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Abstract The typical life cycle of filamentous fungi commonly involves asexual sporulation after vegetative growth in response to
environmental factors. The production of asexual spores is critical in the life cycle of most filamentous fungi. Normally, conidia
are produced from vegetative hyphae (termed mycelia). However, fungal species subjected to stress conditions exhibit an
extremely simplified asexual life cycle, in which the conidia that germinate directly generate further conidia, without forming
mycelia. This phenomenon has been termed as microcycle conidiation, and to date has been reported in more than 100 fungal
species. In this review, first, we present the morphological properties of fungi during microcycle conidiation, and divide
microcycle conidiation into four simple categories, even though fungal species exhibit a wide variety of morphological differences
during microcycle conidiogenesis. Second, we describe the factors that influence microcycle conidiation in various fungal species,
and present recent genetic studies that have identified the genes responsible for this process. Finally, we discuss the biological
meaning and application of microcycle conidiation.
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The typical life cycle of filamentous fungi involves conidiation
after a period of vegetative growth [1, 2]. Filamentous
fungi produce several types of asexual spores, such as
macroconidia, microconidia, and chlamydospores. The
production of asexual spores is critical in the life cycle of
most filamentous fungi, because spores contribute to survival
under unfavorable environmental conditions, as a means of
dispersal from one site to many potentially viable sites. In
any case, spores remain dormant until the environmental
conditions become favorable. Dormant spores tend to swell
in water that contains ideal nutrients, and produce germ
tube(s) following vegetative hyphal growth. Vegetative hyphae
(or mycelia) produce asexual reproductive apparatus called
conidiophores, which generate conidia when environmental
factors limit the vegetative phase [1, 2]. However, several
fungal species exhibit an extremely simplified asexual life
cycle when subjected to stress conditions, in which the
conidia germinate and directly generate further conidia,

without forming mycelia [1-6]. This phenomenon has been
defined as microcycle conidiation (MC) [1].

In this review, first, we present the morphological
properties of fungi during MC, and divide MC into four
basic categories based on the morphological characteristics
of conidiogenesis, even though there are a considerable
number of morphological differences during microcycle
conidiogenesis among fungal species. Second, we describe
the factors that influence MC in various fungal species,
and present recent genetic studies that have identified the
genes responsible for this process. Finally, we discuss the
biological meaning and application of MC.

MORPHOLOGICAL CHARACTERISTICS OF MC 
IN DIFFERENT FUNGAL SPECIES

MC was first reported in 1890 [7], but the term used to
describe this phenomenon was first coined in 1971 by
Anderson and Smith [1]. MC has been reported in more
than 100 fungal species, and has a considerable number
of morphological differences [3, 8]. To understand the
morphogenesis of MC, we separated MC morphogenesis
into four distinct categories.

First, the majority of dormant conidia (3.5 µm, mean
diameter) in Aspergillus niger swell to 7.0 µm before germ-
tube outgrowth, and produce one to two germ tubes at
30oC in nutrient-rich deionized water. The proportion of
conidia that produce germ tubes gradually decreases from
a temperature of 38oC to 43oC, with the complete inhibition
of germ tube formation on conidia at 44oC. At higher
temperatures, conidia become large spherical cells (20 µm,
mean diameter), and directly produce conidiophores following
vesicle formation when the temperature drops to 30oC,
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without first forming mycelia [1]. When conidia are formed
directly, the conidiophores are broader with thicker walls
compared to the vegetative mycelium, and bear vesicles
with phialides, while the metulae observed in the normal
conidiation of this fungus are absent (Fig. 1A). A. flavus
and Penicillium cyclopium exhibit similar MC morphological
characteristics to A. niger [3, 9].

The second type of MC is much simpler compared to the
first type, and has been reported in the plant pathogenic
fungi, Fusarium solani and Cercospora zeae-maydis [4, 10].
The conidia of these fungi also swell, but the level of
swelling under conditions that induce MC is similar to the
conditions for normal conidia germination. When the conidia
are incubated in submerged culture or on water agar,
conidiophores arise from the conidial cells or germ tubes.
Most conidiophores produce conidia without the specialized
phialides that are observed in normal conidiophores, with
conidia also being frequently produced from intercalary
phialides (Fig. 1B) [4, 10]. The MC of mutants generated
from F. verticillioides and F. graminearum belongs to this
category [11, 12].

The third type of MC is the simplest form, in which
even the development of conidiophores is arrested. The
entomopathogenic fungi Metarhizium anisopliae and Beauveria
bassiana undergo a dimorphic transition in the host
integument and hemocoel [13]. Under typical conditions
for vegetative growth, fungal conidia produce germ tubes
that elongate into hyphae, with new conidia being produced
at the tip or sides of the hyphae, without any specialized
asexual reproductive apparatus being formed, such as
vesicles and metulae [13-15]. Under MC conditions, while
the conidia germinate, the elongation of germ tubes is
quickly arrested, after which they directly differentiate into
conidia [14, 15]. This rapid differentiation of germ tubes
into conidia results in the daughter conidia adjoining with

the original conidia (Fig. 1C), and has the appearance of
budding yeast.

The fourth type of MC is possibly unique to Neurospora
classa. The microcycle conidia produced by the first three
types described here are not significantly different to the
conidia produced under normal conditions, although the
pigmentation and size of the conidia are slightly different.
However, the conidia produced by the fourth type of MC
are very different to those produced during typical
conidiation. In this type, the germ tubes multiply septated,
with each cell rapidly enlarging and thickening. Eventually,
fragmentation occurs to form a chain of conidia (Fig. 1D).

FACTORS INFLUENCING MC

MC has been proposed as a survival mechanism of fungi
when unfavorable environmental conditions are encountered
[4, 8]. Therefore, most MC is induced under stress conditions.
Higher temperature inhibits the normal germination of
conidia, and induces the formation of conidiophores that
generate conidia in A. niger [1, 16]. In addition, glutamate
is present at higher temperatures, which accelerates the
initiation of conidiophore formation in this fungus [1].
Conidiophores that are produced from conidia have shorter
stalk lengths and contain fewer pigments compared to
normal conidiophores, but the conidia produced through
MC are successfully germinated [1]. Glucose is required
for the conidia to swell. Consequently, the absence of
glucose from the medium decreases MC in A. niger and
P. cyclopium [1, 9]. Another important factor that triggers
MC is the change in pH during the first cultivation, which
is probably caused by the faster incorporation of NH4

+ or
glutamate amino group. The buffering of the medium
inhibits microcycle development [9]. The manipulation of
glutamate and glucose levels in the medium efficiently
inhibits the apical growth of P. cyclopium to induce MC.
However, this process is independent of heat stress [9].

In the plant pathogenic fungus C. zeae-maydis, MC does
not occur on the leaf surface, which might contain
carbohydrates and amino compounds. Ammonium salts
and hydrogen peroxide also suppress MC, although other
nutrients do not affect MC, including amino acids, nitrate
salts, and simple sugars [4]. Unlike C. zeae-maydis, the
obligate biotrophic plant pathogens powdery mildew fungi
conduct MC on the surface of host plants, where only
0.5% to 4% of germinated conidia conduct MC [6, 17].
This observation indicates that MC induction is not
conserved among plant pathogens.

Fungal species belonging to the genus Colletotrichum
also conduct MC on solid media, with the process possibly
arising from a high-density conidial inoculum, regardless
of heat stress [18, 19]. In this group of species, the MC
process is characterized by accelerated development of
short conidiophores across the inoculation site that support
the production of a gelatinous mass of slime spores [18-
20]. The high nutrient concentration promotes vegetative

Fig. 1. Morphological properties of typical conidiation (left)
and microcycle conidiation (right) reported for Aspergillus
niger (A), Cercospora zeae-maydis (B), Metarhizium anisopliae
(C), and Neurospora crassa (D) [1, 4, 5, 15]. The figures were
drawn by Boknam Jung.
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growth, and overrides the induction of MC metabolites,
while nutrient-limited conditions sufficiently reduce vegetative
growth and induce MC [19]. Secondary conidia in plant
pathogenic fungi are efficiently produced in a water droplet,
and are easily detached and dispersed. This observation
indicates that MC may represent a viable strategy for
producing new inoculums on nontarget plants or on plant
surfaces [4, 20]. In addition, in plant pathogenic fungi, MC
is closely related to the defense response of hosts, although
secondary conidia produced through MC are viable and
penetrate plant tissues [21].

In the entomopathogenic fungus B. bassiana, MC is
efficiently induced when nitrogen sources reach the limitation
level, which restricts vegetative growth. This observation
indicates that fungal conidia contain endogenous nitrogen
reserves for the synthesis of proteins required for MC [2].
In this fungus, carbon sources are not necessary for the
induction of MC, because fungal strains produce MC, even
in the complete absence of carbon sources [2]. However,
carbon sources (such as glucose) are required for the
conidia to swell, as shown in A. niger. When glucose
concentrations are high, the conidia swell, with the germ
tubes becoming longer and more vacuolated compared to
those in the absence of glucose. Under glucose-poor
conditions, the germination and microcycle processes of
the swelling conidia are slower [2]. In the entomophathogenic
fungi B. bassiana and M. acridum, heat stress does not
induce MC, whereas the presence of glutamate induces
vegetative growth, indicating that it is used as a nitrogen
source [2, 14, 15].

MC might be a common phenomenon in filamentous
fungi. However, MC has only been confirmed in a limited
number of fungal species to date. This discrepancy exists
because there is no unique set of environmental conditions
that induce MC in most fungi. Consequently, MC might
not have been observed in many other fungal species yet.

GENETIC STUDIES ON MC

Even though MC was first observed in 1890 [7] and has
been reported in more than 100 fungal species, the
molecular mechanisms underlying this process remain
limited. The DNA of normal germinating conidia and MC is
synthesized differently, whereby there is a sharp and
premature resumption of DNA synthesis during MC [22].
The synthesis of new mRNA is also required for the
initiation of MC. An inhibitor of mRNA synthesis, α-
amanitin, which does not interfere with germination or
germ tube formation, suppresses MC in C. zeae-maydis
[4].

Some wild isolates of N. crassa produce three types of
spores, blastoconidia, arthroconidia, and microconidia
through MC. Two genes, mcb and mcm, that control the
specific patterns of MC were first identified in N. crassa
using a conventional genetic approach. The single gene mcb,
which is epistatic to mcm, controls blastoconidiation, while

mcm controls both microconidiation and arthroconidiation,
depending on the temperature of the culture [5].

To identify genes related to MC, suppression subtractive
hybridization has been performed during MC vs. the
normal conidiation of the hyphae of M. anisopliae [14].
This study identified 221 uniquely expressed sequence tags
in MC, which belonged to various cellular processes,
including protein synthesis, energy production, the cell
cycle, general metabolism, DNA processing, cellular transport,
transcription, signal transduction, and the stress response.
This observation indicates that MC requires new
differentiation from normal conidial germination. Of the
genes involved in this process, one gene, mmc, showed
specifically higher expression during MC in M. anisopliae.
This gene is a homolog of the circadian clock controlled
gene ccg-6 protein identified in N. crassa [23] and of a
regulator of a G protein signaling gene, cag8, which regulates
normal conidiation in M. anisopliae [24]. The down
regulation of mmc through RNAi blocks MC and delays
conidiation, but does not influence normal conidial
germination. This observation indicates that this gene
specifically controls MC and positively influences the
speed of conidiation in this fungus [25].

Previous studies have indicated that the wild isolates of
several species belonging to the genus Fusarium, including
F. verticillioides and F. graminearum, do not conduct MC.
However, MC may be induced in these fungi by the deletion
of a certain gene, indicating that MC in these fungi is
suppressed under natural conditions. The velvet gene, veA,
is an important global regulator for asexual and sexual
development in filamentous fungi [11, 26-28]. In F.
verticillioides, the deletion of veA suppresses the formation
of aerial hyphae and reduces the hydrophobicity of the
hyphal surface. In addition, the mutant strains of this fungus
alter the production ratio of macroconidia and microconidia,
and significantly induce MC [11]. veA-mediated MC has
only been reported for F. verticillioides, even though veA
influences filamentous growth and conidiation is similar
among F. verticillioides and Aspergillus spp. [11, 26-28]. This
observation indicates that the mechanisms of MC differ
among fungal species.

Fusarium graminearum presents another example of MC
induction through genetic manipulation. In A. nidulans,
the wetA gene activates spore-specific gene expression, and
is required for spore maturation [29]. The deletion of the
wetA homolog in F. graminearum results in pleiotrophic
phenotypic changes [12]. The deletion mutants produce
fewer conidia, which are longer with fewer septa, compared
to the wild-type strain. These conidia are sensitive to both
oxidative and heat stress. The most distinct phenotypic change
in F. graminearum wetA mutants compared to those reported
for other fungal species is the induction of MC that is
dependent on autophagy [12].

Even though MC has attracted the interest of many
researchers over the last century, few genes related to MC
have been characterized. To date, most research on MC
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has been focused on the characterization of morphological
and physiological properties, and the optimization for
MC induction. Detailed molecular mechanisms of normal
conidiation have been elucidated for many filamentous
fungi, including those belonging to the genera Aspergillus,
Penicillium, Neurospora, and Fusarium. Genes related to
normal conidiogenesis are also closely related to MC.
Therefore, the reexamination of known genes related to
conidiogenesis might provide important clues for elucidating
the mechanisms involved in MC.

BIOLOGICAL SIGNIFICANCE
AND APPLICATION OF MC

It is obvious that MC provides significant advantages to
some fungal species that are able to induce MC in nature.
First, the process contributes to the survival strategy of
spores that encounter unfavorable environmental conditions.
The spores of many filamentous fungal species simply
germinate when the minimum requirements are met, such
as a certain level of humidity over a broad spectrum of
temperatures. Microcycle conidia produced by M. acridum
are more thermo tolerant, because more trehaloase is
accumulated in the cells compared to normal aerial
conidia, even though there are no significant differences
against UV tolerance [15], supporting the advantage of
MC in nature.

Another advantage of MC occurs in plant pathogens
that only infect plants under a limited range of conditions.
Many plant pathogenic fungi have a narrow spectrum of
hosts, and must infect the correct hosts at germination.
When the conidia germinate on the surface of non-hosts
or on non-edible places, they must quickly move to the
correct places for survival. Consequently, quick sporulation
through MC using minimal nutrient requirements helps
the fungi to quickly escape such unfavorable conditions.
MC is also a good strategy for disease dispersal, because a
large amount of primary propagules is produced. In
pathogens, such as C. zeae-maydis, C. beticola, B. bassiana,
and M. acridum, microcycle conidia penetrate hosts as
efficiently as the original primary conidia. This observation
indicates that microcycle conidia may serve as an important
source of inoculums [2, 4, 15, 21].

It is interesting that MC is normally suppressed in many
fungi, such as F. verticillioides and F. graminearum [11, 12].
In these fungi, only mutant strains that carry a certain
gene deletion induce MC, indicating that these fungi retain
the ability of MC, even though it has not been recorded
under laboratory or natural conditions. The retention of
MC mechanisms by these fungi indicates that MC continues
to have biological meaning in these fungi in nature.
Therefore, the evolutionary context and fitness costs of this
process in nature need to be studied.

The genera Aspergillus and Penicillium have been widely
used for food fermentation processes and the production
of secondary metabolites. The entomopathogenic fungi B.

bassiana and M. acridum have been developed as control
agents against insects [13-15, 30]. In addition, several
Trichoderma spp. exhibit strong antagonistic effects against
plant pathogens, which has led to the development of
biological control agents. The mass production of uniformed
conidia is prerequisite for industrial fermentation or biological
control agents. In this context, MC represents one of the
best strategies for produce large quantities of uniformed
conidia. However many more studies are required to
elucidate the molecular mechanisms of the MC process,
with the genetic manipulation of specific genes related to
MC being essential for the utilization of MC.
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