and. a slightly active 

aerobic respiration producing an R.Q. approximating unity was 

obtained. D1hydroxyacetone as the carbon source inhibited 

the endogenous respiration of the vegetative cells as respir

atory activity less than the endogenous values were obtained. 

Ethanol also seemed to inhibit the endogenous respiration of 

the yeast cells; hoHever, the oxygen uptalre was slightly 

greater than the endogenous value. 



TABLE 10. Respiratory activity of F493 vegetative cells 

in various carbon sources. 

1% glucose 427.0 Ml 
470.1-J-

1% sucrose 462.0 
4'~·3. 0 

1% maltose 127.4 
117.6 

1% galactose 160.2 
151+.0 

1% trehalose 4.2 
4.2 

1% acetate 13.7 
12.7 

1% dihydroxyacetone 1.3 
0 

1% ethanol 2.8 
2.8 

1,.% '·pyruvate 15. o 
11.2 

buffer alone .4.2 
4.2 
3.9 
5.2 

533.4)Jl 
559.3 

476.7 
461.6 

200.8 
180.0 

225.7 
208.3 

29.4 
28.0 

122.0 
114.7 

17.6 
16~5 

28.6 
22.0 

69.0 
45.7 

37.4 
30.8 
35-5 
31.4 

105.6 J-l 
107.8 

108.9 
92.4 

63.8 
59.4 

101.6 
98.3 

30.8 
29.7 

143.3 
127.4 

20.9 
19.8 

66.0 
.56 .1 

91.0 
5.9.1 

45.1 
J5.2 
39.1 
35.0 

.5.0 
5.2 

4.4 
5.0 

3.1 
J.O 

2.2 
2.1 

1.0 
1.0 

66 

0.9 
0.9 

0.8 
0.8 

0.4 
0.4 

0.8 
0.8 

0.8 
0.9 
0.9 
0.9 

Note I. Final conditions of these experiments: temperature 

27°C., yeast density 10 million per ml., total volume 

per flask J.O ml., pH 6.0. 
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EFFECT OF NITROGEN SOURCES UPON SPORE GERHINATION 

As indicated in the Introduction very little work has 

been devoted to the effect of nitrogen compounds upon asco

spore germination. Palleroni ( 1961 ) tested only ammonium 

sulphate at 0.05% concentration. Nagashima ( 1959 ) found 

optimum germination in 1% glucose with 0.05-0.5% ammonium 

sulphate. Three amino acids only were tested by Nagashima 

for their effect upon ascospore germination. L-glutamic acid 

and L-aspartic acid, each at 0.1% concentrations, stimulated 

ascospore germination in the presence of 1% glucose, whereas 

DL-alanine ( 0.1 and 0.2% ) was without effect. In order to 

compare Nagashima's results using a different strain of yeast 

and also to increase the information available on the subject 

of the effect of nitrogen compounds upon ascospore germina

tion some further experiments were performed in this study. 

Twenty-one individual nitrogen compounds ·v.;ere tested 

in this regard of which 15 were amino acids. L-glutamic acid, 

L-aspartic acid, L-proline, L-alanine, L-leucine, and L-phenyl

alanine, have been shown to be of value as nitrogen sources 

for growth of the F493 strain of Saccharomyces cerevisae 

by Hiller ( 1963 ) • L-proline has been found to be the only 

amino acid Nhich accumulated during the sporulation process 

in this yeast as well (Ramirez and Miller, 1962 ). Also 

included 1·:ere 2 amino acids which were found to support little, 

if any, growth of this strain of yeast, ~-alanine and L-lysine. 

D..:.alanine was also included as DL-alanine was tested by Naga

shima. A number of other common amino·acids were tested as 
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well for comparison: L-leucine, hydroxy-L-proline, L-glutamic 

acid, L-asparagine hydrate, DL-aspartic acid, L-glutarnine, and 

L-tryptophan. Some others, inorganic nitrogen sources, ·Here also 

tested. Ammonium sulphate is one of the most commonly used 

nitrogen sources in yeast media. In addition, ammonium nitrate 

was also found by !Uller ( 196.3 ) to be of value as a nitrogen 

source for growth. Potassium nitrate was included in order to 

test the effect of nitrate-nitrogen upon germination in the absence 

of the ammoni urn ion, although Saccharomyces yeasts are not able to 

assimilate nitrate. Ul"'ea 1-'laS included as it has been shown to be 

·valuable as a nitrogen source for grm'lth of this yeast strain as 

well as being a frequent inclusion in yeast nutrient media for the 

provision of a nitrogen source in yeast industry. Allantoin 

( a urea derivative ) is knovm to be assimilated by yeasts ( Ingram, 

1955 ) • A similar compound to allantoin, alloxan, tvas available 

in the laboratory and so was tested as well. Peptone and casein 

hydrolysate, tl-10 common mixtures of amino acids, were also 

included. 

The effect upon germination of these nitrogen sources on 

both fresh and dried spores of F49.3 \'las measured using the loss in 

percentage acio.-fast staining entities as the criterion of germ

ination. The Warburg apparatus Has employed so that the conditions 

of the experiments vwulc1 remain constant. The ascospores were allo"''leo. 

to germinate fop a 5 hour period after which time samples were re

moved and stained in the usual manner. The dried ascospores used w·ere 
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from the same supply of refrigerated dried ascospores of F493 

that were used earlier. Fresh ascosporas which were used 

were obtained from 3 day sporulation cultures. The results 

obtained are presented in Table 11. 

The nitrogenous oubstances were employed in 0.1% 

concentrations both in the presence and absence of 1% glucose, 

the same concentration of nitrogen used by Nagashima 1959 ). 

In addition, this concentration is of the same order ( 0.01N) 

that was used by Miller ( 1963 ) who tested the effect of 

nitrogen compounds on the groHth and sporulation phases of 

this same yeast strain. Wickerham ( 1951 ) also used this 

approximate concentration of nitrate for nitrogen assimila

tion tests in yeast taxonomy. 

Little germination occurred in media containing nitro

gen sources vlhere glucose \•JaB absent with the exception of 

peptone and casein hydrolysate, both of which promoted germ

ination. Slight germination in the absence of glucose may 

have occurred possibly with L-alanine, L-leucine, L-aspartic 

acid, L-glutamic acid, and L-proline. Negligible decline of 

acid-fastness of both fresh and dried F493 ascospores occurred 

in buffer solution alone. When 1% glucose was added to the 

phthalate buffer solution declines resulted in both these 

types of ascospores. 

The decline in the percentage acid-fastness in germ

ination medium consisting of glucose and yeast nitrogen base 

minus ammonium sulphate and amino acids was similar to the 

decline produced in glucose alone. The other 2 yeast nitrogen 
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base media ( l'lhich contain smmonium sulphate ) allot'<'ed 3-4 times 

the decline in percentage acid-fastness as compared to 1% glucose 
•' 

alone. Thus it is evident that the ammonium sulphate contained 

in yeast nitrogen base is responsible for the stimulation of 

of germination in the presence of glucose. This confirms the 

conclusions dral'm earlier from the results shown in Table .5. 

Clear inci•eases in the amount of germination was produced 

in the presence of 1% glucose by ammonium sulphate, urea, L-

leucine, peptone, casein hydrolysate, L-glutamine, L-aspartic 

acid, and L-asparagine hydrate. Possibly smaller increases were 

caused by ammonium nitrate, allantoin, L-glutamic acid, and DL

aspartic acid. No nitrogen source was found to be more effective 

than ammonium sulphate although peptone and casein hydrolysate 

were equally effective. L-lysine seemed to have no effect upon 

germination although a slight reduction could also be possible. 

Very little germination in comparison to glucose alone ~'las ob-

sel"Ved vlith D-alanine, )3-alanine, potassium nitrate, alloxan, 

L-phenylalanine, and L-tryptophan, in glucose solution. L-

isoleucine allowed someHhat less ascospore germination to occur 

than did glucose alone. 

The results obtained for the effect of nitrogen sources 

upon freshly prepared ascospores in glucose 1/Vere similar to those 

obtained Nith dried ascospores except that L-leucine, urea, L-

glutamine, and L-aspartic acid, resulted in less decline in 

acid-fastness of dried ascospores. 
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TP.BLE 11. Effect of nitrogen sources upon Fl.J-9.3 ascospore 

germination. 

Nit~1~ur~ Loss i~ercentage acid-fast ataining enti~~~~ 
fresh ascoSQOres Dried ascospores 

plus glucose no 3lucose pl~~ gluco~ no g!ucose 

D-alanine o, o, o, 0 o, 1 7, 2 5, 2 

B-alanine 2, 1 J 2, 2 2, 0 2, 1 o, 1 

L-alanine 10, 9, 10, 10 5, 7 15, 11 6, 4 

L-leucine .31, JJ, J6' .37 6, 2 1J, 15 5, J 

L-isoleocine 5, 6, 8, 8 J, 6 8, 7 6, 3 

L-proline 26, 17 5, 6 14, 15 6, 4 

OH-L-prolin e 10, 9 2, 4 o, 4 2, 3 

L-glutamic 20, 17 8, 5 18, 15 2, 0 

L-glutamine JO, JJ o, 2 12, 16 1' 2 

L-aspartic J6, .32 4, 6 15, 22 8, 9 

DL-aspartic 17, 24 J, 7 15, 17 5, 2 

L-asparagine JJ, J6 1' 0 20' 23 2, 0 
hydrate 

L-phenylalanine 1, 2 1-t-
' 

2 o, 1 2, J 

L-trytophan o, 2 J, 2 o, 0 o, 0 

L-lysine 14, 11 o, 1 10, 13 2, J 

urea 28, .32, JJ, 34 1' 8 19' 12 8, J 

NH No· . 15' 14, 19' 18 o, 2 1J, 15 2, 3 
4 3 

KNO 2, 4, 3, 2 3, 0 3, 1 o, 1 
3 

(NH } so 
4 2 4 

36, 38, 51, 49 o, 1 31, .34 3, 4 

peptone 40, 38 19, 17 28, 31 14, 16 

casein hyd. 42, 47 12, 12 .35, 37 10, 12 



.TAB~2_ll-continued 

alloxan 4, 6 1, 1 4, 5 1' 0 

allan to in 16, 18 3, 6 18' 15 3, 6 

yeast nitrogen 
base 50' 55 o, 0 41-4-' IH 2, 0 

yeast nitroge11 
base minus affiino 
acic1s 52, 54 1' 3 42, l.J-5 3, 2 

yeast nitrogen 
base minus amino 
acids and ammon-
ium sulphate 15, 12 o, 1 10, 13 2, 0 

buffer alone 15, 13, 1, 1 12, 13, o, 0 
12, 13, 1, 2 1.3, 12 o, 0 
14, 14, 
12, 1.3 

Note I. Final conditions of these experiments: temperature, 

27cC.; yeast density, 10 million per ml.; total volume per 

flask, 3.0 ml.; pH, 6.0. 
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EFFECT OF ANAEROBIC CONDITIONS UPON YEAST GEHTUNATION AND 

GBOHTH 

The results obtained in this study regarding the ef-

feet of various carbon sources upon yeast ascospore germina-

tion as measured by loss in acid-fast staining entities and 

respiratory activity have indicated that the process of as-

cospore germination is anaerobic. The achievement of strlct 

anaerobic conditions is technically difficult ( Wood-Baker, 

1955 ) • As a check upon whether or· not yeast a.scospores germ-

inate anaerobically, further experiments were performed using 

the Brewer anaerobic dish. 

In this metbod anaerobic conditions are obtained by 

adding reducing agents such as sodium thioglycollate to agar 

media and covering the agar with a Bre1·ver' s anaerobic lid. 

This lid touches the agar at all points at its periphe:r•y 

and so a perfect seal is obtained. The oxygen in the center 

area is removed by the reducing agent and so completely 

anaerobic conditions are achieved. 

In this series of experiments both vegetative cells 

and ascospores of F493 't'Jere placed on agar media contained 

in Brewer anaerobic dishes. T~'lo types of agar medium were 

used: (1) Wicl~erham 's medium ( 1951 ) to which 5% S. P. agar 

and 0.2% sodium thioglycollate were added in pH 6 1'1/JO phthal-: 

ate buffer. S. P. agar is a special purity agar of exceptional 

clarity and minimum metabolizable and inhibiting impurities 

obtalned from Fisher Scientific. ( 2) N. I. H. thiogly-

collate broth which is of the follm'Iing composition: 



Bacto-yeast extract 

Bacto-casi torJe 

Bacto-dextrose 

sodium chloride 

L-cystine 

thioglycollic acid 

distilied water 

5g. 

15g. 

lg. 

2.5g. 

o.o5g. 

O.Jrnl. 

1000ml. 

KH PO was added to reduce the pH to pH 6 aml then 
2 4 

the medium l•Ias diluted with an equal amount of phthalate 

buffer and 5% S. P. agar was added. Once the agar had set 

ln the petri dishes, O.lml. of both vegetative cells and 

ascospores, at a cell density of 10 million per ml., were 
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placed ln the center of each dish and the lids were set on, 

forming anaerobic conditions. These plates were incubated 
tJ for a 5 hour period in the 27 C incubator after vJ'hich they 

were removed and the yeast was examined under the microscope. 

The control plates consisted of 5% S. P. agar without addition. 

Initially, tbe vegetative cells were well-separated 

on the control plates and 23% of them possessed a bud. After 

5 hours no growth or vegetative budding was observed. As 

this ls a highly purified agar containing no nutritives, no 

growth of vegetative cells Nould be expected. 

After 5 hours incubation of the vegetative cells upon 

the agar plates lvhere nutritives t·Jere added, a definlte 

grov;th was observed as indicated by the large increase in 

the number of cells possessing a bud. Upon Wickerham's 

medium, plentiful groNth occurred and ·the usual observation 
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was a group of 4-5 cells originating from an original single 

cell. Of the vegetative cells present after 5 hours incuba

tion, 85% possessed a bud. Similar gro't'rth was obtained in 

the N. I. H. t11ioglycollate medium vrhere again 85% of the cells 

possessed a bud after 5 hours. However, most of the cell 

groups comprised only 2 cells in comparison with cells grovm 

upon Wickerham's medium where groups containing larger num

bers of cells were common. 

Ascospores of F49J did not germinate on plain 5% S. 

P. agar after 5 hours incubation. However, the ascospores 

did germinate on both types of nutritive agar plates under 

anaerobic conditions. Upon H"icl~erham 's medium plentiful 

germination buds had developed as well as budding of the 

vegetative cells which were present. Similarly, germination 

was very frequent on theN. I. H. tbioglycollate medium. 

Conjugations Here seen in these dishes as well and so it is 

interesting to note that this phase of the life cycle can 

occur anaerobically also. This is strong evidence that 

ascospore germination occurs under strict anaerobic condi

tions as produced via the Brevrer anaerobic dish. 
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Yeast ascospores of strain F493, Saccharomzces 

~evisi.~, possess the capability for aerobic endogenous 

respiration. The endogenous respiration of freshly prepared 

ascus suspensions 1ve1s ·determined in this study in phthalate 

buffer and the result was that some aerobic resph•atory 

activity was observed producing an R.Q. of approximately 

unity. Anaerobic endogenous respiration was very sl~_ght 

as low volumes of carbon dioxide produced under anaerobic 

conditions were measut•ed in comparison to the larger volumes 

of carbon dioxide produced aerobically. Upon measurement of 

the endogenous respiration of dried F493 ascospores, however, 

it was observed that this feature was almost nonexistent, 

both aerobically and anaerobically, as very low ( probably 

not significant ) values of respiratory activity were mea

sured. It can be assumed as a result of these observations 

that the drying and storage process to which the F493 ascus 

suspensions were exposed in some manner destroyed the ability 

of the yeast ascospores to respire endogenously. 

When freshly prepared F493 ascospores were placed in 

germination medium consisting of 1% glucose and 0.67% yeast 

nitrogBn base, it was observed that after 4 hours very active 

respiration, both aerobic and anaerobic, had occurred l"Vhich 
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resulted in an R.Q. value of approximately 4. It was also 

observed that the respiratory activity of ascospores 'Nhich 

had been the longest in the sporulation culture was less 

than those in sporulation culture for a shorter period of 

time. The high R.Q.. values and the great volumes of carbon 

dioxide production under anaerobic conditions indicate that 

fermentation is more active than respiration in the early 

stages of F493 ascospore germination, that is, germination 

of the F493 ascospore is an anaerobic fermentation process. 

Similar observations were obtained when dried F493 

ascospores were allowed to germinate in a similar germination 

medium as active anaerobic respiration l<J"as measured. These 

dried ascospores displayed active carbon dioxide production, 

both anaerobically and aerobically, whereas oxygen uptake was 

very low in comparison. The total volume of oxygen used by 

the dried ascospores was low in the 4 hour incubation period, 

and oxygen uptake became detectable only after a long in:ttial 

lag of approximately 90 minutes. Carbon dioxide production 

and oxygen uptake resulting in an R.Q. of approximately 10 

for the dried ascospores indicates that essentially only feP

mentation was occurring Nhen the d.ried ascospores germinated. 

In the case of the freshly prepared ascus suspen

sions it is inevitable that a portion of the respiratory 

activity measured is due to the presence of vegetative cells 

in the suspensions. Ho~r1ever, in the suspensions of dried as-
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cospores it is highly probable thnt vegetative cells have not 

survived the drying and storage process and so have been 

eliminated. 

Although both the freshly prepared ascospore sus

pensions and drled ascospore suspensions exhibited anaerobic 

respiratory activity, it was much less in the dried ascospore 

suspensions. Also, the volume of oxygen taken up by the 

freshly pr•epared ascospores was much greater than the corres-

ponding uptake by the dried ascospores and so it seems that 

the drying process employed in the storage of the F493 asco-

spores has damaged the oxidative mechanisms in the dried asco

spore, possibly the mitochondria. However, it is reasonable 

to assume that more active respiratory activity would be ex

hibited by the freshly prepared " wet " ascospore in compari

son to the dried ascospore as rehydration must occur in the 

dormant dried ascospore as well as activation and synthesis 

of enzyme systems, which either need not occur in the " wet " 

ascospore or can be performed much more quickly as the whole 

cellular metabolism has probably not been stopped completely 

as in the dried ascospore. 

Germination of spores of fungi resembles germination 

of bacterial endospores in that increased respiratory activity 

usually accompanies the germination process. Gottlieb ( 1950 ) 

stated in his review upon fungal germination that germination 

was characterlzed by the physiological transformation to a 

state of high metabolic activity from low metabolic states 

tetrEJspGrn:8, m:d TV:yrothecium ver:c·ucgr~a. Goddar·d ( 1935 ) 
_,; .... ...._--~·-,...,~~'-· -··-... --... ~,.-.. ,.. ___ . ___ ..,_ ---~ .,.....,_ ____ . ---~··-
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ana_ Gottlieb and Smith ( 1937 ) used manometric techn l.ques 

to measure the respiratory activity of ascospores of Neuros

Eora tetrasperma: dormant ascospores when activated by 

heat or chemical treatment began to germinate using their 

endogenous substrates as energy sources ( Sussman, 1961 ). 

Simultaneous to activation of the ascospore was increased 

respiration of the ascospores as oxygen uptake and carbon 

dioxide production was stimulated. 

LOSS OF ACID-FASTNESS DURING SPORE GER~INATION 

In this study, the modified Ziehl-Neelsen acid-

fast staining procedur·e proved to be of great value not only 

in allowing the detection of ungerminated and germinated 

forms by the distinct colour differences, but also in allow

ing morphological changes in the process of germination to 

be clearly visible upon microscopic examination. Before 

germination occurs, there is a swelling of the yeast ascospures 

after 1-2 hours in a germination medium consisting of 1% glu

cose plus 0.67% yeast nitrogen base. Loss in percentage of 

acid-fast staining entities was measurable after 1-2 hours, 

but is was not until 2-3 hours in th1s germination medium 

that enlarged ascospores were more abundantly observed being 

red and blue in co lout' in the same ascus. The rate of loss 

of acid-fast staining entities inc~eased slightly at this 

period in the germination process. Conjugations between ad

jacent ascospores were clear·ly visible on the stained slides 
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at the l+th hour, and these phenomena increased in frequency 

after this time. At approximately this time, buds became 

visible indicating that veeetative reproduction is beginning 

in the germination of Fl+9J ascospores at the 5th hour in the 

incubation. 

Since asci v1ere detected frequently which contained 

both germinated and ungerminated ascospores, it can be assumed 

thatasynchrony is a characteristic of ascospore germination 

in this yeast strain. A plausible explanation is that the 

meiotic segregations preceding spo1•ulatlon produce spores of 

different capability for speed of germination. 

The morphological aspects of yeast ascospore germ

ination, that is, swelling, conjugations, appeaJ:-ance of germ

ination buds, as well as the physiological ( increased anaer

obic respiratory activity ) have been found to accompany the 

progressive loss of acid-fast staining entities in the germ

ination mediwn. 

Oxygen uptake, especially with the dried ascospores, 

was observed after approximately 90 minutes. By this time 

approximately i of the spores had germinated as indicated by 

tl1e decline in the acid-fastness of the ascospol"'G suspensions. 

This indicates that oxygen uptake is not a good criterion 

of germination for the detection of the early phase of yeast 

germination. However, carbon dioxide production began almost 

immediately, both anaerobically and aerobically, and lvas 

fol..md to prog1•essi vely increase ir1 rate during the period 
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of the experiment. Thls vJOuld sue;gest that carbon dioxide 

production is more suitable than oxygen uptake as a germ-
,, 

ination criterion for the early phase of spore germination. 

Possibly, oxygen uptake can be employed as a criterion of 

germination for the latter phases in spore germination. 

In contrast, the decline of acid-fastness as a cri-

terion of ascospore germination appears more suitable. The 

change was always sharp beh.reen acid-fastness and nonacid-

fastness, that is, no intermediate colour betNeen red and 

blue was observed. Unlike respiration, this criterion of 

germination is not affected by the presence of nonsporulated 

cells. 

CARBON SOURCES AND SPORE GERMINATION 

Before discussim'l can be made into the aspects of 

carbon metabolism in germinating spores it is necessary to 

distinguish betNeen those fungus spores that require an 

exogenous ( extracellular ) supply of energy and those which 

contain sufficient endogenous reserves in order that spore 

germination can occur. It is generally accepted that germ-

1nation of spores is an energy requiring process: the source 

of this energy is believed to be the oxidation of the endo-

genous reserves of the spore, and if sufficient carbon re-

serves are not present, then the organism requires an exo-

genous source of carbon. Conidia of Fusarium solani despite 

the fact that they contain approximately 20% lipid still re-

quire the addj_ tion of a carbohydrate in order to germinate. 
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Similarly, Myrothecium conidia also have sufficient endogen

ous reserves to germinate but still require exogenous sub

strates. In contrast to these spores is Neui•ospora, the 

ascospores of which can germinate even in distilled water. 

Uredospores of Puccinia utilize lipids as endogenous fuel 

for respiration and do not require the addition of exogenous 

nutrients (Gottlieb, 1950 ). 

According to Colrider and Gottlieb ( 1963 ) the germ

ination of fungus spores involves the oxidation of carbon 

compounds to produce the energy and the carbon skeleton 

needed for synthetic activities. These workers stated that 

the dissimilation of carbon compounds for both the production 

of energy and the synthesis of the carbon skeleton of organic 

molecules must be accomplished before a germ tube is developed. 

Enzymes required to mediate these reactions should either 

have been incorporated in the spore at the time it was formed 

or be synthesized de ~ from endogenous or exogenous mater

ials during the germination period. 

It was found that ascospores of F493 do not germin

ate in phthalate buffer alone as indicated by the lack of 

loss of acid-fast staining entities. Thus the yeast ascospore 

requires an exogenous nutrient supply in order that it may 

proceed to germinate. Nagashima ( 1959 ) found that asco

spores of the wine yeast employed did not germinate on plain 

agar which had been tborougbly washed with distilled water 

even ln the course of 50 hours. Palleron i ( 1961 ) in 

working tvi th strain 20SJ of Saccharomyce~ ~rev isla£ observed 
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that the ascospores did not germinate upon purified agar 

with no additions as no morphological changes were seen to 

have occurred. 

The oxygen uptake of the dried F49J ascospores was 

measured in the presence of 0.67% yeast nitrogen base with 

varying concentrations of glucose added. In the absence of 

glucose, negligible oxygen uptake occurred after 4 hours in

cubation in phthalate buffer containing yeast nitrogen base. 

Hovrever, addition of increasing concentrations of glucose 

to the dried F49J ascospores resulted in oxygen uptake which 

was proportional to the concentration of glucose used. I1ax,:. 

imum oxygen uptake was found at the highest concentration 

used, that is, 1%. One percent glucose alone allowed a fair 

amount of oxygen uptake to occur although the addition of 

0.6?% yeast nitrogen base or 0.1% ammonium sulphate stimu

lated oxygen uptake. In other experiments using acid-fast 

staining as the criterion of germination with both freshly 

prepared F49J ascospores and dried F49J ascospores, it was 

observed that without the addition of a carbon source to the 

germination medium very little, if any, decline in the pro

portion of acid-fast staining entities occurred in the course 

of 5 hours. One percent glucose alone allowed ascospore 

germination to occur as decline in acid-fastness was detected 

as well as morphological signs of yeast ascospore germination 

under microscopic examination. Addition of ammonium sulphate 

or yeast nitrogen base resulted in maximum germination as 
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greatest decline in acid-fastness occurred as well as plen

tiful germination buds and conjugations. Nagashima ( 1959 ) 

observed that glucose alone, or tomato julce (diluted ), was 

sufficient to allmv geJ•minatlon to occur. Although ammonium 

sulphate alone did not permit any germination to occur, its 

admixture to 1% glucose in a 0.05% concentration stimulated 

ascospore germination. Thus the stimulative effect of ammon

ium sulphate upon yeast ascospore germination in this study 

confirmed what \'las earlier found by Nagashima although the 

concentrations used varied slightly. 

In this study evidence has been obtained that yeast 

ascospore germination is an anaerobic fermentative process, 

where energy for the germination is obtained through the 

breakdown of utilizable sugars. Respiratory measurements 

of the ascospores in the sugars supporting F49J germinatiO"n 

indicate that very high R.Q. values and active anaerobic 

carbon dioxide production are characteristics of the germin

ation process. Fructose and mannose as sole carbon sources 

in germination media containing yeast nitrogen base yielded 

respiratory activity similar to that produced in glucose, as 

active anaerobic respiratory activity and high R.Q. values 

of over 4 were obtained. When sucrose was utilized as the 

sole source of carbon in Wickerham's medium, respiratory 

activity slightly lower than that obtained with the hexoses 

was obtained Nhich, nevertheless, was active anaerobically 

and produced a similar value of over 4 for the R.Q •• The 
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decline in acid-fast staining entities was greatest when the 

following sugars were used as sole sources of carbon ~-n 

Wickerham's medium: glucose, fructose, mannose, and sucrose. 

Thus, maximum ascospore germination t-ms found to occur in 

these sugars as evidenced by two distinct criteria for germ

ination. Palleroni ( 1961 ) germinated strain 20SJ asco

spores in Wickerham's medium containing individual sugars 

replacing glucose at the 1% concentration and it was observed 

that fructose and mannose gave results comparable to glucose. 

Sucrose allowed the germination of a limited number of asco

spores only, and so it seems that quicker adaptation to/or 

faster production of the enzyme invertase occurred in the 

F49J ascospore in comparison to the ascospore of strain 20SJ. 

Haltose and galactose gave a fair amount of germination 

as evidenced by the intermediate values for the loss of acid

fastness. These F49J ascospores also sho't'Jed the phenomenon 

of adaptation to the utilization of a sugar as increased 

respiratory activity was measured after approximately 1! 

hours incubation in germl'r1ation media containing these sugal'S 

as the sole carbon sources. As a result of this adaptation, 

active respiratory activity was produced which although being 

less than that of the hexoses gave R.Q. values of approximately 

J, as well as active carbon clioxide production under a.naero

bic conditions. Vegetative cells of the F49J strain of Sac~ 

charO!lJ.Y~ ~revtsiae have been shown to adapt to the utili

zation of these 2 sugars as carbon sources for vegetative 
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growth; thus, it would be expected that the ascospores of 

the same strain h'OUld adapt to these sugars. Palleroni ( 1961 ) 

obtained the germination of a limited number of ascospores 

of strain 20SJ upon galactose as a carbon source in germina

tion medium; however, no germination was obtained l'Iith mal

tose. It seems that the F493 strain of yeast can adapt to 

the utilization of both these sugars while this did not happen 

in the yeast strain employed by Palleroni. 

No germination of F493 ascospores was observed in 

geriTJination medium containing trehalose as the carbon source 

as there 1vas no loss 6f acid-fastness of ascospores in this 

sugar. In respiration experiments using this sugar a.s the 

carbon source, it was observed that the respiratory activity 

displayed by the ascospores was similar to the endogenous 

values, although being slightly lower in total volume of gases 

exchanged. This is not surprising a.s it was found that this 

important reserve substance in yeast inhibited the endogenous 

respiration of vegetative cells of F493. Thus it seems that 

this carbohydrate is metabolized only very slowly and is, in 

fact, a true storage or rese~ve carbohydrate in this yeast. 

Thus this strain of yeast does not germinate endogenously 

as occurs in Neurospor~ which utilizes its~trehalose reserves 

in germination of its ascospores. 

No germination of F493 ascospores Nas observed to 

have occurred as evidenced by lack of loss of acid-fastness 

when the following carbon sources were employed solely in 

germination media: raffinose, melibiose, malic acid, xylose, 
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ribose, glycolic acid, and lactic acid. These extraneously 

supplied carbon sources are not grov1th-supportlng to the 
. 

vegetative form to F49J cells and so it would be expected that 

no germination 'I'JOUld occur upon them. 

No germination or loss in acid-fastness of F49J asco-

spores was observed in germination media containing ethanol, 

acetate, pyruvate, or dihydroxyacetone, as the sole carbon 

source in ~'l'ickerham' s medium. Very slight aerobic respira-

tory activity of the spore preparations was detected with 

these substances using the 1</arburg apparatus, less than endo-

genous, 'l'lhile the carbon dioxide pt'oduc ti on under anaerobic 

conc1i tions was even less. R. Q. values of less than un 1 ty 

were obtained. Thus the end product of fermentation ( ethan-

ol ) as well as acetate and pyruvate are not used as substrates 

for germinat1 on as they have to be broken dmm oxidatively 

via the TCA cycle. F49J vegetative cells can utilize these 

substances via terminal oxidation and as a result aerobic ac.:..-

ti vi ty was detected. However, unc1er anaerobic conditions 

terminal respiration is prevented due to the lack of oxygen. 

Dlhydroxyacetone is an unusual compound in regard to this 

strain of yeast in that is supports sporulation in the 

presence of ammonium sulphate but does not allow vegetative 

growth. Nagashiffia ( 1959 ) obtainec1 no germination of asco-

spores of a strain of wine yeast upon acetate; similarly, 

Palleroni ( 1961 ) observed no germination tli th either ace-

tate or ethanol as cgrbon sources in germination media •. 
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However, no respiratory activity measurements were made by these 

worlwrs and 1 t is quite conceivable that spores could respire 

acetate and not germinate on it. Here it is shm,m that failure to 

support germination is associated i'li th failure to be respired as 

respiratory activity in the absence of germination v;ras not observed. 

NITROGEN SOURCES AND SPORE GERI'IINATION 

From the examination of the results obtained in this study 

regarding the effect of various nitrogen sources upon germination 

of ascospores of Saccharomyces cerevisiae, strain F49J, both in the 

presence and absence of 1% glucose as the sole source of carbon 

in germination media, the promine11t feature is that maximum 

germination of the yeast ascospores does not occur in the absence 

of the carbon source. Furthermore, the concurrent presence of 

a nitrogen source may or may not result in stimulation of asco

spore germination as measured by loss in acid-fastness during the 

incubation period. Because an incubation period of only 5 hours 

was used in this study, the resul.ts obtained are indicative of 

only the comparative rates of germination of the yeast asco-

spores in the various germination media and not the ultimate 

possibility of germination. Further germlnation could possibly 

occur if the arbitrarily chosen time period of 5 hours l'JaS 

entended. 

This series of experiments was performed on freshly pre

pared ascospores as well as dried ascospores of the same strain. 

Similar results \IJ'ere obtained wi tb both types of ascospore sus

pensions in germination media of similar composition although there 

were a few exceptions. The amount of germination of dried ascosporesl 
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taining the various nitrogen sources than the corresponding 
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freshly prepared ascospores. Those nitrogen ro Ul'•ces that stimulated 

germination of fresh spores had less effect upon the dried 

spores in glucose medium. This effect could possibly be due 

to the greater time required for " activation " of the Cl~ried 

spores in comparison to the freshly prepared ascospores. 

In germination media lacking the carbon source, peptone 

and casein hydrolysate promoted the germination of a fair number 

of yeast ascospores of both fresh and dried types. It might be 

expected that all arn:tno acids together, as in peptone ana. casein 

hydrolysate, should promote considerable germination as Thorne 

( 1950 ) observed that mixtures of amino acids such as in casein 

hydrolysate required less sugar for assimilation into yeast 

protein by vegetative cells. Some of the individual amino acids, 

L-alanine, L-leucine, L-proline, L-aspartlc acid, L-glutamic acid, 

resulted in slight declines in the pePcentage of ac ld-fast staining 

entities. 

In germination media containing D-alanine, L-alanine, and 

~-alanine, in the presence of 1% glucose, germination of F493 asco

spores occurred in L-alanine only, and to approximately the same 

extent as in 1% glucose alone. vli th D- and )3--alanine 11 ttle occurred 
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in the presence of glucose. The inhibitory role of D-alanine 

to bacterial germination has been studied ( Hills, 1949,1950; 

Powell, 1950,1957; Church et al., 1954 ) • Wolf and Hahmoud 

( 1957 ) observed that in bacterial strains responsive to 

L-alan:l.ne the inhibitory effect of D-alanine was only tempor

ary in·. those strains where ala.nine racemase was present. 

Alanine racemase is not present in yeast ( Hoffmann-Osten

hof, 1954 ). D-alanine is not included in protein synthesis. 

L-alan:lne has been shown by T1iller ( 196.3 ) to support excel

lent growth of this strain of yeast while )3-alanine did not. 

It is noteworthy that although L-leucine is highly 

stimulatory to ascospore germination, with L-isoleucine 

germination is less than in the controls, both in the pre

sence of glucose. Both of these amino acids have been found 

to support excellent growth of vegetative cells when used as 

the sole source of nitrogen in grovJth media ( Thorne, 1941; 

Miller, 196.3 ). Differences may exist between the nutri

tional factors involved in the germination of bacterial anci 

yeast spores as Hachisuka et §.1. ( 1955 ) reported that iso

leucine was an effective germination stimulant for endospores 

of Bacillus subtili~ when in the presence of glucose. 

A similar effect of closely related compounds was 

obtained with L-proline and hydroxy-L-proline. L-proline 

was highly stimulatory to yeast ascospore germ:l.nation in the 

presence of glucose while hydroxy-L-proline did not stimulate 

germination in glucose solution and may have reduced the 

germination of the dried ascospores. L-proline has been 
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found to accumulate in the yeast ascospore during the sporulation 

process. Thus it is interesting to note that although the spore 

contains a supply of L-proline, the exogenous addition of this 

amino acid in glucose medium results in stimulation of germination. 

Ramirez and I·'Iiller ( 1962 . ) speculated that the endogenous supply 

of L-proline '1'-l'ould function as a nitrogen source for ascospore 

germination and this is supported by the present study. 

Great stimulation of F493 ascospore germination by ammonium 

sulphate resulted \IJhen the as cos pores 1-1ere placed in germination 

medium containing 1% glucose. Yeast have been shmm to be able 

to derive an extracellular supply of nitrogen from simple sub

stances in the course of vegetative grov1th ( Ingram, 1955; 

Tremaine and Miller, 1956; Cook, 1957; Hiller, 1963 )'' Ammonium . 
nitrate may have been slightJy stimulating to ascospore germination 

in 1% glucose but not to the same extent as ammonium sulphate. 

Potassium nitrate Nas found to be unacceptable as a nitrogen 

source in Saccharomyces for vegetative reproduction ( Miller, 

1963 ) and so it is not expected to stimulate germination; but, 

its surpressing action tvas unexpected. Urea Nas also found to 

be a nitrogen source highly stimulating to ascospore germination 

\\Then in the pi•esence of glucose. This compound is knovm to serve 

well as a nitrogen source for vegetative grmvth as it has readily 

available amide groups. 
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Two aromatic amino acids, L-phenylalanine and L-tryp

tophan, were found to stro11gly reduce the germination of 

yeast ascospores in glucose medium as evidenced by the lack 

of decline of acid-fastness. Toxic aftereffects may be im-

plied in the catabolism of amino acids. For example, Harris 

( 19.58 ) found that tryptophol produced from tryptophan in

hibited yeast growth; this toxic alcohol could be produced 

here and prevent germination. The action of L-phenylalanine 

is unexpected as it has been shown to be useful as a nitro

gen source for vegetative growth of this yeast ( Miller, 

1963 ) • L-lysine had no effect upon germination in this 

study as an equal amount of loss of acid-fastness occurred in 

1 ts presence as in glucose alone. This is not unexpect.ec1 as 

L-lysine does not support vegetative growth of this yeast 

strain ( ~Tiller, 1963 ) • Thus, there seems to be no close 

correlation between the utilization of nitrogen sources for 

growth and germination in this strain of yeast. 

Aspartic acid, asparagine, glutamic acid, and glu

tamine, t"Vere all found to promote germination in the presence 

of glucose. These amino acids have all been found to be 

readily assimilated by yeast ( Thorne, 19.50; Ingram, 19.5.5; 

Miller, 1963 ). Thus their stimulatory effect upon germin

ation in glucose is expected. This also confirms the find

ings of Nagashima ( 19.59 ) with aspartic acid and glutamic 

acid. 
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With respect to the reduction of germination in 

glucose with }3-alanine, D-alanine, L-isoleucine, potassium 

nitrate, alloxan, L-phenylalanine, ano. L-tryptophan, this 

effect cannot be definitely attributed to inhibitory action 

at this time. Further experiments in this area are desirable 

involving the addition of ammonium sulphate along with these 

nitrogen sources in glucose solution so as to ensure an 

adequate nitrogen nutrition at the time of addition of these 

nitrogen compouno.s. The rssul ts presented here comprise only 

a preliminary study of the nitrogen nutrition in ascospore 

germination but are an advance on the contributions from the 

two previous workers. 

GASEOUS ENVIRONN:SNT AND SPORE GERr1INATION 

The process of F493 yeast ascospore germination is 

characterized by increased respiratory activity and loss of 

acid-fastness. An enCl. product of the glycolytic pathvmy in 

yeast ( ethanol ) ana. acetate '\'>)'ere shovm in respiration ano_ 

acid-fast staining experiments not to allmv signif:lcant 

germination of these ascospores to occur. But other carbon 

sources which are metabolized by this strain of yeast anaero

bically, for example glucose, did support ascospore germina

tion. 

The two earlier workers in the area of yeast asco

spore germination have also hinted that yeast ascospore germ

ination is an anaerobic fermentation process. Nagashima 

( 1959 ) germinated wine yeast ascospores on agar media 

under covers lips sealed Ni th vase line. - Palleroni ( 1961 ) 
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approximated anaerobic conditions by also germinating asco

spores of strain 20SJ Saccharomyces cerevisae under cover 

slips. In this study, the flushing of cylinder nitrogen 

gas through the Warburg flasks in order to create purely 

a11aerobic conditions was performed in respiration experiments 

with the 1tJarburg respirometer. Good ascospore germination 

occurred in these flasks in the presence of a fermentable 

sugar. However, the technical achievement of anaerobiosis 

is very difficult ~ccording to Wood-Baker ( 1955 ). There

fore, in order to check under more exacting conditions the 

capability of F493 ascospores to germinate anaerobically, 

use was made of the Brewer ans.erobic dish. 

In this method anaerobic conditions are obtained by 

the addition of a reducing agent, sodium thioglycollate, to 

agar media and covering the agar with a BreHer's anaerobic 

lid which creates a perfect seal by touching the agar at all 

points at its peripher·y. The reducing agent contained in 

the agar is oxidized at the expense of the oxygen is the 

center area, and so, completely anaerobic concli tions are 

achieved. 

Ascospores of F493 v1ere observed to germinate on 

both types of nutritive ( germination ) media used under 

the anaerob:i.c condi tlons obtained. Conjugations were ob

served to occur in these dishes after 5 hours incubation 

as well as the prod.uction of germination buds. Thus, conju-
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gatiorJ , an important phenomenon in the yeast life cycle, 

can occur under anaerobic conc1i tions as well. These observa

tions are further strong evidence for the·' germination of 

yeast ascospores by the process of anaerobic ferQentation. 

Oxygen markedly affects the germination of spores, 

either by its presence or absence in the germination atmos

phere, according to Halvorson and Sussman ( 1966 ). For 

example, oxygen has been found to be an absolute requirement 

for the gerQination of many fungus spores since most fungi 

are aerobic; for example, ascospores of Neu!ospora tetra~per~~ 

(Goddard, 1935 ). The amount of oxygen required for germ

ination, hov1ever, may var•y greatly depending upon the type 

and species of spore ( Lopriore, 1885; Brm·m, 1922; Platz, 

1928; Child, 1929; Wood-Baker, 1955 ). 

Germination of some fungus spores may also occur 

under anaerobic conditions, as was found in spores of Tilletia 

contrave~ ( Boing et al., 1953 ) , conidia of Sclerotina 

fructicola ( Lil1, 1940 ) , and oospores of E,hytophthor~ 

infestan~ ( Uppal, 1926 ) • The first stage in the germina

tion of spores of Hucor has been found to be able to occur 

anaerobically ( Goddard, 1935 ) but the spores v-rere deacti

vated if oxygen was not admitted after 1 hour. 

UNIQgE FEATURES OF THE THREE i•iP.JOR PHASES OF THE LIFE CYCLE 

Actively grm1i11g F493 cells have a strong endoe;enous 

respiration undei' aerobic conditions and the R.Q. approxi:...

mates unity. Sli.ght anaerobic carbon dioxide productio·n 
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was detected only and according to Ingram ( 1955 ) these features 

are usually observed in the endogenous respiration of yeast in 

general. 

Upon transfer of vegetative cells from growth culture 

to Warburg flasks containing 1% glucose and 0.67% yeast nitrogen 

base uptake much greater than the endogenous was measured. 

The carbon dioxide production under aerobic conditions was much 

greater than the oxygen uptake indicating the occurrence of 

a strong aerobic fermentation. The carbon dioxide production 

under anaerobic conditions Nas great and so active anaerobic 

respiration and a high R. Q. value i-·rere characteristic of the 

grm'ling F49.3 cells. 

Aerobically grovm vegetative cells of Saccharomyces 

cerevisiae were found to possess 11umerous typical mitochondria 

(Agar and Douglas, 1957; Vitols et al., 1961 ) and an active --
cyanide-sensitive respiratory chain involving the cytochromes 

( Ephrussi and Slonimsl\1, 1950; Slonimski, 195.3 ) • However, 

anaerobically groNn cells t11ere devoid of cyenide-sensi ti ve 

respiratory chain and the classical cytochrome complement, that 

is, functional mitochondria, but, these cells regain these 

characteristics ( mitochondrial function ) upon aeration 

( Ephrussi and Slonimski, 1950; Ephrussi, 195.3; Lindenmayer 

and Estabrook, 1958; Chaix, 1961; Lindenmayer and Smith, 1961+ ). 

The results obtained from experiments by Criddle and Schatz 

( 1969 ) indicate that anaerobic growth of .sacchar_omyces 

cerevisiae cells does not arrest the synthesis of mitochondrial 

inner membranes but merely modifies their composition. Thus 

the mitochonc1rial membra11es present in anaerobic cells lack an 



integrated electron transfer chain and presumably a functional 

oxidative phosphorylation system. 
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Upon transfer of vegetative cells of F49J to sporulation 

medium by fUller et al. ( 1959 ) a distinct decline in the value 

of the R. Q. became apparent Ni thin 1-J--6 hours. As the length of 

time in the sporulation medium increased, accompanying the great 

decline in the value of the R.Q. was the production of ascospores. 

Most responsibility for the decrease in the R.Q. lay in the great 

decrease in the carbon dioxide production although the ability 

to consume oxygen decreased as ·Nell. 

Biochemical changes must be involved in the sporulation 

of yeast cells when the nuclei cease to divide mitotically and 

instead divide meiotically ( }1iller and Halpern, 1956 ) • 'J.1he 

decline in the value df the R.Q. is the most marked physiological 

change observed in sporulating cells and indicates a change over 

from the predomtnently fermentative mechanism occurring in growing 

cells to the oxidative mechanisms in sporub ting cells ( Hiller 

et al., ·.1959 ) • Vegetative cells did not sporulate in buffer and 

no decline in the value of the R. Q. appeared when the cells \'Jere 

placed in glucose solution o They speculated that the lovl R. Q. 

value \'JaS associated with the sporulation process as the decline 
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preceded the first appearance of the ascospores and also 

that no ascospores were formed under anaerobic conditions. 
•' 

The endogenous respiration of freshly prepared ascus 

suspensions in phthalate shm'led some aerobic respiratory 

activity producing an R.Q. of unity. Anaerobic activity 

was very slight as little anaerobic carbon dioxide production 

resulted. HoHever, upon measurement of the endogenous res-

piration of dried F49J ascospores it was observed that this 

feature was almost entirely absent. Thus the drying and 

storage process to which the ascospores were exposed in some 

manner destroyed the ability of the ascospores to respire 

endogenously and to consume oxygen in the early portion of 

spore germination. 

Upon transfer of ascosporoes of F49J to a germination 

medium consisting of 1% glucose and 0.67% yeast nitrogen base, 

it was observed that after 4 hours in this medium very active 

respiratory activity, both aerobic and anaerobic, had occurred 

producing an R·.Q. value of approximately 4. This high R.Q. 

value and the great volume of anaerobic carbon dioxide pro

duction indicates that the germination of these ascospores 

is predominently an anaerobic fermentation process. Res-

piratory measurements of freshly prepared F493 yeast asco

spores in a germination medj_um consisting of 1% acetate plus 

0. 67% yeast nitrogen base shov,red that slight aerobic respir

ation only was exhibited by the ascospores. Little germin-

ation, if any, was observed in this same medium using loss 

of acid-fastness as the cri terlon for germination. Hm'lever, 
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vegetative cells of this yeast strain show active aerobic 

respiratory activity in acetate. As it would be expected that 

acetate \'lould be oxid:tzed via the TCA cycle, it is reasonable 

to assume that either the mitochondria in the ascospores are 

not functional or that the glycolytic pathway is the only 

mechanism which can provide the energy anc1 intermediates 

l'equired for ascospol"e germination. Thus, germination is 

somewhat similar to the vegetative growth of F493 cells as 

fermentatio11 is the preferred mechanism functioning there as 

well, as high R.Q. values for both stages in the life cycle 

of yeast v1ere obtained in glucose medium. The process of 

yeast sporulation obviously involves a dramatic change in 

the metabolism of the yeast cell. The R.Q. decreases greatly 

indicating that the capaclty for aerobic glycolysis is almost 

lost. By restoration of the cell to germination medium, the 

characteristic high R.Q. value of growing cells reappears in 

a short period of approximately 4 hours. 

The process of sporulation in yeast requires energy 

producing mechanism(s) in order to produce the energy and 

intermediates needed for synthetic processes. Sporulation 

is characterized by highly oxidative processes indicative of 

the changeover from the more fermentative processes occurring 

in vegetative reproduction. The mitochondria are, perhaps, 

the most logical sources for the production of this required 

energy and intermediates as evidenced by the utilization of 

acetate and ethanol as carbon sources for sporulation of the 

F493 vegetative cells. However, once the ascospores have 
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been produced, this high production is not required further as the 

ascospores are in the Pesting phase of thej_r life cycle and as 

a result the mitochondria may begin to degenerate. As the length 

of time in the sporulation medium increases more cells reach 

their resting phase and so inct'easing loss of function of the 

mitochondria may occur. \·!hen the ascus suspensions are trans

ferred to a suitable germination medium energy is again required; 

however, for germination processes. Hashimoto et al. ( 1958 ) 

have reported the lack of distinct cristae in spore mitochondria 

in Saccharomy:c_es cerevisi~. As a result, the energy required for 

germination of the yeast ascospore ·could be produced from the 

anaerobic fermentation of fuel molecules provided in the germina

tion medium. l1uch less respiratory activity and higher R.Q. values 

were obtained during the germination of dried F493 ascospores. 

Here the mitochondria probably have been highly damaged by the 

drying and storage process and so anaerobic fermentation predomi11ates 

for a longer period of time. The synthesizing or repairing of spore 

mitochondria in a much shorter period of time by the freshly 

prepared yeast ascospores could possibly be another explanation 

of the slighly faster germination of the freshly prepared F493 

ascospore in comparison to its dried counterpart. 

The process of reversal from sporulation is a more rapid 

process than the change from the vegetative state to the dormant 

state according to observational evidence by Miller and Hoffmann

Ostenhof ( 1964 ) . These l'JOrkers put fort·rard a hypothesis con

cerning the regulatory mechanisms controlling sporulation and 

germination. Derepression of biosy·r1thetic ~nzymes which the cell 
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is genetically capable of forming occurs upon sporulation and 

this derepression results from the lack of nutrients in the 

sporulation medium. Germination or the rever'sal to the vegetative 

condition as induced by application of exogenous nutrients is 

caused by the represston of the biosynthetic enzyme systems active 

in the sporulation process. Thus, no exogenous trigger is involved 

for the initiation of sporulation, but rather a deprivation of 

essential nutrients for gr•owth lm<Jers the concentrations of 

repressors below the threshold value anc1 the metabolism of the 

cell is changed accordingly. The placj_ng of the ascospores in 

a medi urn favoring grot<Jth allows germination to occur. A mechanism 

may operate here as the mutrients could act as repressors to 

the enzyme symthesizing systems formed during sporulation and 

the metabolism characteristic of vegetative cells reappears. 

Further work in this area of yeast ascospore germination 

especially in the role of mitochondria and enzymes in the germln

ation process is required and the results that would be obtained 

should be extremely interesting. This study represents one of 

the first contributions to the study of the physiological aspect 

( metabolism ) of yeast ascospore germination and the author 

hopes that further lnterest in this m:ea i•rill be aroused. 
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CONCLUDING REI'1ARKS 

Some conclusions concerning the Biology of.Sacchar-

om~c~ 'VJer>e able to be drm·m from the results obtained in 

this study. 

The fact that grov1th of Saccha.romyce~. could occur 

both aer-obically and anaerobically has been lrnown for a long 

time. Also well established is the aerobic sporulation of 

Sacc0._§,romyces { f'iiller and Hoffmann-Ostenhof, 196'+ ) • In this 

study, three types of evidence have been obtain eel v·-rhich indi-

cate that the process of ascospore germination in ~.cqhar2_

myces is an anaerobic process. {1) Ger-mination has been found 

to be promoted by those carbon sources that can be fermented 

such as glucose, mannose, ancl fructose, v.;hc.reas acetate or 

ethanol Nhich are not fer-mented, did not. These observations 

confirmed the earlier findings of Palleroni ( 1961 ). 

(2) Carbon dioxic1e evolution but not oxygen uptake v-ias found 

to accompany the early stages of the germination of the 

dried F49J ascospores. {J) Germination Nas observeo. to occur 

in this study under anaerobic concli tions. Although this was 

previously claimed by Palleroni ( 1961 ) doubts can be given 

to the conditions he employed to achieve them, that is, 

germinating ascospores on agar under cover slips. The con-

ditions used ln this study were much more rigorous as nitro-

gen atmospheres in 'Harburg flasko as well as the BreNer an-

aerobic dish with thioglycollate medium were employed. 

Thus the respiratory characteristics of the three 

main phases of the yeast life cycle vmre found to differ. 

~ilhjs relt=x~·,j_Qllr~h:"t.p has never bccD po:Lntuc1 out previotl.S to 
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this study. 

This aspect of the germinHtion of the yeast Hscospore 

as being anaerobic is potentially of great importance in 

Nature regarding the survival of Sfl,ccharomyces. Germination 

is lilcely to be favored by co11tcct Ni th fermentable carbon 

sour•ces, and thus tbe yeast spores produced late in the fall 

should tend to remain in the dormant state vntil ripe fruit 

is again encountered the next year. Amino acid mixtures have 

also been found to stimulate ascospore germination; hO'vlever, 

it seems less lil{ely that these would be encountered in 

quantity in the natural environment of the yeast than the 

fermentable sugars. 

{1) Acic1-fast staining proved to be valuable as a criterion 

for germination of yeast ascospores. The progressive loss 

of acid-fastness during gerwination was correlated tc'!i th in-

creased anaerobic respiration and morphological signs of 

germination. 

{2) Upon germination of ascospor·es, .increaseo_ respiratory 

activity \'ras measured "t·fhich 't·ras greater from fresh ascospore 

suspensions than from suspensions of dried ascospores. If 

the sporulation period of fresh ascospores 1'-ras legthenod, the 

respiratory activity detected during the subsequent gerrnina-

tion was less. 

(J) Germinatlon of yeast ascospores t·ms fom1d to be predomin-

ently an anaerobic fermm1tation process. High R. Q. values 

active anaerobic carbon dioxide production were features of 



the germination process l\Thich only occurred upon carbon sour

ces which were fermentable by the F493 strain of yeast. An 

end product of the glycolytic pathvmy ( ethanol ) and acetate 

did not allow germination to, occur. 

(4) Further evidence for the anaerobic germination of yeast 

ascospores v;as provided by the use of the BreNer anaerobic 

dish. Conjugations beb;een ascospores were also observed to 

occur anaerobically. 

(5) Nitrogen sources and amino acids alone, in general, did 

not promote germination unless the carbon source ( glucose ) 

was concurrently present. Peptone and casein hydrolysate 

l"'ere the primary exceptions. The ammonium sulphate in the 

yeast nitrogen base grov-ith medium stimulated germination 

with glucose. Peptone, casein hydr•olysate, and ammonium 

sulphate, were equally effective in stimulating germination 

in glu.cose. Vitamins and minerai salts appeared to have no 

effect upon yeast ascospore germination. 

(6) Some unique features, mainly respir•atory in nature, of 

the three main phases in the yeast life cycle were pointed 

out and discussed. 
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APPENDIX I 

Ji.I.C.KEf.n:JAT-1 'S ( 1946 ) YEAST NITROGEN BASE JVTEDIUN 

ammonium sulphate 
L-histidine monohydrochloride 
DL-methion lne 
DL-tryptophan 
biotin 
calcium pantothenate 
folic acid 
inositol 
niacin 
p-aminobenzoic acid 
pyridoxine hydrochloride 
riboflavin 
thiamine hydrochloride 
boric acid 
copper sulphate 
potassium iodide 
ferric chloride 
manganese sulphate 
sodium molybdate 
zinc sulphate 
potassium phosphate monobasic 
magnesium sulphate 
sodium chloride 
calcium shloride 
distilled water 
YEAST NITROGEN BASE MINUS AMINO 

5g. 
10mg. 
20mg. 
20mg. 

2mcg. 
400mcg. 

2mcg. 
2000mcg. 

400 meg. 
200mcg. 
400mcg. 
200mcg. 
400mcg. 
500mcg. 

40mcg. 
100mcg. 
200mcg. 
400mcg. 
200mcg. 
400mcg. 

1g. 
0.5g. 
O.lg. 
0.1g. 

1000ml. 
ACIDS -------

Same as above except that L-histidine monohydrochloride, 

DL-methionj_ne, ano. DL-tryptophan have been excluded. 
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YEAST NITHOGEN BASE MINUS ATIJINO ACIDS AND AHHONIUN SULPHATE 
----·-·.-------·~----

Same as above except that ammonium sulphate in addition to 

the three amino acids have been excluded. 
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