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Introduction 
Chromosomal genetic systems are highly unified in that they are de-

finable by principles and common features that hold everywhere in the 
biological world, at least among eukaryotes. Even among prokaryotes, 
wherever much is known about them, as in certain bacteria, there is an 
obvious fundamental unity and a high degree of similarity to chro-
mosomal genetic systems in general. In contrast, those seemingly rarer 
hereditary phenomena which have been called extrachromosomal or, 
more restrictedly, cytoplasmic heredity appear as a sprawling and now 
fairly large number of loosely connected observations. If we wish to 
preserve rigorous scientific caution, the only certain connection among 
these observations is the general conclusion that they do not seem to fit 
the pattern of chromosomal inheritance we have learned to expect. As will 
be seen, this common factor is the inevitable consequence of the techniques 
that have been used to detect extrachromosomal heredity. Under these 
circumstances, certain biologists have retained reservations about the 
reality of extrachromosomal heredity; others have questioned its signifi-
cance; and many hold that the study of extrachromosomal heredity is still 
in a primitive and highly unsatisfactory state. One basis for the last 
mentioned view is that extrachromosomal hereditary systems as yet have 
no point of physical reference, or have at best a dubious one, of the kind 
provided by chromosomes for Mendelian heredity. Moreover, we can con-
tend that extrachromosomal heredity, as we are able to view it today, lacks 
any clear set of underlying principles that allow valid inference regarding 
mechanism—principles of the kind provided by Mendel and his followers 
before proof of the chromosomal basis for Mendelian heredity was 
established. 

As a matter of fact, we still cannot be certain that some single mecha-
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nism, some single structure, or some single molecular species can be found 
—or even should be sought—to be the basis for extrachromosomal hered-
ity. Indeed it seems unlikely, although still possible, that the basis for 
non-Mendelian plastid inheritance in higher plants will ultimately be 
found to be the same as that underlying the extrachromosomal hereditary 
phenomena in fungi around which the following discussion will center. 
When we turn to such apparently diverse instances as the killer phe-
nomenon (Sonneborn, 1961) and cortical inheritance (Sonneborn, 1963), 
both of which occur in Paramecium and both of which have been called 
extrachromosomal heredity, the search for a single mechanism underlying 
extrachromosomal heredity seems likely to be chimerical. The first in-
stance, the killer phenomenon, clearly depends upon the presence of a 
particulate, DNA-containing parasite. In the second instance, cortical 
configuration is unaffected by substitution either of the nucleus or of the 
cytoplasm from an animal characterized by an alternative configuration. 
It is as though the cortex itself carries hereditary information, perhaps of 
a structural kind, that serves as an indispensable configurational model 
for orientation of the products of nuclear gene action. It is scarcely 
justifiable, then, to minimize either the reality or the significance of 
cytoplasmic heredity because no set of unifying hypotheses has been de-
veloped that accounts for all instances, or because no single cellular 
structure seems likely to be a common vehicle of extrachromosomal hered-
ity. The phenomena requiring explanation are most likely a conglomerate. 

In spite of this, a unifying basis for the consideration and interpretation 
of extrachromosomal heredity may be found, and this basis may turn out 
to be the chromosomal genetic system. First, we can justifiably expect that 
all participants in the activities of a cell interact, and indeed interact in a 
coordinated way. Perhaps the various manifestations of extrachromosomal 
heredity will come to be best and most coherently understood in terms of 
their orderly interactions with the central genetic apparatus in the nucleus 
when these interactions are finally discovered and correctly interpreted. 
Second, the possibility remains that the primary genetic information 
accounting for most if not all instances of extrachromosomal heredity 
resides in the chromosomes. Nanney (1958) has pointed out most per-
suasively that most hereditary phenomena designated extrachromosomal 
may in fact be epigenetic rather than genetic. We now know enough about 
the maintenance of cellular properties to be aware that the expression and 
the persistence of certain properties are not directly attributable to the 
genes that provide the potential for their expression, but depend rather 
upon regulating mechanisms at the transcriptional or at the metabolic 
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level. In other words, phenotype as well as genotype may be inherited, 
and genetic analysis does not always serve to distinguish between the two. 

The foregoing remarks might lead to the belief that extrachromosomal 
heredity has produced more semantic analysis than experimental analysis 
and that it cannot be adequately defined for purposes of serious consider-
ation at this time. The author intends to convey no such impression. Un-
der the "umbrella" of extrachromosomal heredity are a large number of 
facts derived from different studies of various organisms; these facts con-
front biologists and can scarcely be ignored. Furthermore, they pose in-
triguing problems that impinge upon fundamental biological phenomena. 
Among the unresolved problems recognizable by the geneticist today, those 
relating to extrachromosomal heredity appear highly significant. Their 
resolution is likely either to extend our concepts of genetic systems, or to 
enlarge our understanding of regulation and development, or both. 

The purpose of this paper is to examine extrachromosomal heredity in 
ways that will permit some evaluation of the significance of its attributes 
and convey some impression of what we know and of what we do not 
know and must determine. For the most part, the discussion will be re-
stricted to appropriate phenomena in fungi in order to keep it within 
reasonable bounds; and even for the fungi, no effort will be made to 
catalogue all of the instances of extrachromosomal heredity that have been 
reported. 

Evidence for Extrachromosomal Heredity 
Evaluation of the present status of extrachromosomal heredity requires 

an understanding of the evidence from which basic inferences have been 
made. In general, the existence of instances of extrachromosomal heredity 
has been established through contrast with chromosomal heredity, and 
the arguments are primarily genetic arguments. As an example for pur-
poses of discussion, we may consider the SG system in Neurospora which 
has been investigated in our laboratory for several years. The phenotype 
of SG strains of N. crassa differs from that of normal (N) strains in that the 
spores, both conidia and ascospores, germinate appreciably more slowly. 
After an early period of slow growth, SG cultures become indistinguish-
able from normal cultures by any means that we have been able to devise. 

The details of the facts that have led to the conclusion that SG repre-
sents an extrachromosomal property have been published elsewhere (Srb, 
1958, 1963), but an outline review of the appropriate observations is rele-
vant here. The first clue that SG may not be a chromosomally determined 



194 ADRIAN M . SRB 

attribute is its failure to show segregation at meiosis after crosses with 
normal Neurospora have been made. In addition, reciprocal crosses with 
N strains give different results. As shown in Fig. 1, sexual reproduction in 
Neurospora crassa is such that reciprocal crosses are possible. On appro-
priate media most strains develop both conidia (asexual spores) and 
protoperithecia (incipient fruiting bodies). Fertilization is carried out by 
placing conidia from a culture of one mating type, either A or a, on 
protoperithecia from a culture of the alternative mating type. Inside a 
protoperithecium nuclear fusions occur followed by meiosis of zygote 
nuclei within the developing asci. A mature ascus contains eight asco-
spores, all of them haploid. Considered in adjacent twos, starting at one 
end of an ascus, the ascospores are identical twin representatives of the 

[N] 

A 

Conidia 

protoperithecia '% [SG] 

4A:4a 

all [N] 

4 A: 4a 

all [SG] 

FIG. 1. The basis for a reciprocal cross in Neurospora crassa. Typical results are 
shown for chromosomal heredity involving the mating type alleles A and a, and for 
extra chromosomal heredity involving the SG property and its normal (N) alternative. 

four products of meiosis. When a cross is made between parent strains 
having different members in a chromosomal allelic pair, four of the 
spores from a single ascus represent one genotype and on germination 
produce cultures of corresponding phenotype; the other four spores are 
of the alternative genotype and produce cultures phenotypically referable 
to that genotype. Inspection of Fig. 1 reveals that a chromosomally deter-
mined difference should show identical inheritance patterns in the 
progeny of either member of the reciprocal cross pair. In crosses with 
normal, SG does not fulfill such an expectation. The results are 

SG (protoperithecial parent) χ Ν (conidia) gives all SG progeny 
N (protoperithecial parent) χ SG (conidia) gives all N progeny 

For a given cross, not only do SG and its normal alternative fail to give 
the expected 1:1 ratio, but they fail to segregate at all. In addition, the 
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reciprocal crosses do not show identical results. The inheritance pattern 
may be described as maternal because the conidia are analogous to male 
gametes and the protoperithecia are analogous to female reproductive 
organs. The size differential between conidia and the hyphae within a 
protoperithecium suggests that the maternal parent provides the bulk of 
cytoplasm for a new generation. Therefore, the fact of maternal inheri-
tance suggests, although it does not prove, that the SG variant depends 
upon a cytoplasmic difference. 

An important consideration in the evaluation of results is that the same 
crosses that give nonsegregation and maternal inheritance for SG and its 
N alternative give normal segregations from chromosomal allelic pairs. 
Figure 2 shows small samples of populations derived from a pair of 
reciprocal crosses involving SG and N, and also a chromosomal gene pair 
with members that alternatively determine colonies of large or small 
diameter. The progeny of either cross shows large- and small-diameter 
colonies segregating in an approximation of the 1:1 ratio expected when 
progeny ascospores are collected at random. Neither cross shows segrega-
tion for SG and N; in each instance, the phenotype of the progeny re-
sembles that of the maternal parent. Similar results have been obtained 
with the same reciprocal cross pair when the eight spores of individual 
asci are taken out separately and then germinated. By this procedure all 
the products of a single meiotic event may be analyzed. The normal 
segregation of known chromosomal genes in progenies where SG and 
N fail to segregate is evidence that the meiotic mechanism is functioning 
normally in these crosses. The failure of SG to segregate cannot be 
accounted for on the basis of meiotic anomalies or of differential loss of 
meiotic products. Furthermore, in a series of comparable crosses involving 
SG and N, the parental cultures have been marked with chromosomal 
genes belonging to each of the seven linkage groups of Neurospora. The 
results are consistent with those already described and it, may be said that, 
at least by ordinary techniques, SG is unmappable. In addition, cyto-
logical studies have revealed no differences in the chromosomal com-
plement of SG and N cultures. 

Other studies have shown that SG is a highly persistent property in-
different to nuclear substitution. By long sequences of backcross in which 
SG cultures are used as maternal parents and N cultures of Neurospora 
species other than N. crassa are used as recurrent paternal parents, the 
nuclear genetic material originally associated with SG has been replaced 
with that of totally different cultures. For example, by this procedure SG 
has been introduced into N. sitophila, where its phenotypic attributes and 
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characteristics of transmission entirely resemble those in N. crassa. Even 
more striking are the results obtained from the introduction of SG into 
N. tetrasperma, a pseudohomothallic species with normally heterokaryotic 
ascospores that produce cultures in which self-mating occurs. In this 
species exceptional homokaryotic spores are occasionally formed, and 

FIG. 2. The experimental detection of extrachromosomal heredity following a re-
ciprocal cross in Neurospora in which one parent was SG and the other N. The plate 
shown at the left was seeded with a small number of ascospores taken as a random 
sample of progeny of the cross in which SG was maternal parent. All of the colonies 
are poorly developed because of initially slow growth. The plate shown at the right 
was seeded at the same time with a sample of spores derived from the mating in which 
N was maternal parent. All of the colonies are well devoloped because of rapid germina-
tion and initially normal growth. Both populations show a 1:1 segregation for an 
allelic gene pair that determines large- or small-colony diameter. 

they give rise to cultures that are either mating type A or a. Such cultures 
may be used in controlled reciprocal crosses in the same manner as 
N. crassa or N. sitophila. 

Starting with a reciprocal interspecific cross between an exceptional 
homokaryotic culture of N. tetrasperma and a culture of N. sitophila into 
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which SG had been introduced by backcross, a further series of back-
crosses was utilized to replace the sitophila nucleus associated with SG 
by the nucleus of tetrasperma. After 10 generations of backcrossing in 
which normal N. tetrasperma was used as recurrent paternal parent, 
standard heterokaryotic spores of the tetrasperma type were picked and 

TABLE I 
TRANSFER OF SG CYTOPLASM INTO Neurospora tetrasperma^ 

Backcross generation 

4 
6 
8 

10 
12 

Self-generation 
(starting with ascospores 

from backcross 12) 

1 
2 
3 
4 
6 
8 

A. Backcross ί jequence 

Reciprocal cross progenies 

SG from previous 
backcross generation 

used as ? 

SG 

27 
164 
449 
767 

1488 

B. Self-

N 

0 
0 
0 
0 
0 

crossing sequence 

SG 

97 
298 
100 

1823 
1106 
568 

Progeny 

Recurrent ] 
(N. tetrasp 

used as 

SG 

0 
0 
0 
0 
0 

N 

0 
0 
0 
0 
0 
0 

parent 
er ma) 
? 

N 

42 
150 
392 

1112 
936 

« The maternally inherited character SG arose in N. crassa and then was transferred 
by backcross to N. sitophila (Srb, 1958). A. Partial results of a further backcross 
sequence by which SG was transferred to N. tetrasperma which in each case was used 
as recurrent conidial parent. In each generation a reciprocal cross was made as a 
test for maternal inheritance. B. Results from a series of self-crosses within N. tetra-
sperma after the nucleus of this species had been combined with SG cytoplasm by 
12 generations of backcross. The meaning of the symbols is as follows: SG, variant 
phenotype; N, normal phenotype; ?, protoperithecial, or maternal, parent. 

the cultures derived from them allowed to self-mate. Further spore isola-
tions and self-matings carried out for a series of generations of sexual re-
production in N. testrasperma gave rise only to SG cultures. The results, 
summarized briefly in Table I, provide convincing evidence for the per-
sistence of SG and for its failure to show segregation correlated with 
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meiosis. In short, SG was transferred from N. crassa to N. sitophila and 
then to N. tetrasperma, at least the last mentioned being quite a different 
species and genetically well isolated from N. crassa. The results of a large 
number of self-matings, with all the segregations attendant on meiosis, 
were then observed in N. tetrasperma. None of this extensive replacement 
and manipulation of chromosomal genetic material affected the original 
attributes of SG. 

Finally, SG or its normal alternative may be transmitted by purely 
vegetative means (Infanger and Srb, 1965). It is well-known that in Neuro-
spora and other fungi, anastamoses can occur even between cells of identi-
cal mating type with the consequence that certain cells may acquire 
nuclei of different origin and maintain themselves and their vegetative 
derivatives in a heterokaryotic state (Beadle and Coonradt, 1944). The 
same fusion process that gives rise to heterokaryosis provides the oppor-
tunity for cytoplasmic mixture. If a hyphal fragment of an SG strain 
carrying a chromosomal marker is manipulated near a fragment from an 
N strain carrying an alternative chromosomal marker, and hyphal fusion 
occurs, homokaryotic cultures may subsequently be isolated that show 
recombinations as well as the original combinations of chromosomal and 
extrachromosomal properties. The experimental situation is summarized 
in Fig. 3. In addition, after cellular fusion, a new and ultimately stable 
phenotype arises, and may be found with either of the two kinds of 
marked nuclei. The new phenotype, like SG, shows persistent maternal 
transmission. For the most part, in cultures derived from the fusions of 
hyphal fragments the two original extrachromosomal properties are 
mutually exclusive although a single mycelium can yield both SG and N 
cultures with either of the nuclear markers. The main point, however, is 
that without any fusion or segregation of chromosomal material, SG may 
become associated with and maintain its identity in the presence of nuclei 
of a kind originally present only in N cultures. 

In summary, the argument that SG is an extrachromosomal property is 
based on extensive genetic tests that fail to show any correlated relation-
ship between the transmission of SG and the transmission of chromosomal 
material: neither SG nor its normal alternative segregates at meiosis; the 
SG property is unmappable and is indifferent to nuclear substitution; SG 
may be transmitted vegetatively and maintained without an accompany-
ing transmission of the nuclei with which it has been associated. In con-
trast, the most apparent positive correlate of transmission of the SG 
property is cytoplasm rather than nucleus. 
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The experimental observations that have led to the conclusion that SG 
provides an instance of extrachromosomal heredity are not unique. They 
typify a kind of approach and a kind of result that have led to similar 
conclusions with reference to the heredity of a number of particular 
characteristics in several genera of fungi. Details of the results of analo-

[?] al or a l * 

FIG. 3. The vegetative transmission of extrachromosomal properties. Following 
asexual hyphal fusions extrachromosomal attributes may be found to be recombined 
with nuclei of a genotype with which they were not previously associated. The extra-
chromosomal properties are designated by symbols in brackets. The chromosomal gene 
markers are designated in the standard way; al signifies the gene for albino and al+ 

signifies the allele for normal pigmentation. 

gous studies, of course, differ. Some of the differences perhaps reflect little 
more than variations in the type of experimental manipulation possible 
for a given species. 

In Saccharomyces cerevesiae, for example, there is no basis for a recipro-
cal cross. Fertilization takes place when two cells of opposite mating type 
simply fuse to form a zygote. In this process, a mechanism for partitioning 
of the cytoplasm, which apparently occurs when reciprocal crosses are 
made in Neurospora, is not available. Nevertheless, extrachromosomal 
heredity may be demonstrated on grounds essentially similar to those we 
have just reviewed. When certain kinds of slow-growing cytochrome-
aberrant yeast (called little yeast) are crossed with normal, the diploid 
cells are normal and their meiotic derivatives, the ascospores, also produce 
only normal cultures (Ephrussi, 1953). Mendelian heredity might easily 
account for the normal zygotes on an assumption of dominance, but 
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failure of the little characteristic to appear among the haploid meiotic 
segregants is puzzling. If little and its alternative, big, were dependent on 
members of an allelic pair, big and little would be equally represented 
among the ascospore progeny. By using standard chromosomal markers, 
Ephrussi has been able to eliminate the possibility that meiosis is ab-
normal following a big χ little mating. Moreover, he has carried out a 
backcross sequence, with little as recurrent parent, that must essentially 
have replaced the nuclear genetic material of the original big parent with 
that of the little. Even after extensive backcrossing the variant character-
istic fails to reappear at a frequency higher than can be accounted for by 
spontaneous mutation. These results, which are not comprehensible in 
straightforward terms of chromosomal heredity, have a ready explanation 
if we assume a cytoplasmic difference in which big includes active factors 
in its cytoplasm that are either missing or inactive in the cytoplasm of 
little. On this assumption, interpretation of the results of hybridization is 
as follows: When parental cells fuse, the zygote automatically includes 
active factors from the big parent; when spores are cut out from a diploid 
cell that has undergone meiosis, they also include active factors derived 
from their originally common cytoplasm. A necessary concomitant assump-
tion is that the cytoplasmic factors either replicate or are somehow 
reproduced. 

Another kind of little yeast, called suppressive, also gives non-Mende-
lian results when crossed with big (Ephrussi et al., 1955). The diploid 
cells produced by fertilization, when cultured vegetatively, may give rise 
either to big or little clones. Immediate sporulation of presumptive little 
zygotes gives asci with four spores producing varying numbers (zero to 
four) of big or little clones. Interpretation of these results is admittedly 
difficult, but they clearly do not conform to expectations based on chro-
mosomal heredity. It should be noted that previous to this point our 
examples of extrachromosomal heredity have been characterized by ab-
sence of segregation at meiosis. The suppressive little attribute appears 
under some circumstances to segregate, but the segregation is not meaning-
fully correlated with the distribution of chromosomal material. 

As a matter of fact, among instances of extrachromosomal heredity in 
fungi, systems showing irregular segregation at meiosis are about as 
frequent as those showing absence of segregation. In Aspergillus glaucus, 
a homothallic species unsuitable for the making of reciprocal crosses, 
Sharpe (1958) has described a morphological variant that when mated 
with its alternative normal type gives ascospore progenies that deviate 
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from the expected 1:1 ratio in varying degrees. In the same progenies, 
standard chromosomal markers segregate normally. Other instances of 
apparently the same phenomenon are available (see Jinks, 1964). 

Finally, it should be emphasized that evidence for extrachromosomal 
heredity may be obtained in the absence of sexual reproduction and 
meiotic segregation. The vegetative transmission of SG in heterokaryons 
already described provides one example. The mycelial variant of As-
pergillus nidulans is also vegetatively transmissible in heterokaryons, but 
with the attendant complication of unidirectional transmission from 
mycelial to normal (Roper, 1958). Similarly, the red variant of A. nidulans 
(Arlett et al., 1962) in heterokaryons with its normal alternative behaves 
in ways that suggest an extrachromosomal system. Even more strikingly, 
the red variant segregates persistently through extended cycles of vegeta-
tive reproduction in which the asexual progenies are initiated with single 
uninucleate spores. The scheme below, if imagined as indefinitely ex-
tended, presents the idea of the persistently segregating variant. 

Reds and normals occur with varying frequencies as segregants. Occasion-
ally, a normal segregant fails to give reds on further vegetative reproduc-
tion, but reds always give rise to at least a small frequency of normals. 
Both genetic tests and cytological observation have been used to confirm 
that the asexual spores used to initiate each cycle of vegetative reproduc-
tion are in fact uninucleate. With this assurance, it becomes obvious that 
what we know of chromosomal genetics is not sufficient to explain per-
sistent segregation. Any hypothesis based on mutable genes, cyclic chro-
mosomal aberration, or unstable aneuploidy requires too many special 
and implausible assumptions to be convincing. The interpretation made 
(Jinks, 1964) is that the cells showing segregation are heteroplasmons for 
two kinds of homologous cytoplasmic determinant. It is supposed that 
more than one of each kind of homologue is present in cells that give 
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vegetative segregants, and further, that the distribution of the two kinds 
of homologous determinants is irregular at the time of cell division. In the 
particular instance under consideration, it must be supposed in addition 
that a red homoplasmon is lethal, since reds that fail to show further 
segregation have not been isolated. The observation that occasional 
normal segregants may in a later cycle produce all normals and no reds 
presumably means that such normals are homoplasmons derived from 
spores in which no red determinants were included. Persistent segregation, 
whatever its interpretation, appears to be of widespread occurrence in 
fungi and has been reported in several genera. 

Fungi also provide an impressive number of instances of more or less 
persistent phenotypic alteration through an infectionlike process unac-
companied by nuclear migration. A typical instance emerges from the 
carefully studied phenomenon of senescence in Podospora anserina (Rizet, 
1957; Marcou, 1961). Strains of Podospora cannot be maintained by in-
definite vegetative multiplication. After varying lengths of time clones 
degenerate and finally cease to grow. Previous to total cessation of growth, 
senescent mycelia show a syndrome of morphological anomalies that 
includes abnormally slender hyphae, swollen and highly vacuolized hyphal 
tips, increased pigmentation, and ruptured cell walls. Senescent but still 
growing mycelia retain their ability to carry out sexual reproduction, and 
genetic experiments have shown that senescence is maternally inherited. 
Senescence may also be transmitted in another way as demonstrated under 
the following experimental conditions. A healthy hypha and a fragment 
from a senescent strain are micromanipulated into proximity in a drop of 
nutrient medium. Characteristically, anastamosis occurs. After several 
hours, microsurgery is used to separate the hyphae at the point of ana-
stamosis, and they are cultured separately. The mycelium developing from 
the senescent hyphal fragment remains senescent; the mycelium develop-
ing from the normal hypha invariably shows reduced longevity in com-
parison with the appropriate controls, and very frequently the reduction 
in longevity is marked. The use of different genie markers in the normal 
and in the senescent hyphae allowed to anastamose has permitted demon-
stration that nuclear migration does not occur and therefore cannot 
account for the transfer of senescence. The results of the experiments 
are therefore consistent with an interpretation that senescence derives 
from a cytoplasmic determinant. 

The experimental observations discussed in the preceding paragraphs 
are representative of the primary evidence for extrachromosomal heredity. 
We will observe later that other kinds of supporting evidence are also 
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available. At least, there are other kinds of observation highly consistent 
with the existence of extrachromosomal hereditary systems. The primary 
evidence, however, is based on inheritance studies of the kind described; 
the inheritance in some instances is based on asexual reproduction and 
in others on sexual reproduction. 

The Origins of Extrachromosomal Variability 
In no case is the mechanism of origin of extrachromosomal variability 

clear. Extrachromosomal variants, however, often seem to arise as sudden, 
heritable, persistent changes, and in the general sense are like mutations. 
Moreover, the general terminology applied to gene mutations appears to 
fit the occurrence of extrachromosomal variability fairly well. Mutations 
from big to little yeast occur spontaneously and can also be induced by 
various agents including acridine dyes and ultraviolet light. By the 
standards of gene mutation, the spontaneous frequency of occurrence of 
little is high; about 1 out of 500 buds formed by big cells gives rise to a 
little variant that shows a pattern of extrachromosomal inheritance. The 
induced rate with acridine treatment is astonishingly high, and with 
favorable conditions approaches 100%. Ephrussi and Hottinguer (1950) 
have provided convincing experimental evidence that acridines actually 
induce rather than select little variants in yeast. 

The mycelial variant of A. nidulans and the SG variant of Neurospora 
were isolated from normal cultures treated with acriflavine. The red 
variant of A. nidulans arose after treatment of normal cultures with ultra-
violet light. In none of these instances is it clear whether the effect of 
treatment was induction or selection of the variants. The alba variant of 
A. nidulans, which does not show Mendelian patterns of inheritance, 
arises as a frequent spontaneous event. The frequencies of occurrence of 
alba differ from strain to strain and are under the control of a nuclear 
gene that has been identified in several allelic forms (Mahoney and Wil-
kie, 1962). 

Several of the variations of phenotype implicated with extrachromo-
somal heredity appear to be recurrent events in the life history of the 
organism. Senescence in Podospora is a case in point. In the Fungi 
Imperfecti the typical initial morphological attributes of a colony are 
often superseded by particular variant attributes that appear as sectors in 
the mycelium. Both in Pestalozzia (Chevaugeon and Lefort, 1960) and in 
Curvularia (Cuzin, 1961), the phenotypic attributes of the variant pheno-
type can be transmitted to mycelia of the juvenile form by contagion. In 
other words, hyphal anastamosis without nuclear migration is sufficient 
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for transmission of the attribute. In these instances the occurrence of 
variation appears to be analogous to a differentiation process since the 
alterations of phenotype are recurrent and sequential in the life cycle. 

On the whole, observations on the occurrence of extrachromosomal 
variants have not been particularly revealing. At least, the bulk of 
observations indicate little about the mechanism by which variation is 
produced. In the one instance, however, in which the origin of variation 
has been analyzed in great detail, i.e., the origin of little yeast, a picture 
emerges that makes most sense in terms of a cytoplasmic hereditary system. 
The striking feature of the occurrence of little yeast is the high frequency, 
a frequency never observed for straightforward instances of gene muta-
tion. Ephrussi (1953), in considering this phenomenon, has taken into 
account both the inheritance pattern of the little attribute and the nature 
of the process by which yeast reproduces asexually. The inheritance 
pattern, already described, is non-Mendelian; the asexual reproduction 
of yeast is by budding. It is easy to visualize spontaneous mutations to 
little simply as failure of a particular kind of cytoplasmic hereditary 
determinant to be included in a bud before it is compartmented off from 
the mother cell. Such a hypothesis is most plausible if the cytoplasmic 
determinants are visualized as particulate, self-replicating, and relatively 
small in number. The enormous efficiency of acriflavine in inducing little 
yeast can be interpreted on the basis of inhibition or alteration of replica-
tion of the cytoplasmic particles. This interpretation gains plausibility 
from the experimental finding that treatment with acriflavine is effective 
only on growing cultures. In summary, both the exotic inheritance pattern 
for little yeast and an equally unusual mutational pattern can be com-
fortably accommodated within an interpretational scheme based on cyto-
plasmic particles of hereditary significance. A scheme of the same kind is 
able to accommodate observations on the characteristics of mutation and 
transmission that have been observed for the alba variant of Aspergillus 
(Wilkie, 1964), and has application elsewhere as well. 

Phenotypic Effects 
The range of phenotypes involved in extrachromosomal transmission is 

diverse. Many of the heritable variants have been recognized as alterations 
of morphology or of color, and very often a given variant is characterized 
by a syndrome of visibly deviant attributes. In a number of instances 
extrachromosomal variants are distinguishable by their abnormally slow 
growth or deferred germination of spores. The attributes affected by extra-
chromosomal heredity are by no means trivial; they include such charac-
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teristics of biological significance as longevity, ability to form asexual 
spores, and ability to carry out sexual reproduction. Considered as a 
whole, these characteristics have not been susceptible to the kind of 
biochemical analysis so readily available for the study of auxotrophic 
gene mutants and their normal alternatives. Certainly one of the un-
satisfactory aspects of our knowledge of extrachromosomal heredity is 
that very few cases have as yet provided a basis for understanding in terms 
of biochemistry and physiology. 

It remains an open question why the phenotypes of extrachromosomal 
variants in the fungi have not, included simple growth factor requirements 
and other expressions of biochemical lesion commonly found in micro-
organisms as a result of chromosomal gene mutation. That they may 
eventually be found is suggested by the existence of such extrachromo-
somal variants as acetate requirement and streptomycin resistance in 
Chlamydomonas (Sager and Ramanis, 1963). The failure to find extra-
chromosomal variants of this kind in fungi may be no more than a flaw in 
the processes by which variants have been identified and selected. On the 
other hand, reasons why such variants cannot exist can be imagined. 

Fortunately, a few of the phenotypes involved in extrachromosomal 
heredity have been analyzed in ways that give insight, into function at the 
biochemical level. Little yeast, in comparison with its big alternative, is 
lacking in cytochromes a and b, and shows other aberrations of the cyto-
chromes. Certain enzymes that function in respiratory metabolism, for 
example cytochrome oxidase and succinic dehydrogenase, are extremely 
deficient. One can scarcely ignore the fact that the seat of biochemical 
functions with which the little mutation interferes is a cytoplasmic 
organelle, the mitochondrion. Studies in ultrastructure further implicate 
this organelle in the phenomena presented by little yeast. Yotsuyanagi 
(1962) has shown by means of electron microscopy that the mitochondria 
of little yeast are abnormally structured. 

The general features of little yeast are paralleled by those of poky 
Neurospora (Mitchell and Mitchell, 1952). Poky is a slow but irregularly 
growing strain with deviant attributes that are maternally inherited. Like 
little yeast, poky is characterized by aberrations of the cytochrome system 
(Mitchell et al., 1953) and defective mitochondria. 

Interactions 
In the gross sense, the typical manifestations of interaction between 

chromosomal mutants are found also to result from interactions between 
extrachromosomal variants or between extrachromosomal variants and 
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chromosomal mutants. For the purposes of this paper, the chief interest 
in these interactions lies in the fact that they exist. They will therefore be 
dealt with only briefly as significant biological phenomena for which the 
mechanism remains virtually unknown. It should be remembered, how-
ever, that only quite recently has a substantial basis emerged for inter-
preting such interactions as suppression and complementation as they 
exist in purely Mendelian systems. 

Complementation 

Pittenger (1956), using standard techniques for the forcing of hetero-
karyosis in Neurospora, has been able to examine the effects of combining 
two different extrachromosomal variants vegetatively. One of these, poky, 
has already been described; the other, mi-4, is also a slow grower that can 
be shown to have an aberrant complement of cytochromes. The result of 
the combination of the two variants was a mycelium that for an extended 
period of time grew at essentially the same rate as normal controls. The 
experiment was conducted in a way that made it possible to exclude the 
theory that the heterotic effect might be due to interaction directly 
referable to the nuclear components of the mycelium. Therefore, the 
rapidly growing mycelium derived from the combination of the two 
variants appears to have been a complementing heteroplasmon. Although 
growth of the heteroplasmon was normal, the cytochromes were not. 
Moreover, the heteroplasmon did not maintain indefinitely, but eventu-
ally segregated into its component types. These observations signify that 
the initially normal growth of the heteroplasmon was not due to some 
recombination process that produced a normal set of cytoplasmic factors. 
Instead, normalcy for growth was due to complementation at the pheno-
typic level. In any case, it must be inferred that in the functional sense 
poky and mi-4 represent nonidentical lesions. 

Suppression of Mutant Phenotype 

Mutation at a chromosomal locus in N. crassa gives rise to an allele that 
acts as a phenotypic suppressor on poky (Mitchell and Mitchell, 1956). In 
the presence of allele f, poky strains grow at nearly the wild-type rate. The 
cytochromes, however, remain aberrant. If a suppressed poky strain is 
used as maternal parent in a cross with /+, half the progeny are of 
standard poky phenotype. This result indicates that allele / does not 
impose a persistent heritable change on the cytoplasmic factors that 
account for the poky phenotype. It is noteworthy that in regard to inter-
action phenomena such as complementation and suppression, systems 
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involving extrachromosomal heredity resemble classic Mendelian systems 
in that interaction is clearly at the phenotypic rather than the genotypic 
level. 

Discussion 
A description of extrachromosomal heredity based on observations in 

the fungi does not present quite so diverse a picture as if consideration 
were also given to comparable observations in protozoa, bacteria, and 
green plants. Nevertheless, the picture presented by fungi can be con-
sidered reasonably typical. It is based on the same kind of approach 
utilized for the study of extrachromosomal heredity in other groups of 
organisms; the gaps are similar and so are the difficulties of interpretation. 
The same basic issues arise either with a plastid or a mitochondrion when 
we contemplate the evidence that organelles outside the nucleus may have 
genetic continuity and bear genetic information. 

First, however, let us consider what we do know as the result of experi-
mentation with extrachromosomal systems. It seems to the author that the 
question of the reality of extrachromosomal heredity is no longer a matter 
for debate among biologists. Adequate studies on a variety of organisms 
demonstrate clearly the existence of persistent non-Mendelian patterns of 
inheritance. Some of these patterns are segregational, showing that the 
systems have flexibility as well as persistence. Although certain observa-
tions indicate no more than the fact that the inheritance pattern is not 
correlated with the distribution of chromosomal material, others point 
directly to some component of the cytoplasm as a determinant of the 
pattern of inheritance observed. In a few of these instances, mitochondria 
are certainly implicated, but whether they are primarily determinative 
remains questionable. 

Extrachromosomal hereditary systems undoubtedly carry information of 
some sort. Several studies reviewed earlier in this paper demonstrate that 
persistent heritable properties may be transmitted in the absence of trans-
mission of nuclei. When the transmission of these same properties is 
examined in relation to the standard processes of sexual and asexual 
reproduction these properties show extrachromosomal patterns of in-
heritance. 

Extrachromosomal heredity can no longer be considered inconse-
quential. The number of known cases in fungi is now quite large and is 
distributed among most of the genera given serious genetic study. More-
over, the biological attributes involved are significant, and extrachromo-
somal hereditary variables may have a profound influence on the function 
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and survival of the organism. In the Fungi Imperfecti, systems having 
properties of extrachromosomal heredity are recurrently involved in the 
regular developmental sequence for the life history of a culture. 

Variability in extrachromosomal systems may arise as sudden, persistent, 
heritable changes analogous to mutations. These changes must have 
adaptive importance; they should be subject to selection; and, therefore, 
they would seem to be inevitable participants in evolutionary processes. 

What significant matters of principle remain unknown for extra-
chromosomal systems? For the most part they have to do with mechanism 
and can be brought into focus by a single question: Is extrachromosomal 
heredity based on primary sources of genetic information that exist in the 
cell but outside the chromosomes? In other words, are there entities out-
side the chromosomes that have the basic attributes of genes? A descrip-
tion of these attributes may be phrased roughly as primary information 
that provides for both accurate replication of the entity and ultimate 
definition of the potential for carrying out a particular heterocatalytic 
process. 

The questions just posed are not the only ones that can, or should, be 
asked about extrachromosomal heredity. They point to a basic issue, 
however, that arises naturally in the context of present knowledge and the 
means by which it has been obtained. Present knowledge tells us that all 
heritable attributes have much in common, but that they may nevertheless 
be placed into one of two sets. Into whichever set they fall, heritable 
attributes are similar in that their transmissibility under ordinary circum-
stances depends upon cellular continuity and that they show great 
persistence occasionally interrupted by the kind of sudden, heritable 
change that fulfills the general criteria for mutability. The sets differ in 
that in one, the pattern of appearance of phenotypic attributes through a 
sequence of cell generations is directly referable to the details of trans-
mission of chromosomal material. In the other, the pattern of transmission 
of phenotypic attributes is not referable to chromosomal transmission and 
often, if not always, is directly correlated with cytoplasmic as distinct from 
nuclear continuity. Are these observations sufficient to establish the 
existence of two systems of heredity, admittedly interrelated, and highly 
similar except that one depends on genes in chromosomes and the other 
on gene-like entities outside the chromosomes? The observations in them-
selves are not sufficient. The category designated extrachromosomal he-
redity has been established largely through observations of phenomena 
not in conformity with traditional patterns of chromosomal heredity 
readily recognizable by a fairly simple relationship between genotype and 
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phenotype. At least since the proposal of Delbrück's (1949) model for 
alternative cytoplasmic metabolic states without nuclear genetic change, 
students of extrachromosomal heredity have been aware that non-
Mendelian inheritance patterns, even when of great persistence, need not 
signify a source of primary genetic information other than in chromo-
somes. With the discovery of opérons and other systems for controlling 
gene action, one can devise models, based on demonstrable phenomena of 
chromosomal genetics, that are formally sufficient to account for many of 
the instances of extrachromosomal heredity. It must be said, however, that 
in no instance has such a model yet been shown to be applicable. Counter 
models based on the assumption of genetic entities in the cytoplasm may 
in particular instances have equal or greater plausibility. Thus, two 
contemporary books on extrachromosomal heredity (Jinks, 1964; Wilkie, 
1964) can give reasonable treatment to the same experimental field from 
rather different interpretational viewpoints. Elegant and extensive experi-
ments on a given system, for example the barrage phenomenon in 
Podospora (Rizet and Schecroun, 1959; Beisson-Schecroun, 1962), are still 
interprétable either on the basis of rather strict chromosomal control or 
in terms of partial cytoplasmic genetic autonomy. 

Since no definitive interpretation of mechanism is at hand, the relative 
plausibility of different models in reference to particular systems of 
extrachromosomal heredity will not be considered here. Since the exciting 
possibility also remains that primary genetic systems may exist in the 
cytoplasm or elsewhere outside the chromosomes, it may be worthwhile in 
conclusion to consider what would be necessary for the proof of such a 
system and how such proof might be established. 

Certain of the segregational phenomena and also some of the mutation-
like phenomena in extrachromosomal systems are most readily visualized 
as having a particulate basis in the cytoplasm. Particles can be conceived 
in various ways and as having various properties (Catcheside, 1956), but 
the cytoplasm of fungi includes at least one kind of known particle that 
has been clearly implicated in two instances of extrachromosomal hered-
ity—the mitochondrion in little yeast and poky Neurospora. Recent 
studies by Luck and Reich (1964) demonstrate that the mitochondria of 
Neurospora contain DNA. Therefore, a cytoplasmic particle contains a 
substance the properties of which determine the replicative, hetero-
catalytic, and mutational attributes of chromosomal genetic systems. The 
mere presence of DNA in a cytoplasmic particle, however, does not prove 
the existence of a primary genetic function for that particle; it only lets 
us visualize in familiar terms one of the ways in which a genetic particle 
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in the cytoplasm might operate. If a specific base composition for mito-
chondrial DNA were found to be maternally inherited or transmissible 
by cytoplasm in the absence of nuclear transmission, and if it were found 
also to account for the specificity of a particular protein, then the exist-
ence of a very gene-like entity in the cytoplasm would be definitively 
established. Nevertheless, the recognition of one such instance would not 
mean that all instances of extrachromosomal heredity have a similar 
basis. It would not be surprising if different mechanisms, including some 
that are episomal, are found to be responsible for different instances of 
cytoplasmic heredity. 

An additional experimental finding should be mentioned before the 
close of this discussion. The little phenotype in yeast can arise as the result 
of gene mutation and be transmitted in the usual fashion of chromosomal 
heredity (Ephrussi, 1953). Mitochondria, then, are certainly not autono-
mous genetic particles. Even genes can be the receptors as well as the 
transmitters of information. That any component within the cellular 
system will be found to have true autonomy in its various functions is 
quite unlikely. The different means for providing continuity in biological 
reproduction, when reasonably well understood, will certainly show a 
high degree of integration and interrelation. 
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