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SUMMARY The pathogenic entomophthoralean fungi cause infection in insects and
mammalian hosts. Basidiobolus and Conidiobolus species can be found in soil and in-
sect, reptile, and amphibian droppings in tropical and subtropical areas. The life cy-
cles of these fungi occur in these environments where infecting sticky conidia are
developed. The infection is acquired by insect bite or contact with contaminated en-
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vironments through open skin. Conidiobolus coronatus typically causes chronic rhino-
facial disease in immunocompetent hosts, whereas some Conidiobolus species can
be found in immunocompromised patients. Basidiobolus ranarum infection is re-
stricted to subcutaneous tissues but may be involved in intestinal and disseminated
infections. Its early diagnosis remains challenging due to clinical similarities to other
intestinal diseases. Infected tissues characteristically display eosinophilic granulomas
with the Splendore-Héeppli phenomenon. However, in immunocompromised pa-
tients, the above-mentioned inflammatory reaction is absent. Laboratory diagnosis
includes wet mount, culture serological assays, and molecular methodologies. The
management of entomophthoralean fungi relies on traditional antifungal therapies,
such as potassium iodide (KI), amphotericin B, itraconazole, and ketoconazole, and
surgery. These species are intrinsically resistant to some antifungals, prompting phy-
sicians to experiment with combinations of therapies. Research is needed to investi-
gate the immunology of entomophthoralean fungi in infected hosts. The absence of
an animal model and lack of funding severely limit research on these fungi.

KEYWORDS Entomophthorales, Entomophthoramycota, Basidiobolus, Conidiobolus,
basidiobolomycosis, conidiobolomycosis, rhinoconidiobolomycosis,
entomophthoramycosis, rhinoentomophthoramycosis

INTRODUCTION

ost of what we know about the described species comprising the Entomophtho-

rales comes from studies done in the last 150 years (1-10). These studies initially
focused on the biology of some species known for their ability to multiply their
propagules inside insects, resulting in the death of the affected species (5-9). Originally,
this was an object of interest because of its putative application in industry for the
biological control of insects (4, 6). A good example of this was Entomophthora musca
(10), causing true epizootics in Musca domestica (common housefly). Moreover, previ-
ously studied entomophthoralean fungi were found to affect a variety of economically
important insect species (11, 12), including species which consume a great variety of
vegetables during their caterpillar life cycles (11, 13). Good examples are aphids,
cabbage (white) butterfly caterpillars, caterpillars of the Noctuidae, orthopterous in-
sects, gnats, and others (11).

These studies also found several Entomophthorales species colonizing soils in
tropical and subtropical areas rich in organic matter, especially in areas covered with
leaves and other organic materials (3-7). Of importance was also the finding of
entomophthoralean species (Basidiobolus ranarum) in the intestinal tract of some
amphibians and reptile species without invasion or disease (8, 11). Thus, early in the
history of the entomophthoraleans, it was obvious that these species can be found
multiplying inside insects or as saprotrophic fungi in ecological niches rich in organic
matter and in the intestines of amphibian and reptile species (7, 12). In these ecological
niches and during infection in insects, these fungi developed broad hyaline coenocytic
hyphae, sometimes with a few septa and the production of forcibly discharged mono-
and multinucleated asexual conidia. Under special conditions, they could also form
spherical thick-walled sexual zygospores after the mating of two adjacent hyphal
segments (see Biology, below).

Prior to 1950, few studies addressed the classification of Entomophthorales species
found in nature or those that complete part of their life cycle inside insects (11).
Although Van Overeem (14) found for the first time Basidiobolus species causing
disease in a horse, it was 31 years later when Basidiobolus and Conidiobolus species
were again incriminated as pathogenic etiologies of humans and lower animals (15-19).
At this point, the need to address the taxonomics of the Entomophthorales was
postulated (11, 20). Until this time, those working with the so-called “lower fungi,”
including saprotrophic and pathogenic species, applied morphological features only for
the classification of these unique species (10, 21-23). In the early 1950s and 1960s, the
inclusion of physiological, cytological, genetic, as well as pathological studies in insects
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TABLE 1 Classification of the phylum Entomophthoramycota using multiple gene
phylogenies®

Classification of the phylum Entomophthoramycota
Basidiobolomycetes
Basidiobolales
Basidiobolaceae
Basidiobolus

Entomophthoromycetes
Entomophthorales
Ancylistaceae
Ancylistes
Conidiobolus
Completoriaceae
Completoria
Entomophthoraceae
Entomophaga
Entomophthora
Pandora
Meristcraceae
Meristacrum
Tabanomyces

Neozygitomycetes
Neozygitales
Neozygitaceae
Apterivorax
Neozygites

aSee reference 30. In this review, we adopted the spelling “Entomophthoramycota” for the phylum. The
order in which the classifications are shown is as follows: class, order, family, and genus. The phylum
Mucormycota is not included.

provided a better perspective for a more comprehensive classification of the Ento-
mophthorales (24-26). This classic taxonomic approach was recently challenged (27-
30). Using molecular phylogenetic approaches, a new proposal organized the ento-
mophthoraleans into the classification currently in place (30) (Table 1) (see Taxonomy
and Phylogeny, below).

Human-Infecting Entomophthorales: Historical Perspectives

The etymology of the terms Entomophthoramycota and Entomophthorales derives
from the original genus type Entomophthora (from the Greek entomo, for insect, and
phthora, for destruction) introduced by early investigators studying unusual fungal
insect pathogens (9, 10). Since the first report of infections caused by entomophtho-
ralean fungi in mammalian hosts (14), only two genera, Basidiobolus and Conidiobolus,
have been documented as human pathogens. The terms basidiobolomycosis and
conidiobolomycosis are derived from these genera, and the general term entomoph-
thoramycosis comes from the high-rank name Entomophthoramycota (12). Infections
due to entomophthoralean fungi rarely disseminate from the initial lesion to other
areas of the body; instead, the pathogens spread near the originally infected areas.
They are characterized by the development of painless slow-growing subcutaneous
granulomas, sometime causing deformity of the affected anatomical areas. Lesions may
remain indolent for years, but some cases of spontaneous cure have also been
mentioned (3, 31). Typically, Conidiobolus species have been frequently found affecting
the face and the nostril areas. Basidiobolus affects the thorax, trunk, limbs, and intestinal
tract, and in unusual cases, it causes systemic infections (31-35).

The first report of Entomophthorales fungi infecting humans occurred in Indonesia
(15), in a boy with subcutaneous swelling from whom B. ranarum was recovered in pure
culture. Those authors mentioned that in 1925, Van Overeem (14), also in Indonesia,
described a horse with chronic suppurating granulomas with discharging sinus tracts,
and a fungus identified as B. ranarum was recovered. They also mentioned that in 1931,
Casagrandi found similar broad hyphae within an intestinal ulcer of a man by histo-
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pathology, but cultures were not obtained. This claim, however, needs confirmation.
Four years later, four additional cases, also in children 4 to 8 years old from Indonesia,
from which B. ranarum isolates were recovered in culture were recorded (36). At least
one of these isolates (the isolate from the first case) was later studied by Lie Kian Joe
et al. (15) and confirmed to be B. ranarum. In 1960 in London, Symmers (37) diagnosed
another case of Basidiobolus infection, this time in a Dutch girl who had visited
Indonesia. It was believed that the girl had contracted the infection while traveling in
this area of endemicity. The diagnosis was based on the location of the lesion (back)
and the eosinophilic reaction by histopathology, as cultures were not available. A case
of a Cameroonian man with swelling of the upper lip with a similar eosinophilic
reaction but without culture was reported 1 year later (2). Those authors believe that
Basidiobolus was the etiologic agent, but based on the anatomical location of the
lesion, it was probably due to Conidiobolus sp., an understandable mistake since
Conidiobolus infection in humans was reported 4 years later (3). In addition, Lynch and
Husband (38), based on histopathological findings (hyphae with the Splendore-Hoeppli
phenomenon), reported a similar case of a 5-year-old boy in Sudan with painless
progressive swelling in the upper right forearm (15). Despite the lack of cultures, this
case could be attributed to B. ranarum based on histopathology and the anatomical
location of the lesion.

Gatti et al. (39) reported the first case from Africa and gave a detailed history of the
reported cases involving entomophthoralean fungi until 1968. Since then, numerous
cases have been reported from tropical and subtropical areas of the world, including
the United States (31-35, 40-42). Although earlier controversies on the taxonomic
Basidiobolus species affecting humans suggested the presence of two other species, B.
haptosporus (8) and B. meristosporus (9), it was later found that B. ranarum was the only
species affecting humans and lower animals such as horses, dogs, and others (14, 26).
The finding of B. meristosporus causing intestinal disease in an HIV-positive Cameroo-
nian woman by the use of molecular procedures without culture was recently reported
(43). However, taxonomic and comprehensive molecular and phylogenetic data are
necessary to validate this finding.

Conidiobolus infection was provably first described in humans in 1961 (2), but the
diagnosis was based on histopathological analysis without culture. Those researchers
believed that the hyphae in the infected tissues were Basidiobolus sp. hyphae, but the
anatomical location (upper lip) pointed to Conidiobolus as the most likely etiology (see
above). In 1961, Emmons and Bridges (17) reported the first cases of conidiobolomy-
cosis in Texan horses. The first well-documented case of human Conidiobolus coronatus
infection, in an 11-year-old Jamaican boy from the Grand Caiman Island, came from
Bras et al. (3). The lesion was limited to the nose and paranasal sinuses, and C. coronatus
was obtained in pure culture. Two years later, reports of several human cases of
infection caused by C. coronatus were reported in the same journal (44-46). Two of
these cases were the first reports of the infection in South America, in Brazil (44) and
Colombia (46), plus 11 new cases from Nigeria, all involving the nasal passages (45).

Systemic conidiobolomycosis in a U.S. infant was reported by Gilbert et al. (47), and
their isolate was later characterized as Conidiobolus incongruus by King and Jong (48).
Another systemic case involving C. incongruus was reported 7 years later (49). More
recently, Conidiobolus lamprauges was also reported, first in several Brazilian sheep (19)
and later in a human with systemic infection in Japan (50). In the following years,
numerous cases involving B. ranarum and Conidiobolus species were reported, includ-
ing numerous reviews (1, 31-34, 51-53).

TAXONOMY AND PHYLOGENY

Entomophthorales: Traditional and Current Phylogenetic and Genomic Analyses
The taxonomic placement of the Entomophthorales in their own group was tradi-

tionally based on the presence of coenocytic (or sparsely septate) hyphae, the produc-

tion of forcibly ejected multinucleated asexual conidia, and the development of sexual

diploid zygospores in nature and culture (20, 54, 55). As a result, the entomophtho-
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raleans were properly separated from mucoralean fungi, and both were included within
the now obsolete phylum Zygomycota. The entomophthoralean fungi were at that
time further divided into six families (29, 30). Their taxonomic characteristics have been
thoroughly reviewed numerous times (1, 27-29, 56, 57). This characterization was
widely accepted until phylogenetic analysis indicated that the “Zygomycota” were a
polyphyletic group, with Basidiobolus sharing phylogenetic features with monoflagel-
lated chytrid fungi (30, 58-60). Of interest for its current classification was a report that
molecular-based approaches, using amino acid sequences (including those exons used
for DNA phylogeny), had placed the genus Basidiobolus away from the Entomophtho-
rales and closely related to fungal chytrids (58, 61, 62). These findings led to a proposal
to remove the entire Basidiobolus genus from the Entomophthorales. However, many
researchers remained skeptical on the actual interpretation of such results (30, 63, 64).

Investigators called attention to Basidiobolus because of its unusually huge nucleus
(65) and its large genome size (66) and because it develops a 9-by-3 microtubular
arrangement in centrioles and kinetosomes (67). This is an unusual feature among
eukaryotic phyla without flagella but is consistently found on fungal microbes display-
ing flagella, such as the chytrids (43, 67). Despite these controversies, the placement of
the genus Basidiobolus with the entomophthoralean fungi is still supported by many
(30, 58, 63, 64).

In a recent comprehensive phylogenetic study, Gryganskyi et al. (63) included more
genes from a broader range of entomophthoralean species. This study confirmed
previous analyses showing the Entomophthorales as a monophyletic group, basal to
the mucoralean fungi and directly related to the chytrids (58, 62, 68, 69). As highlighted
by Humber (30), both traditional taxonomic data and current phylogenetic analyses
agree that entomophthoralean fungi possess features distinct from those of other fungi
occupying a position basal to nonflagellate fungi (70). Based on these data, Humber
(30) proposed the phylum Entomophthoramycota, which comprises 3 new classes
(Basidiobolomycetes, Neozygitomycetes, and Entomophthoromycetes) and one new
order (Neozygitales). Table 1 illustrates the nomenclatural features of the proposed
phylum Entomophthoramycota (30).

A genome-bar phylogenetic analysis of zygomycete species, on the other hand (64),
recently introduced a new view on the nomenclatural classification of coenocytic fungi.
Based on genome data for 25 “zygomycetes” and 192 proteins, those researchers
proposed the creation of 2 phyla (Mucormycota and Zoopagomycota), 6 subphyla, 4
classes, and 16 orders (Table 2). As those authors pointed out, “the interpretation of
bootstrap support for branches in genome-bar phylogenies is still poorly understood
given that some genes within a particular genome may have different evolutionary
histories” (64). Thus, adopting and interpreting such data need the support of further
studies to validate the proposed changes. Moreover, the use of these data does not
exclude the possibility of genome duplication, even with the use of conservative
orthologs, and issues related to ancient lineage sorting events (71). As DNA sequence
technologies advance, new changes in the higher classification of these fungi are
expected.

The Terms Zygomycetes and Zygomycosis

The abolishment of the disease name “zygomycosis” (32, 72) had created an
inherent problem for those involved in clinical cases of “zygomycosis” and for those
with appointments in the teaching of medically important fungi. The suggestion of the
terms mucormycosis and entomophthoramycosis for the infections caused by filamen-
tous coenocytic pathogens in mammals did not address the need for a single term
linking both groups of coenocytic pathogens (32, 72). Although the term zygomycosis
has been incorrectly used for the infections caused by mucoralean fungi, it is wise to
maintain the original intent of the term zygomycosis to name the infections caused by
both groups of coenocytic pathogens: the Mucormycota (30), (Mucoromycotina ac-
cording to Spatafora et al. [64]) and the Entomophthoramycota (30) (Zoopagomycota
according to Spatafora et al. [64]). Following the use of the epithet “zygomycetes” by
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TABLE 2 Classification of “zygomycetes” using genome-scale data“

Classification of “zygomycetes”

Mucormycota
Glomeromycotina
Glomeromycetes
Archaeosporales
Diversisporales
Glomerales
Paraglomerales
Mortierellomycotina
Mortieralles
Mucoromycotina
Endogonales
Mucorales
Mucor
Rhizopus
Umbelopsidales

Zoopagomycota
Entomophthoromycotina
Basidiobolomycetes
Basidiobolales

Basidiobolus
Entomophthoromycetes
Entomophthorales
Conidiobolus
Neozygitomycetes
Neozygitales
Kickxellomycotina
Asellariales
Dimargaritales
Harpellales
Kickxellales
Zoopagomycotina
Zoopagales

aSee reference 64. The order in which the classifications are shown is as follows: phylum, subphylum, class,
order, and genus.

Spatafora et al. (64), we use this general term to address the microscopic features of
coenocytic fungi in infected tissues and in culture. Thus, the terms zygomycetes and
zygomycosis are used throughout this review with the understanding that they rep-
resent coenocytic fungal species developing sexual zygospores in nature and in culture.

BIOLOGY

Entomophthoraleans are fast-growing fungi forming spores by developing abun-
dant forcibly discharged sticky conidia (8, 11). They are considered primary or second-
ary mesotrophic colonizers of difficult-to-degrade substrates, such as cellulose, suberin,
chitin, and others (11). Their physiological characteristics and biochemical properties
(e.g., the production of chitinolytic and saccharolytic enzymes) make them successful
competitors among fungi and common inhabitants of soil and organic debris (73).
Some Conidiobolus species are able to develop within living insects and mites (C.
coronatus) (74). Basidiobolus species had been found in the gastrointestinal tract of
amphibians and reptiles and are readily recovered in their feces (11, 75). These species
are characterized by the development of complex conidium systems to facilitate their
spread in nature (54). Entomophthoralean species are also parasites of nematodes,
arthropods, and insects (8, 9, 11).

The Entomophthoramycota comprise around 280 species (63, 71). Their detection in
nature requires special methods; thus, their occurrence in these environments was
seldom noted in early mycological studies (75). In nature, these fungi develop short-
lived forcibly ejected multinucleated (some species) conidia (6, 76). When a conidium
lands on a potential host, it germinates and develops a germ tube. If the tip of the germ
tube detects the presence of open skin, it could develop an appressorium for infection
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(76) (see Pathophysiology, below). Likewise, if the ejected conidia land on a place other
than the target host, they are able to develop secondary small conidia that are also
forcibly ejected, allowing the pathogen another chance to target a new host (11, 77).

Entomophthoramycota species develop wide coenocytic hyphae and usually place
a septum to separate the active cytoplasm at the tip of the structure. Robinow (78)
extensively studied the developmental stages of B. ranarum hyphae. He reports that
under his culture conditions, B. ranarum hyphae increased in size “at a rate of about 4.4
mum per minute,” suggesting that, under the right conditions, these fungi develop very
quickly. He describes that the B. ranarum nucleus, “close to 25 microns in length, lies at
a variable, but always considerable, distance from the tip of the cell” (78). As the tip of
the hypha increases in length, a septum is formed to separate the active cytoplasm
from the rest of the empty hyphae (67, 78). In cases when branches are formed, the
division of the nucleus is first observed, and a septum is then formed, separating the
divided nuclei. The hyphal branch usually develops below the newly developed sep-
tum, and the process continues (67, 78-80).

Nuclear division in B. ranarum was brilliantly described first by Robinow (78) and
later by Sun (65). The details are so impressive, we have directly transcribed Robinow’s
observations (78):

Mitosis in Basidiobolus seems rigidly linked to cell division. Not one of a large
number of cells in which | have watched the course of mitosis failed to divide,
and | have rarely seen a cell with two mature nuclei in the same cytoplasm.
At the end of telophase the distal daughter nucleus moves, or is moved, rap-
idly toward the tip of the cell. The proximal nucleus moves for a much shorter
distance in the opposite direction only to reverse its migration shortly after,
when a sharply defined transverse septum begins to grow inward from the
cell wall at a level close to the plane in which the metaphase plate had first
become visible.

Conidiobolus Species Life Cycle

Entomophthoralean fungi develop conidia under appropriate conditions in nature
and during their life cycle in insects, amphibians, and lizards (6, 8, 11). Based on the type
of conidia and the way in which they are released, Brefeld (4) introduced the genus
Conidiobolus in 1884. Close to 35 Conidiobolus species of saprophytic insect pathogens
and mammalian pathogens (C. coronatus, C. incongruus, and C. lamprauges) have been
described so far (19, 32, 35, 50, 74, 81-83). Vilela et al. (19) gave a detailed description
of the major morphological features of pathogenic species from clinical cultures.

For the genus Conidiobolus, the life cycle begins with the formation of uni- or
multinucleated conidia, which are produced at the top of single unbranched sporan-
giophores (Fig. 1A). First, the cytoplasm migrates from the coenocytic hypha, forming
single or multinucleated conidia (Fig. 1Aa). At the base of the conidium, an invagination
is formed, exerting pressure at the base of the single conidiophore (Fig. 1Ab, arrows) (8).
Eventually, the invagination suddenly everts, propelling the sticky conidium away from
the sporangiophore (Fig. TAc). In the genus Conidiobolus, at least four types of asexual
conidia have been reported in nature and in culture (Fig. 2 to 4) (5, 7, 10). The presence
of sexual structures (zygospores) has been detected in the majority of the members of
this genus (Fig. 3B and C and 4B and C) but not in C. coronatus. However, under specific
laboratory conditions (water agar plates), this species develops villose conidia, a unique
taxonomic characteristic used for its identification in clinical isolates (Fig. 2K and L) (26).
C. incongruus and C. lamprauges develop sexual spores by the projections from two
terminally enlarged hyphal bodies (positive and negative). These apical unequally sized
swellings come into contact and conjugate as the intervening cell wall connects
through an opening. The contents of the two cells (including their nuclei) merge, and
a thick-walled zygospore is formed (Fig. 3 to 6) (18, 19, 65, 78).

It is believed that infections by the entomophthoralean fungi in humans and other
animals are acquired after contact with conidia through small skin injuries (31, 32).
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FIG 1 (Aa) Formation of a sporangiophore of the genus Conidiobolus developing a sticky conidium on
top of the structure. (b) As the conidium matures, an invagination is formed at the base of the conidium
(arrows), exerting pressure on the base. (c) The invagination suddenly everts, propelling the conidium
away from the sporangiophore. (Ba) Basidiobolus sporangiophore developing a conidium at the top of
the structure. The subconidial portion of the sporangiophore accumulates liquid that becomes turgid
(arrows). (b) The continuing accumulation of liquid exerts extreme pressure at the base, forming a
subconidial vesicle, and the pressure results in rupture and the abrupt release of the conidium. (c) The
subconidial structure remains attached, but it detaches upon landing.

Sticky conidia attach to injured tissue and develop a germ tube that eventually
penetrates the open skin, causing conidiobolomycosis (Fig. 5) (see Pathophysiology,
below). As mentioned above, the anatomical areas commonly affected by Conidiobolus
species include the face (nostrils) and, less frequently, other body areas, including
systemic infections (1, 32, 35) (Fig. 5).

Basidiobolus ranarum Life Cycle

The genus Basidiobolus was introduced by Eidam in 1886 (84). It is not considered
a traditional entomopathogenic fungus, although it is commonly isolated from drop-
pings and/or intestinal contents of amphibians and reptiles (85). Thus, members of this
genus may infect some insects, or perhaps these animals come into contact with the
sticky propagules of Basidiobolus becoming host carriers (83, 86). The development of
advancing hyphae triggers the expression of abundant quantities of chitin at the distal
section of the hyphal structure (9, 87). Although both Conidiobolus and Basidiobolus
have developed ballistic conidia as a means of dissemination, the mechanisms by
which these genera release their conidia are quite different. In contrast to the mech-
anism employed by Conidiobolus (discussed above), in Basidiobolus, a single uninucle-
ate conidium on top a single sporangiophore is formed before discharge (Fig. 1B) (86).
However, in Basidiobolus, the subconidial portion of the sporangiophore becomes
turgid due to the accumulation of liquid below the formed conidium. The continuing
accumulation of liquid exerts extreme pressure at the base (below the conidium base)
(Fig. 1Ba, arrows), forming a subconidial vesicle (88). This pressure results in the rupture
of this structure and the abrupt release of the conidium far away from the sporangio-
phore (Fig. 1Bb). The subconidial structure remains attached to the released conidium,
but it detaches soon after landing (Fig. 1Bb and c) (9, 85, 86, 88). In turn, the released
conidia could attach to passing insects, such as mites and beetles, or to mammals,
causing basidiobolomycosis in the latter hosts (Fig. 6A and B) (11, 83). In turn, the
targeted insects can be ingested by amphibians and reptiles, initiating a new cycle in
the intestinal tract of these hosts (Fig. 6D and E) (53, 85, 86). In the intestinal tract of
amphibians and reptiles, the conidium divides by fission several times until numerous
meristospores are formed, which are eventually released in the droppings of the hosts
(Fig. 6E and F). The meristospores are rugged structures that can survive severe
environmental conditions for months. These structures develop into mycelia and
sporangiophores (Fig. 6A and B), from which new ballistic conidia can form. The
germination of a primary ballistosporic conidium on enriched agar will form a structure
called the “Palmella” stage (Fig. 6C). This stage is characterized by the germination of
a secondary capilloconidium containing a sticky beak haptor (Fig. 6B and C). Eventually,
the capilloconidium divides to form numerous Palmella endospores (Fig. 6C); some of
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FIG 2 (A) Yellow-white colony of Conidiobolus coronatus on 2% Sabouraud dextrose agar (SDA) from a primary culture after 48
h. The presence of a few aerial hyphae and satellite colonies due to the ejection of conidia from sporangiophores, detected on
the lid of the SDA plate (data not shown), is also observed. (B to G) Formation of secondary conidia from a primary multinucleate
conidium of C. coronatus in lactophenol blue. Bars, 20 um (B, D, and G), 22 um (C and E), and 21 um (F). Note the different steps
of development into fully formed corona secondary conidia in panels F and G. (H) Ejected secondary conidia and also several
empty sporangiophores and three small ejected secondary conidia, some of which are developing germ tubes. Bar, 22 um. (I and
J) Single conidiophore with a secondary sporangiophore and conidium () and several primary C. coronatus conidia, one with
several coenocytic hyphae (J). Bars, 20.0 um (I) and 22 um (J). (K and L) Presence of C. coronatus villose conidia in water agar
cultures. Bars, 18 um (K) and 19 um (L).
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FIG 3 (A) Powdery creamy colony of Conidiobolus incongruus at 72 h with a few aerial hyphae and some satellite
colonies. (B and C) Sexual zygospores typical of C. incongruus in culture in lactophenol blue. Bars, 10 um. (D)
Multireplicative conidium bearing several secondary small conidia and a hyphal fragment (lactophenol blue). Bar,
8.0 um. (E) Numerous primary conidia with sharp-pointed papillae. Some of the conidia are in the process of
developing germ tubes, and at least one has a secondary replicative conidium. Bar, 15 um.

these are released outside the broken capilloconidium cell wall, giving rise to new
hyphae and single sporangiophores (Fig. 6A).

In nature and culture, B. ranarum developed sexual structures termed zygospores.
The zygospores are formed when the tips of two parents’ hyphae from the same isolate
(homothallic) encounter each other (Fig. 6G and H and see Fig. 7B to E). The process is
initiated when a septum is placed at the point where the two parents’ hyphae met (Fig.
7B and Q). A small protuberance is formed at that particular point, with the develop-
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FIG 4 (A) Creamy powdery colony of Conidiobolus lamprauges with radiating folds from the center of the
colony at 72 h. (B and C) C. lamprauges smooth spherical sexual zygospores with thick cell walls in
lactophenol blue. Bars, 20 um (B) and 11 um (C). (D and E) Asexual conidia found in culture plates of C.
lamprauges (lactophenol blue). Note the smooth papilla projection of the conidia contrasting with that
in C. incongruus (Fig. 3). Bars, 10 um. (F) Secondary replicative conidium in lactophenol blue. Bar, 10 um.

ment of parallel beaks that had initiated nuclear division on each side of the hypha (84)
(Fig. 7D and E). One of the two replicated nuclei, in each hypha, will be digested, and
one of the remaining nuclei migrates through a pore into the adjacent hypha. The
fusion of the two nuclei occurs, giving rise to a zygospore with prominent undulate
and/or smooth cell walls (Fig. 7D, F, and G) (9, 15, 53). The studies of Hutchinson et al.
(25) showed that some features used in the past, such as odor, growth at different
temperatures, and the presence of undulated zygospores, to separate B. ranarum into
different species were not valid.

Basidiobolomycosis occurs when the sticky propagules of B. ranarum come into
contact with skin or injured mucosa through which the propagules of this zygomycete
can penetrate a mammalian host (Fig. 6B) (see Pathophysiology, below). B. ranarum
infections are commonly diagnosed in humans, affecting the limbs, chest, back, and
intestinal tract and less frequently causing systemic infection (32, 89). Similar anatom-
ically preferred infection sites have been observed in lower animals (17, 19, 90, 91).

PHYSIOLOGICAL ASPECTS OF ENTOMOPHTHORALEAN FUNGI

Few studies related to the cell wall composition of entomophthoralean fungi are
available (73, 92-95). In 1939, Couch (5) conducted the first study on the cell wall
composition of these fungi. Based on this study, he was the first to separate Basidi-
obolus ranarum from the other entomophthoralean fungi based on its cellulose con-
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FIG 5 (A and B) The life cycle of Conidiobolus species starting with the development of a sporangiophore
from hyphae (A) and the ejection of multireplicative primary conidia at the top of sporangiophores (B)
(Fig. 2). (C and D) The primary conidia could replicate into secondary conidia that could also attach to
passing hosts (C) or directly attach to the skin of humans (including the villose conidia of C. coronatus)
(D). Clinical samples can be cultured, leading to the development of hyphae and sporangiophores (long
arrow). (E to H) In nature and in culture, the primary conidia could form coenocytic filaments, which, after
the interchange of genetic material, could lead to the formation of sexual zygospores, and the cycle starts
all over again.

tent, data confirmed later by others (75, 79, 93). The presence of chitin in the cell wall
of Basidiobolus and Conidiobolus was also determined in early studies (22, 96). Farkas
(97) mentioned that in general, the cell wall composition of zygomycetes might include
glucuronomannoproteins, polyglucuronic acid, chitosan, and chitin.

Early studies on the cell wall composition of Entomophthora and Conidiobolus
species suggested that in vitro, entomophthoralean fungi display similar cell wall
components, mainly 3(1-3)-glucans associated with chitin (98). Farkas (97) reported that
in some members of the Mucorales, chitosan, a linear polymer of B(1-4)-p-glucosamine,
is one of the main cell wall components of these fungi. Although studies concerning
the presence of this polymer in entomophthoralean fungi are scarce, there is no
evidence that this polysaccharide is involved in the deacetylation of nascent chitin (94,
98). According to these studies, glucose, mannose, chitin, and B(1-3)-glucan are the
main cell wall components of most entomophthoralean fungi. The absence of chitosan
in entomophthoralean species was used in early studies to separate this group of
coenocytic fungi from the Mucorales (73).

In nature, these fungi cannot compete with microbes that utilize rich nutritional
compounds, such as the Mucorales (29, 65). However, entomophthoralean fungi are
well known for their abilities to release chemical compounds to degrade substances,
such as cellulose, that most fungi cannot utilize (65, 78). Thus, they are frequently found
in environments with high temperatures and high humidity, such as tropical environ-
ments with high vegetation (33). In these environments and in cultures, the lower
section of the advancing hypha places a septum, to separate the advancing cytoplasm.
As the tip of the hypha advances, a new septum is formed, leaving behind a long chain
of empty cells (11). Eventually, if the surrounding conditions are appropriate, the
formation of sporangiophores and zygospores could take place (11).

Nutritional Requirements and Secreted Metabolites
Physiological studies of entomophthoralean fungi indicate that these species are
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FIG 6 The life cycle of Basidiobolus ranarum. (A) The life cycle starts when sticky conidia are forcibly ejected from sporangiophores.
(B) The sticky primary conidium could attach to a passing host (humans or insects) or develop an elongated adhesive conidium
(capilloconidium), which also can attach to passing hosts. (C) The latter secondary elongated structure could develop to contain a
sticky beak haptor that divides to form numerous “Palmella” endospores, some of which are released outside the broken capillo-
conidium cell wall, giving rise to new hyphae and single sporangiophores (A). (D and E) The target insects (D) can be ingested by
reptiles or amphibians (E), initiating a new cycle inside the intestinal tract of these animals. (F) In this new environment, hundreds of
resistant meristospores are produced and then secreted in feces. When environmental conditions are right, coenocytic hyphae are
developed (G). (H) If two opposite-sex hyphae contact each other, their exchange of genetic material leads to the formation of sexual
zygospores (see also Fig. 7). Zygospores can develop into sporangiophores (long arrow).

able to synthetize most vitamins and growth factors by absorbing amino acids and
inorganic nitrogen from external sources (11, 65). To retrieve these compounds from
nature, these fungi release powerful enzymes, ensuring survival in poor nutritional
environments (65, 78, 79). Probably during evolution, they adapted these weapons to
invade the tissues of animals, including arthropods, insects, and, later, mammals (23).
For instance, the release of some metabolites allows insect pathogenic entomophtho-
ralean species to secrete several chitinases, successfully penetrating the exoskeleton of
their prey (see below) (11, 23, 76, 99-101). The release of powerful enzymes in culture
and during infection has been reported for Basidiobolus and Conidiobolus species (73,
99, 102).

The expressions of extracellular cellulases, lipases, and proteases in these fungi have
been widely reported (73, 99, 102-105). Likely, Basidiobolus and Conidiobolus took
advantage of this ancestral trait to survive in nature and adapted their life cycles to
growth inside the environment provided by infected host species (23). Interestingly,
both Basidiobolus ranarum and Conidiobolus species trigger similar inflammatory re-
sponses in infected mammalian species, suggesting the in vivo expression of analogous
virulence factors (see below). The expressions of secondary toxic metabolites such as
azoxybenzene dicarboxylic acid and hydroxymethyl azoxybenzene in C. coronatus
during culture growth were reported (106). However, their release during infection in
insects and mammals has yet to be confirmed (23, 106, 107).

GENETICS AND EVOLUTION

Exactly how the mammalian pathogenic Basidiobolus and Conidiobolus species
evolved to infect lower animals and mammals is unclear. Some insect fungal patho-
gens, included in the entomophthoralean fungi, had evolved mechanisms to infect
animals (insects and arthropods) several times in their evolutionary history with differ-
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FIG 7 (A) Creamy rugose colony of Basidiobolus ranarum on 2% Sabouraud dextrose agar. (B to E) Encounter of
opposite-sex hyphae before the formation of lateral beaks. Bars, 12 um (B to D) and 10 um (E). (F and G) After the
exchange of genetic material, zygospores develop with their characteristic beak. Bars, 25 um (F) and 15 um (G).

ent degrees of specificity and virulence (108). It is then quite possible that both
Basidiobolus and Conidiobolus share with these fungi similar evolutionary traits to
become effective pathogenic species, first to lower animals and then to mammalian
hosts (12, 23, 54).

The genomes of members of the Entomophthoramycota are among of the largest
genomes ever sequenced (8,000 Mb) (77). This is the case for B. ranarum, which has a
large haploid genome of around 350 Mb (66). This huge size is striking compared to
those of other fungal species genomes, which are around only 40 Mb (71). Earlier
studies based on morphological appearance only predicted the presence of hundreds
of chromosomes in B. ranarum, but this is not the case for other entomophthoralean
species, with an average of 8 to 32 chromosomes (12, 23, 65, 77). The entomophtho-
raleans are considered haploid fungi. It is not clear if this feature has something to do
with gene duplication in B. ranarum or the development of a large genome (66). Large
nuclei with numerous chromosomes, as is the case for B. ranarum, have also been found
in other Entomophthoramycota fungi, suggesting that this may be a trait in these
species (12, 23, 66, 77). In contrast, the genome size of C. coronatus has been calculated
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to be around 39.9 Mb, which is similar to the genome size of traditional fungi (~40 Mb)
(77).

Based on the huge genome of B. ranarum, some had speculated the possibility of a
relationship between this genomic feature and the fact that B. ranarum developed
genetic adaptation to interact with amphibians, reptiles, insects, and mammals (77). It
has been observed that host specialization in other pathogenic fungi is related to gene
expansion and whole-gene duplication (109). Thus, it is quite possible that this is the
case for B. ranarum. However, the average size of the C. coronatus genome and its
ability to interact with insects, nematodes, and mammals suggests that more genomes
have to be sequenced to determine if large genomes are the norm for the Entomoph-
thoramycota and if pathogenicity to animals is linked to gene duplication and genome
expansion. Genome information on this type of fungi will soon be available with the
addition of data on several entomophthoralean pathogens, including the complete
genome of C. coronatus (NRRL 28632) and the ongoing projects of C. incongruus
(B7586), B. meristosporus (B9252 and CBS 931.73), B. heterosporus (B8920), and other
important entomophthoralean fungi (77).

ECOLOGY AND EPIDEMIOLOGY
Distribution in Nature and Contact with Human Hosts

As mentioned above, entomophthoralean fungi can be found in association with
organic material in nature and as part of the intestinal microbiota of animals such as
lizards and amphibians (see Biology, above) (11, 12, 20, 33, 53, 110). The sticky forcibly
ejected propagules produced by these fungi during their life cycle in nature (Fig. 6 and
7) come into contact with animal hosts, including humans, and eventually penetrate
the hosts through small cuts in the skin to develop infection (32, 85) (see below). It is
important that the clinical picture for mucoralean fungi differs from those for the
Entomophthorales, in that Mucorales infections typically occur in immunocompro-
mised hosts, whereas entomophthoralean fungi infect mostly apparently healthy hosts
(12, 31, 33, 35). However, the true immunological predisposing factors leading to
entomophthoramycosis in humans remain unknown (32, 35). Moreover, infections
caused by the Entomophthorales lead to the development of swelling of the infected
tissue (usually subcutaneous and intestinal) and have some predilection for vascular
tissues (mainly in immunocompromised hosts) but not as strong as is the case for the
Mucorales. In addition, the entomophthoralean fungi trigger a distinctive eosinophilic
inflammatory response, with the formation of eosinophilic material around the invasive
coenocytic hyphae of Basidiobolus and Conidiobolus species (Splendore-Hoéeppli phe-
nomenon [see below]). This typical eosinophilic inflammatory response with the
Splendore-Hoeppli phenomenon is absent in infections caused by the Mucorales.
Interestingly, eosinophilic granulomas have also been found in infections caused by
parasites and by the invading sparsely septate hypha-like structures of the Oomycota
(Pythium insidiosum, Lagenidium species, and Paralagenidium species) causing infec-
tions in humans and other mammals (32, 111-113). These eukaryotic pathogens, in
addition to triggering a typical eosinophilic response, all display the Splendore-Hoeppli
phenomenon (see below) around the invading propagules in the hosts’ infected tissues
(32, 114, 115). Interestingly, unusual cases caused by C. incongruus and C. lamprauges,
in immunocompromised hosts, do not display this phenomenon (35, 49, 50, 116).

Natural Habitat of Basidiobolus ranarum

Basidiobolus ranarum is a saprotrophic fungus found in soil, decaying vegetation,
and the intestinal tract and excreta of amphibians and reptiles (117). B. ranarum has
been isolated as a saprotrophic fungus from the above-mentioned sources around the
world, especially in tropical and subtropical areas (20, 53). It is believed that amphibians
and lizards ingest propagules of Basidiobolus spp. by capturing and ingesting insects
carrying their spores or those that are already infected (11). The Basidiobolus spores in
the intestinal tract of amphibians and reptiles multiply by fission (meristospores) and
return to the environment in the excreta of the host (Fig. 6F). If the conditions of
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moisture and soil organic matter are appropriate, the spores develop a coenocytic germ
tube, and the cycle in nature is reinitiated (see above). There is at least one report of
B. ranarum causing mortality in Canadian toads (Bufo hemiophrys) due to extensive
dermatitis (118). Humans can be exposed to Basidiobolus propagules through open skin
and contact with amphibian and lizard droppings, organic matter, insect bites, con-
taminated food, and soil containing the propagules of these fungi (Fig. 6B) (31, 119). Of
interest was a report of six cases from Arizona (101), suggesting that this pathogen may
be inhabiting dry areas of the southwestern United States where B. ranarum may be
cycling in nature with desert reptiles, a finding supported by similar cases in the dry
regions of the Middle East (120-126).

Natural Habitat of Conidiobolus spp.

Conidiobolus spp. are also found in soil and decaying vegetation rich in organic matter,
from which they have been isolated as saprotrophic fungi (8, 117, 127). Conidiobolus species
have also been recovered from insects (13, 74, 128). It is likely that human hosts can be
exposed to Conidiobolus species when injured skin is exposed to contaminated insects,
organic matter, or soil (32). Through laboratory experiments, it was demonstrated that
maximum germination properties of Conidiobolus species are achieved at high humidity
levels (98 to 100%) and at temperatures of between 16°C and 30°C. These findings suggest
that these species thrive better in tropical and subtropical environments (8, 85, 117, 129).
Incidentally, these data support the exact geographical distribution of Basidiobolus and
Conidiobolus infections in humans (25, 129).

Geographic Distribution

The cases reported in the literature in 1956 (15), caused by B. ranarum in Indonesia,
and in 1965, caused by C. coronatus in Jamaica (3), clearly showed that infections
caused by the Entomophthoramycota occurred in areas of high humidity and high
temperatures typical of tropical and subtropical environments. These areas include
numerous countries in Africa (Cameroon, Congo, Ghana, Kenya, Nigeria, Ivory Coast,
Senegal, Sudan, Zaire, and others), America (Brazil, Colombia, Costa Rica, Mexico,
Venezuela, Dominican Republic, Jamaica, Puerto Rico, and the United States), and Asia
(Burma [Myanmar], China, Indonesia, India, Philippines, Thailand, Taiwan, Vietnam,
Australia, New Zealand, New Guinea, and others) (25, 119, 129).

Age and Occupational Distributions of Human Entomophthoramycosis Cases

Infections caused by the Entomophthoramycota involve children and young adults
(31, 32, 129). The disease occurs more frequently in males than in females. In some
areas of Africa, the male-to-female ratio is close to 3:1, whereas all cases of the world
together showed a ratio of 8:1, very close to data from previous reports (129, 130). This
trend of high infection rates in males may be related to occupational activities. In most
of the areas where the disease is endemic, males are more in contact with contami-
nated environments than females because males are usually working in fields, whereas
females tend to remain at home taking care of the family. In the same way, children are
infected with both Basidiobolus and Conidiobolus because they are constantly playing
in the field, more often becoming in contact with their environments in areas of
endemicity (119, 129).

IMMUNOLOGY OF THE FUNGI CAUSING ENTOMOPHTHORAMYCOSIS

Few studies leading to an understanding of the molecular immunological events
triggered by Basidiobolus and Conidiobolus virulence factors expressed during infection
have been reported. Most of what we know about the host immunological responses
to coenocytic hypha invasion came from histopathological and serological analyses of
infected tissues or immunoglobulin detected during infection (31, 32, 131-133). The
lack of information on the virulence factors expressed by the entomophthoralean fungi
in infected hosts, and how the host responds to this assault, in part has delayed the way
in which we approach the diagnosis and management of infections by these patho-
gens. Thus, this issue needs to be addressed soon.
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The main problem for investigators has been the facts that these pathogens affect
countries with poor populations and that the infections are sporadic rather than
epidemic (31, 32, 134). Thus, most funding agencies have neglected this group of fungi,
and the lack of funding for research into these pathogens has resulted in fewer
investigators interested in this subject (31, 32, 134). To make matters more difficult,
there is no animal model to study their virulence factors and immunological capabil-
ities. Only recently have de Gody et al. (135) introduced a rodent model (gerbils) for C.
lamprauges, a good first step to study the pathogenic capabilities of the entomoph-
thoraleans and host immunological defenses.

Fortunately, another group of pathogens, the tapeworm eukaryotic parasites, has
shown similar inflammatory responses in infected hosts (111-113); thus, we could use
their experimental data to extrapolate these findings to the Entomophthorales. For
instance, tapeworms in humans trigger Th2 eosinophilic granulomas with the
Splendore-Hoeppli phenomenon around the parasites, in the same manner in which
the entomophthoralean fungi develop eosinophilic granulomas in infected humans (31,
32, 119). It is likely that the immunological events triggered by these parasites mimic
the cellular and molecular responses activated by entomophthoralean fungi during
human infection. Thus, we could take advantage of the parasite data to develop
hypothetical immunological models.

T Helper Subsets during Infection

During entomophthoramycosis, the invading hyphae trigger the migration of nu-
merous inflammatory cells, including high numbers of eosinophils, cytotoxic lympho-
cytes, giant cells, mast cells, mononuclear macrophages, natural killer cells, and plasma
cells and a few neutrophils, to the infection site (53, 90, 136-139). Furthermore, Khan
et al. (120) reported high levels of Th2 interleukins in human patients with basidiobo-
lomycosis, a finding that supports the tenet that during Basidiobolus and Conidiobolus
infections, a Th2 response is likely activated by these fungi. Incidentally, an increase in
the blood counts of circulating eosinophils has also been encountered in patients
infected with these fungi (121, 140-142).

It is well known that the detection of microbial pathogens is mediated by Toll-like
pattern recognition receptors (PRRs) that recognize molecules known as pathogen-
associated molecular patterns (PAMPs) (136, 137). Upon PAMP recognition, Toll-like
receptors initiate programmed signals essential for the first line of host defenses
against microbes (Fig. 8). As occurs in the parasites (137), PRR signaling could also
stimulate the maturation of dendritic cells to become antigen-presenting cells (APCs),
a step that stimulates the host’s adaptive immunity, which eventually controls the
infection and eliminates the pathogen (Fig. 9). A likely sequence of events after
penetration by Basidiobolus or Conidiobolus hyphae is the putative release of PAMPs
and their contact with local dendritic cells. These stimulated APCs seem to trigger the
production of interleukin-4 (IL-4) and migrate to nearby lymph nodes to present these
antigens to ThO naive cells. These cells in turn initiate the release of more IL-4, locking
the immune response in a Th2 mode (Fig. 9).

Activation of Basophils, Eosinophils, and Mast Cells during Infection

The presence of granulocytic cells, including mononuclear macrophages and giant
cells, in the infected tissue has been consistently reported for Basidiobolus and Conid-
iobolus infections and parasitic infections (52, 53, 90, 120, 121, 140-143). The degran-
ulation of these cells at the site of infection has been largely blamed for the tissue
damage typically observed in histopathological preparations (52, 120, 137, 138). Ac-
cording to the data shown in Fig. 9, the release of Th2 cytokines (IL-4, IL-5, and IL-13)
could activate a cascade of events that trigger the proliferation of inflammatory cells
related to a Th2 event: eosinophils, mast cells, basophils, and others (52, 144). The
release of IL-4 and IL-13 could also stimulate the production of IgE and IgG antibodies
by circulating B cells, as previously reported by some investigators (131-133, 138). IgG
antibodies are readily detected by serological methods in cases of human entomoph-
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FIG 8 Presentation of key antigenic molecules from invading entomophthoralean hyphae, based on the
development of key Th2 cytokines and the typical eosinophilic reactions hypothetically triggered by
entomophthoralean fungi during infection. The pathogen-associated molecular pattern (probably re-
lated to B-1,3-glucan, mannan, chitin, and others) could stimulate Toll-like cell receptors through
signaling via Janus kinase (JAK) and signal transducer and activator of transcription (STAT). These
molecules signal the nucleus to activate a cascade of events leading to the production of Th2-related
cytokines (IL-4, IL-5, and IL-13), locking the host’s immune system in a Th2 mode.

thoramycosis (131, 132, 138). The IgG antibodies released during infection are consid-
ered precipitin antibodies that do not protect the host against the invader. Circulating
IgE antibodies are probably some of the most important players in tissue damage
during Basidiobolus and Conidiobolus infections (120, 138, 139). The release of IL-5
attracts eosinophils to the IgE Fc region bound to the cell wall of the invading hyphae
(Fig. 9). This results in the rupture of eosinophil cell walls and their degranulation
around the hyphae, forming the Splendore-Héeppli phenomenon and tissue damage
(31, 32, 120, 137-139) (see below).

Upregulation of Th2 Cytokines and Downregulation of Th1 during Infection

It has been found that pathogens such as parasites (111, 112, 137), Oomycota (145,
146), and Entomophthoramycota (31-34, 53, 120, 143, 145) can survive in mammalian
tissues only if a Th2 cellular subset is in place. It is likely that these pathogens ensure
their survival in infected tissues by stimulating immunological processes that down-
regulate other T helper subsets (92, 111, 120, 143). These eukaryotic pathogens achieve
this objective by the expression of a specific set of immunogens that, when processed
by antigen-presenting cells through pattern recognition receptors, results in the up-
regulation of ThO naive cells into a Th2 subset (Fig. 9). The expression of key Th2
cytokines (IL-4, IL-10, and IL-13) by the stimulated Th2 subset results in the downregu-
lation of the Th1, Th17, and other subsets, ensuring pathogen survival (52, 92, 137, 138,
143). This is exemplified by the elevated titers of IL-4, IL-10, and alpha interferon (IFN-«)
in a 41-year-old man with intestinal basidiobolomycosis, implying that a Th2 response
was in place in this patient (120). The tissue damage observed in these cases could be
the result of the release of proteases and other enzymes from the pathogen or by the
release of cytotoxic compounds from granulocytic cells, as has been reported for other
systems (147). Thus, the release of immunogens from Basidiobolus and Conidiobolus
species in infected tissues triggers a continuing Th2 response, which contributes to the
formation of the typical indolent subcutaneous lesions in mammalian hosts (120, 143).
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FIG 9 Putative events based on histopathological and immunological findings during entomophthoramycosis and during parasitic
infections (112, 133, 137). Under this scenario, through open skin, a conidium attaches to the host and produces a germ tube penetrating
the host. The invading hyphae then release secretory immunogens (pathogen-associated molecular patterns [PAMPs]). Dendritic cells (DC),
through pattern recognition receptors (PRRs), contact the antigen and are activated, becoming antigen-presenting cells (APCs). The
activated APCs process the antigens and release IL-4 during migration to nearby lymph nodes to present the antigen to ThO naive cells.
The ThO naive cells in turn release IL-4 and IL-10 and become a powerful Th2 subset. The Th2 subset releases more IL-4, IL-5, IL-13, and
IL-10, resulting in the downregulation of Th17 and Th1 subsets. These interleukins activate the differentiation of alternative activated
macrophages (AAM) that could inhibit the proliferation of cells such as Th1, Th2, and Th17 cells. However, the exacerbated production
of IL-4 and IL-5 by the Th2 subset drives the immune response into a strong Th2 subset. In turn, IL-4 and IL-13 stimulate B cells to produce
precipitin IgG (detected by serological assays in cases of entomophthoramycosis) and IgE as well as the activation of effector cells such
as mast cells, eosinophils (EO), and basophils. The released IgE will also specifically bind to the invading hyphae, and the eosinophils will
in turn attach to the Fc region of IgE, triggering the degranulation of the eosinophils around the invading hyphae. A similar outcome
occurs after IgE binding to mast cells and basophils, causing fibrosis and tissue damage, consistent with the clinical features of
entomophthoramycosis. TGF-f3, transforming growth factor .

The presence of numerous entomophthoralean hyphal elements in internal organs
and the lack of an eosinophilic reaction and the Splendore-Hoeppli phenomenon in
immunocompromised hosts have consistently been reported (35, 49, 110). These
patients share in common underlying conditions, drug addiction (110), organ trans-
plantation (35), and concomitant diseases, such as lymphoma and others (49). Some of
the patients also displayed neutropenia and, in some cases (49), thrombocytopenia. It
is well known that first cell line of defense during infections is neutrophils (49, 112, 137).
Thus, the low counts of these key inflammatory cells in immunocompromised hosts
infected with entomophthoralean fungi could facilitate the spread of hyphal elements
without control (49). Immunocompromised individuals with defective immune re-
sponses may produce few to no eosinophils, mast cells, and other inflammatory cells
(35, 49, 110). This in part could explain the lack of both eosinophils and the Splendore-
Hoeppli phenomenon in this type of patient (35, 49, 110). Furthermore, the low cell
counts could also play a role in the low levels of key circulating interleukins (anergic
stage), a factor that could help in their propagation in internal organs.
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Anti-Basidiobolus/Conidiobolus 1gG and IgM Antibodies in Infected Hosts

Studies from the late 1980s (148, 149) suggested that entomophthoralean immuno-
gens expressed during experimental infection could stimulate antibodies when in-
jected into animals. Kaufman et al. (132) reported the presence of anti-Basidiobolus and
anti-Conidiobolus 1gG and IgM antibodies in the sera of mammalian hosts infected with
these pathogenic species by using immunodiffusion (ID) and exoantigens extracted
from Basidiobolus and Conidiobolus species. In that study, at least 10 human patients
with subcutaneous and/or abdominal infections due to B. ranarum and 5 human
patients with chronic nasofacial lesions caused by C. coronatus were evaluated. Addi-
tionally, test data from horses with C. coronatus infections were presented. This report
indicated that the sensitivity of immunodiffusion was low, but its specificity for culture-
positive patients was 100%. Six years later, Imwidthaya and Srimuang (131) used this
approach to test two patients with subcutaneous basidiobolomycosis. In this case, the
immunodiffusion test detected specific precipitin antibodies with high sensitivity and
specificity. Khan et al. (133) also used immunodiffusion to confirm a case of intestinal
basidiobolomycosis in a 41-year-old Indian man. At the same time, they developed and
tested an enzyme-linked immunosorbent assay (ELISA). They reported that the ELISA
detected the presence of IgG1, 19gG3, and IgM anti-B. ranarum antibodies, suggesting
that this sensitive test could be of value for the diagnosis of this disease in humans
(120, 133). The IgE levels in infected hosts with entomophthoramycosis have yet to be
investigated.

The Splendore-Hoeppli Phenomenon: an Immunological Perspective

One of the main characteristics of entomophthoralean fungi in healthy mammalian
hosts is the formation of the Splendore-Hoeppli phenomenon, an eosinophilic reaction
around the invading hyphae (Fig. 10) (31, 115, 145, 150). As mentioned above, this
phenomenon is not restricted to Basidiobolus or Conidiobolus species but has also been
found in Oomycota pathogens, such as P. insidiosum (114, 139), Lagenidium species
(146), and Paralagenidium species (146), and in other fungi (139). This phenomenon has
also been reported with invading parasites (111, 112, 119) and bacteria (139, 151) and
on inert bodies such as silk sutures (152).

The first mention of this phenomenon appeared in a 1907 report of rats infected
with Sporothrix schenckii (153) and was mentioned again by Splendore in 1908 (154). In
the latter publication, Splendore proposed the novel species “Sporotrichum asteroides,”
after the finding of the same “asteroid bodies” in the studied animals, but the species
name was not accepted. Several years later, Hoeppli (155) observed a similar eosino-
philic reaction, this time around Schistosoma species in experimentally infect animals.
Soon after, several investigators reported this phenomenon in different eukaryotic and
prokaryotic pathogenic species and named its appearance either the Splendore or
Hbéeppli phenomenon (139, 156-158). Later, the combination Splendore-Hbeppli, giv-
ing priority to the first report by Splendore, was adopted (115, 139, 159).

Numerous hypotheses have been proposed to explain the morphogenesis and the
elements present within this eosinophilic material around invading pathogens, but the
exact mechanism of its formation has yet to be elucidated (150, 151, 160). The main
hypothesis suggested that the Splendore-Hoeppli phenomenon was an antigen-
antibody reaction forming complexes from debris of dead inflammatory cells (eosino-
phils and others) (158). Glycoproteins, lipidic fractions, complement, immunoglobulins,
and antigenic fractions have been detected in these complexes (115, 161). Inflamma-
tory events triggered by parasites and fungi (Fig. 9) offer a plausible mechanism for the
Splendore-Hoéeppli phenomenon during Basidiobolus and Conidiobolus infections.

Under this scenario, after the formation of a germ tube by the entomophthoralean
fungi, the release of antigenic fractions (virulence factors) from the invading hyphae, as
shown in Fig. 9, would contribute to the establishment of the typical Th2 response
observed in these fungi (32). This includes the release of IL-4, IL-5, and IL-13 by
proinflammatory cells, resulting in the downregulation of Th1 and Th17 (52, 92, 111,
139, 144). The upregulated Th2 response triggers the release of very large quantities of
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FIG 10 As highlighted in Fig. 9, the Th2 subset will trigger the release of IL-4, IL-5, and IL-13, and B cells
will express IgE (red immunoglobulins). (A) The eosinophilic reaction around an invading hypha encases
basidiobolomycosis or conidiobolomycosis. Note the presence of IgE, the degranulation of eosinophils
around the hyphae, and several pyknotic nuclei within degranulate eosinophilic material. (B and C)
Histopathological sections from a human case of intestinal basidiobolomycosis. Note the presence of
numerous eosinophils surrounding the cross sections of hyphae that appear as spherical or oval
structures in the center of the Splendore-Hoéeppli phenomenon. Under this perspective, the released IgE
(red immunoglobulins) will bind to cell wall antigens that attract eosinophils to the site of infection.
Panels A and B display the binding and degranulation of the eosinophils on the hyphae triggered by IgE
(panel A, red immunoglobulins). The eosinophil nuclei at this stage appear at the periphery of the
eosinophilic precipitate (A and B). As the lesion becomes old (chronic stages), other eosinophils will bind
the complex, and after degranulation, their nuclei are also incorporated into the eosinophilic material
and become pyknotic, giving rise to the Splendore-Hoéeppli phenomenon (C). In some instances, only the
eosinophilic material will be expressed around the invading microbe (115, 137).

IgE and the migration of mast cells, basophils, eosinophils, and other Th2-related
inflammatory cells to the site of infection. Once released, IgE binds to the advancing
hyphae, which in turn attract eosinophils. The bound IgE’s Fc region contacts the
eosinophil receptors and induces the degranulation of the eosinophils around the
invading hyphae (Fig. 10B and C). The content of the degranulated cells (pyknotic
nuclei and cytoplasmic and lipid membranes) remains in close contact with the hyphae,
forming an eosinophilic blanket (Fig. 10A to C).

The hyphae of the invading pathogen continue to produce antigens, which diffuse
through the eosinophilic material. In turn, new eosinophils arrive, and the process is
repeated (Fig. 10). Thus, the formation of the Splendore-Hoeppli phenomenon in
entomophthoralean fungi likely requires a Th2 response in place; the presence of IgE,
eosinophils, and other inflammatory cells; and their degranulation around the invading
hyphae. The proposed mechanism for the formation of the Splendore-Hoeppli phe-
nomenon in part agrees with data from previous studies regarding the elements
present within the eosinophilic material (115, 139, 157-161). It is quite possible that this
phenomenon is an evolutionary strategy of some pathogens to hide important anti-
gens from the host immune response and, thus, is a key factor for their survival in
infected hosts (145).
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PATHOPHYSIOLOGY

As is the case for other fungal pathogens, it is likely that entomophthoralean fungi
cannot penetrate intact skin of a potential host (1, 12, 33, 146). They need a traumatic
lesion on the host’s skin to attach their conidia and for the formation of a germ tube
to penetrate the infected tissue using lipolytic and proteolytic enzymes. In fact, the
expression of these types of enzymes in cultures of entomophthoralean species has
been reported (12, 102, 106, 107). Most of these enzymes have been found to play
important roles in infected insects (11, 76, 99, 107). In insects and other species, the
infection starts with contact with ballistic sticky conidia landing on the insect’s cuticle
(11, 13, 83, 162). Once in contact with the host body, the entomophthoralean fungi
secrete chitinases, which break the strong insect cuticle, and the fungus’ germ tube
penetrates the host (11, 22, 107, 128). At this stage, the fungus actively secretes
powerful lipases and proteases that practically digest the body content of the infected
insect (11, 76, 81, 163).

The finding that Basidiobolus and Conidiobolus express numerous proteases, gluca-
nases, and lipases in culture is of importance and may shed light on the pathophysi-
ology of Basidiobolus and Conidiobolus species in mammalian hosts. For instance,
Fromentin and Ravisse (164) reported the expression of lipases and proteases in
cultures of both C. coronatus and B. ranarum and speculated on their role as putative
virulence factors during human infection. In addition, the trypsin-like serine protease-
coding gene was recently PCR amplified from C. coronatus, C. lamprauges, and B.
ranarum (163). Since this finding, numerous authors have suggested that the secreted
enzymes in these species might play a role in the pathophysiology of the infection,
acting, as is the case in insects, as virulence factors (31, 102-105). Thus, the mammalian
pathogenic entomophthoralean fungi expressed, in culture, a cocktail of lipases and
proteases, such as elastase, esterase, collagenase, and several other enzymes, that can
be successfully used to penetrate and invade human tissues (31, 79, 102, 104-106).

Putative Mechanisms of Disease and the Host-Pathogen Relationship

It is possible that Basidiobolus and Conidiobolus species use the same approach to
invade and cause disease in other hosts, as has been reported for infected insects (76, 81).
Pathogens of insects and nematodes are able to penetrate the intact chitinous cuticle; in
contrast, the propagules of Basidiobolus and Conidiobolus require skin injury to attach to the
exposed wound (12, 102, 107). Cases of entomophthoramycosis after insect bites and
exposure through open skin in contaminated environments have been the norm (12, 32,
119). Moreover, in reported cases of intestinal or systemic infections, the inhalation or
ingestion of these fungal propagules has also been proposed to be the initiator of the
infection (32, 35, 119, 133, 138). Although there have been some reports pointing out that
abdominal basidiobolomycosis arose from a cutaneous focus, the majority of cases seem to
have an intestinal origin (165). The pathogenesis of Conidiobolus pericarditis is believed to
be similar to that of Aspergillus pericarditis (49). It had been suggested that during
Conidiobolus pulmonary infection, the pericardium might be directly invaded from the
pulmonary focus or by transmural passage and myocardial invasion (49). The ability of
entomophthorales to separate dead hyphae with a septum from those containing viable
cytoplasma could give rise to small hyphal elements, such as that shown in Fig. 3D. These
propagules can easily travel through blood vessels, allowing the pathogen to reach distant
anatomical sites in immunocompromised individuals.

Probably, once the sticky conidia of entomophthoralean fungi land on an open
wound (skin or mucosa) or inside lung tissue, they could become attached to its surface
and stimulated by the host’s temperature (thermophilic fungi), and the development a
germ tube may occur. The tip of the germ tube, possibly directed by genetically
controlled genes, will orient the tip toward the open wound and actively penetrate,
assisted by the release of elastase, esterase, collagenase, and lipases (31, 79, 102, 104).
Once in the host's tissues, by the release of the above-mentioned enzymes and almost
certainly by the production of other immunogens, the invading fungi will encounter
the host’s immune system, initiating the typical Th2 immune response to the attack
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(see above). However, the host’s Th2 response is not able to control or kill the invading
hyphae, ensuring the pathogen’s survival as it becomes enclosed by the Splendore-
Hoeppli phenomenon (see above). In cases of subcutaneous infection, the host’s
immune response to the pathogen’s immunogens seems to restrain the invading
hyphae to the subcutaneous tissues, from which it advances very slowly (31, 32,
166-170).

Chronic localized fibrosing leukocytoclastic vasculitis (CLFLCV) was recently sug-
gested as a factor in cases of entomophthoramycosis of the face (171). Those authors
stated that this phenomenon in infected areas could explain the tumofactive response
to entomophthoralean fungi in these hosts. They stated that the detection of fibrosing
vasculitis by histopathology is probably due to the persistence of immune complexes
that could lead to tissue vasculitis-granulation, resulting in the accumulation of layered
fibrous tissue (171). More importantly, fibrotic tissue could decrease lymphatic drain-
age, which could contribute to the accumulation of antigen and immune complexes in
the infected areas. Choon et al. proposed that “CLFLCV is the driving process for
inflammatory pseudotumor formation and lymphedema found in conidiobolomycosis”
(171).

In addition, Choon et al. (171) suggested that chronic lymphedema could also play
a role in the facial deformity observed in extreme chronic cases of rhinoconidiobolo-
mycosis (118, 130). According to the CLFLCV hypothesis, long-standing lymphostasis
could induce permanent tissue overgrowth, as in elephantiasis cases (130). Choon et al.
(171) indicated that in chronic cases, the immune response does not control fungal
growth. This fact could lead to inadequate lymphatic clearance of circulating fungal
antigens, exacerbating localized lymphedema and favoring tissue overgrowth.

In cases of gastrointestinal basidiobolomycosis, exposure to entomophthoralean
fungi could be caused by the ingestion of food contaminated with propagules of this
fungus. Basidiobolus ranarum seems to survive gastric acidity, as per the numerous
cases of intestinal basidiobolomycosis (171). It is likely that, after ingestion, B. ranarum
propagules first survive the stomach acidic environment and then come into contact
with the mucous membranes of the intestines. If the propagules encounter small
intestinal abrasions (caused by sharp vegetable bodies, disrupted polyps, bacterial
infection, or conditions of a disrupted epithelium), the propagules would attach to
these sites, as described above, and initiate an infection (79, 102, 104) (Fig. 9 and 10).
Interestingly, in immunocompromised hosts infected with C. incongruus, the typical
eosinophilic Th2 response (eosinophils, Splendore-Hoeppli phenomenon, and others) is
missing (35, 49, 172). These hosts frequently develop dissemination of the pathogen to
different organs, including lungs (49).

In summary, the ancestors of the entomophthoralean fungi developed an enzymatic
approach early in their evolutionary history, probably to digest hardy organic matter
usually not available to other microbes (11, 104). It is likely that they later transformed
this enzymatic approach into a weapon to infect insects and eventually adapted this
mechanism to cause disease in mammals (11, 102, 108). Usually, the entomophtho-
ralean fungi remain in subcutaneous tissues as chronic granulomas that can persist for
years in infected hosts (31, 32, 108).

CLINICAL FEATURES OF ENTOMOPHTHORAMYCOSIS
Conidiobolomycosis

Of all described Conidiobolus species, only three have been incriminated in human
conidiobolomycosis: C. coronatus, C. incongruus, and C. lamprauges (35, 44, 50, 166, 170,
173). One of the main clinical features of infections caused by these species in humans
is their preference for the subcutaneous tissues of the face (32, 119). Depending on the
species involved, other anatomical sites and, more rarely, dissemination to internal
organs are expected (35, 42, 50, 164). For an accurate diagnosis, the clinical aspects of
the disease and a comprehensive history of the health status of the host, the epide-
miology of the pathogen, the extended time of the infection, and its anatomical
location are of importance (31, 32, 35). Once the clinical presentations of both conid-
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iobolomycosis and basidiobolomycosis are documented, the use of computed tomog-
raphy (CT) and/or magnetic resonance imaging (MRI) could be of help to support the
clinical findings (see Clinical and Laboratory Diagnosis, below) (31, 138).

Conidiobolus coronatus. Infections with C. coronatus commonly affect the subcuta-
neous tissues of the face (3, 31, 32, 164, 167). Good examples of this anatomical
preference came from early studies of patients with rhinofacial swelling, and it was
soon evident that this particular species has a strong tropism for subcutaneous tissues
of the face (2, 45, 118, 167, 169). Rhinoconidiobolomycosis is typically caused by C.
coronatus and starts with painless swelling around the soft tissues of the nose, slowly
(weeks) extending to include adjacent tissue (44, 45, 174). It is usually found bilaterally,
but some unilateral cases have also been mentioned (169). If not treated, the infection
becomes chronic (several months to even years in some extreme cases) and progresses
to indolent facial deformity (130). In early and chronic conidiobolomycosis cases, the
terms atypical, early, intermediate, and late disease have been suggested (130). Under
this proposal, (i) “atypical disease” is defined as ulcerations of the skin and/or invasion
of the orbit, central nervous system, visceral organs, bones, muscles, and/or lymph
nodes within 11 months after the onset of disease. (ii) “Early disease” includes cases in
which disease is 1 or more weeks old and is diagnosed before the occurrence of the
characteristic nodule at the nostril. This stage includes rhinitis, intermittent episodes of
epistaxis, sinus pain, and mild swelling of the infected areas (Fig. 11A) (118, 130, 167,
169). (iii) “Intermediate disease” involves cases with 1 or more months of infection and
coryza, epistaxis, nasal obstruction, noticeable reddishness, and swelling of the nose
and nearby tissue, including enlarged lymph nodes (130). (iv) “Late disease” consists of
chronic nontreated cases (several months and sometimes years) with the development
of extreme facial deformity, and facial elephantiasis is the main feature of this stage,
which may also involve regional lymph nodes (Fig. 11B and C) (130, 173, 174). The
diagnosis of conidiobolomycosis at a particular stage is of importance because it seems
to be an indication of the expected response to treatment. For instance, cases of early
and intermediate disease responded very well to combination therapies (see below),
whereas cases of both late and atypical disease are resilient to treatment (130).

Systemic cases involving C. coronatus in immunocompetent individuals, immuno-
compromised individuals, and drug users have been mentioned in many instances,
without culture data (32, 35, 40, 119, 175). Good examples are the unusual finding of
villous conidia in blood samples of infected patients using electron microscopy (176,
177) and a report of Conidiobolus hyphae in blood by Hoogendijk et al. (177). The
presence of putative villous conidia in blood samples (176, 177) attributed to C.
coronatus is not consistent with the large size of the fungus villous conidia (25 to 45
um) versus the red blood cell size (6 to 8 wm) shown in their preparation. Likewise, the
entomophthoralean ribbon-type hyphae, 9 to 18 um in diameter, found near red blood
cells (6 to 8 um) cannot be related to entomophthoralean fungi (177). Although those
researchers confirmed the presence of Conidiobolus by PCR, details on the specificity of
the molecular test are missing.

Walker et al. (42) reported a systemic infection by C. coronatus, but the structures
displayed in Fig. 7 are comparable to the zygospores developed by C. incongruus in
culture. Similarly, Coelho-Filho (178) and Marwaha et al. (179) also reported systemic
cases caused by putative Conidiobolus species involving the superior vena cava without
culture. However, entomophthoralean fungi rarely invade blood vessels, and the
pathological features of the observed slender hyphae are not typical of these fungi, so
the possibility of infection caused by P. insidiosum has to be taken into consideration
(114). Similar cases involving P. insidiosum within the lumen of large blood vessels have
been reported in Thailand (114, 180, 181). Thus, the presence of C. coronatus in blood
vessels is possible, but it is probably a rare event (32). Differential diagnoses include
diseases such as actinomycosis, pythiosis, rhinosporidiosis, sporotrichosis, squamous
cell carcinoma, subcutaneous mucormycosis, and others (31, 32, 35). Table 3 shows
prominent clinical findings in cases involving Conidiobolus species.

Mucormycosis restricted to subcutaneous tissues has been diagnosed in humans
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FIG 11 (A) An early case of conidiobolomycosis. (B and C) Two examples of late conidiobolomycosis
infection. Extreme facial deformity of the patient is observed in panel B, whereas panel C depicts a case
of facial elephantiasis caused by C. coronatus in a chronic nontreated case. (Panels B and C are reprinted
from reference 130.)

with severe skin trauma (122, 182, 183). The clinical features of subcutaneous mucor-
mycosis share some characteristics with those of infections caused by entomophtho-
ralean fungi. However, the inflammatory response in the infected tissues is remarkably
different. Subcutaneous zygomycosis caused by mucoralean species does not trigger
an eosinophilic response in the infected area, and the invading hypha lacks the
Splendore-Hoeppli phenomenon typical of entomophthoralean pathogens. Thus, the
histopathological features of both diseases are key for an accurate differential diagnosis
(32, 119, 122, 182).

Conidiobolus incongruus. Infections caused by C. incongruus have been diagnosed
in both apparently healthy and immunocompromised hosts (32, 49, 172, 174, 184). In
contrast to C. coronatus, C. incongruus has been recovered in culture more often from
cases of systemic infections than from cases of localized subcutaneous disease (31, 35,
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40, 47-49). Thus, according to Blumentrath et al. (130), most infections involving C.
incongruus are of the atypical form. This disease has also been reported to occur in
other mammalian species (116, 185). Gilbert et al. (47) first reported an infant with a
systemic infection caused by a Conidiobolus species. Eckert et al. (40) later evaluated
this case, and the original fungal isolate was correctly identified as C. incongruus by King
and Jong (48).

The above-described systemic cases start with mild swelling at the initially infected
area (49, 167, 184). Depending on the initial anatomical site, the disease can spread to
nearby tissues. In cases of orbital disease, the rhino-orbitocerebral area could be
severely compromised (176). Symptoms and clinical signs in these areas include
periorbital edema, pyroptosis, pruritus, visual impairment, and others (47, 174). Cases of
dissemination from the orbital region to the cranial cavity have been observed (49, 172,
174, 184).

Conidiobolus lamprauges. Infections caused by C. lamprauges were first diagnosed
in lower animals (18, 19). Soon after, the only known human case involving this unusual
species was reported, involving a Japanese patient with clinical symptoms of a systemic
infection (50). The patient was a 61-year-old male undergoing treatment for relapsed
lymphoma. During treatment, the patient developed fever and was later treated with
antibiotics, without a response. A chest X ray showed bilateral lung infiltration, and
laboratory testing found levels of B(1—3)-p-glucan consistent with a putative case of
fungal infection. Despite treatment with several antifungal drugs, the patient expired.

By histopathology, the presence of a filamentous fungus invading blood vessels was
found in the bladder, heart, kidney, lungs, spleen, thyroid gland, and urethra (50).
Culture of the infected tissues revealed the presence of broad hyphae with numerous
spherical thick-cell-wall zygospores similar to those seen with C. lamprauges. Molecular-
based methodologies confirmed that C. lamprauges was the etiologic agent of this fatal
case of disseminated infection. Of interest was the finding that this particular isolate has
tropism for blood vessels and does not display the Splendore-Hoeppli phenomenon in
the infected areas. However, C. lamprauges in animals has a different clinical presen-
tation than that seen in the described human case (50). In horses and sheep, infections
caused by C. lamprauges are localized around the nasopharyngeal area and display an
eosinophilic reaction with the Splendore-Hoeppli phenomenon. In lower animals,
dissemination to other organs is rare (19).

As discussed above, C. coronatus is commonly found to affect the face. Walker et al.
(42) reported an unusual case of pulmonary disseminated infection caused by C
coronatus in an immunosuppressed individual. However, a closer look at the micro-
scopic features of the isolate described by Walker et al. (42) showed the presence of
sexual zygospores (named chlamydoconidia by those authors) very similar to the sexual
structures found in C. incongruus. Thus, their isolate likely was a C. incongruus isolate
causing disseminated infection, a plausible scenario supported by similar cases (see
above) (35, 47, 49). In fact, lung infections involving C. incongruus and C. lamprauges
have been sporadically reported (35, 49, 50). Clinical signs in patients with Conidiobolus
lung infection include cough and lower lobe rales, in some cases with high fever or
without fever. Some patients complained of pleuritic chest pain with low lobular
intensive infiltrates, as also shown by chest radiography (35, 42). Most patients with
lung involvement did not survive their infections because of dissemination of the
pathogen to other anatomical areas (31). Table 3 shows prominent clinical findings in
cases involving Conidiobolus species.

Basidiobolomycosis: Basidiobolus ranarum

Cutaneous and subcutaneous forms. Basidiobolus ranarum was the first entomoph-
thoralean fungus isolated from a horse (14) and later from a human with cutaneous
basidiobolomycosis; both reports came from Indonesia (15). Basidiobolus ranarum is the
most common species affecting mammals. As mentioned above, there is at least one
report, confirmed by molecular methodologies, of B. meristosporus infection in humans
(43). However, this report needs confirmation. In humans, the disease is characterized
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Fungal Mass with
micro abscesses

Fungal Mass

FIG 12 (A) A 3-year-old girl with extensive swelling on the upper section of her right lower limb affecting
the inguinal area and buttocks. The presence of multiple ulcers and skin discoloration is also evident.
(Reprinted from reference 187 with permission of the publisher.) (B) Exploratory intestinal laparotomy
showing an edematous colon (arrow) surrounded by granulomatous masses displaying several micro-
abscesses (arrows) in a case of human intestinal basidiobolomycosis. (C and D) Prior to surgery, MRI had
shown a large predominantly hypointense retrocolic mass (arrows). (Panels B through D are reprinted
from reference 200.)

by the development of swelling erythematous nodular lesions with a “bathing suit”
distribution around the buttocks, thighs, and limbs (Fig. 12A) (31, 186-190). The general
conditions of infected hosts are remarkably good, and unless lesions become contam-
inated with bacteria, they are usually painless and evolve slowly for weeks and in some
cases for years without fever. Characteristically, the affected skin areas do not indent
after applied pressure, and lesions could ulcerate after nodular masses expand, increas-
ing pressure over the subcutaneous affected areas (Fig. 12A) (191-193) (Table 3). Cases
with an involvement of regional lymph nodes could resemble Burkitt's lymphoma cases
(123, 124, 194, 195). In addition, an unusual case of endophthalmitis caused by B.
ranarum was recently reported in a 59-year-old Indian man (125). Differential diagnoses
comprise actinomycosis due to Actinomyces or Nocardia, chromoblastomycosis, cuta-
neous pythiosis, cutaneous tuberculosis caused by atypical Mycobacterium species,
primary subcutaneous mucormycosis, and others.

Intestinal basidiobolomycosis. In contrast to subcutaneous disease, the clinical
symptoms of intestinal basidiobolomycosis are more difficult to detect, and thus, its
diagnosis challenging (32, 164, 196). Most cases of intestinal basidiobolomycosis have
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TABLE 4 Computed tomography, magnetic resonance imaging, X ray, and ultrasound as diagnostic aids for putative cases of

entomophthoramycosis?

Description (reference[s])

Conidiobolomycosis

Procedure Face

Disseminated

Intestinal basidiobolomycosis

cT Evidence of tumor-like masses in left or right
(or both) nasal cavity, with involvement of
ethmoidal and/or sphenoidal sinuses (207);
soft tissue thickening (126)

MRI Increase in T2 signals of the nose and soft
tissues of the upper lips; involvement of
the dorsal cavity and infiltration of
maxillary sinuses and nasal concha (167)

Traditional X ray Presence of soft tissue and opacities due to
nasal and facial swelling, with obstruction
of the airway passages of left or right
antrum; frontal and maxillary sinusitis; no

signs of bone involvement (208)

Ultrasound Recorded only for the right foot, attributed

Frontal hypodensity suggesting
intracerebral abscesses,
pansinusitis, periorbital
edema, orbital inflammation
(172)

A study of a case of pericarditis
caused by C. incongruus
found large pericardial
effusion, causing pericardial
tamponade; irregular
echogenic densities were
also found near the left
ventricle (35)

Generalized cardiac
enlargement, bilateral
pulmonary infiltration,
posterior mediastinal tumor-
like masses (40); progressive
low infiltration of the lungs
that soon evolves to
adjacent sections of the
affected lungs (35, 42, 50)

ND

Thickening of the intestines with single
or multiple tumor-like masses of the
colon or rectum; in cases of
disseminated infection, similar
masses are found in liver, small
bowel, gallbladder, pancreas, kidney,
and/or peritoneum (192, 203, 210)

Circumferential thickening of cecum
and rectum with significant luminal
narrowing; retroperitoneal
lymphoadenopathies (211)

Abnormal collection of gas in the
descending colon region; upper
gastrointestinal thickened folds in
the fundus and body of the stomach
and the proximal duodenum (212)

Detection of tumor-like masses in

to C. incongruus (184)

abdomen and pelvis and thickening
of the colon and rectum (120);
heterogeneous mass around the
abdominal aorta (203)

aShown are the most common findings with each of the selected procedures. ND, not determined (no reports).

been diagnosed by histopathology of biopsied tissues in the absence of culture (32).
The presence of the Splendore-Hoeppli phenomenon in the infected areas has been
used to implicate B. ranarum as the etiologic agent (31, 186, 196-198). In fact, the first
culture-proven case involving B. ranarum was reported in the United States in 1986 (89).
Common clinical symptoms related to intestinal basidiobolomycosis include (i) bloody,
mucous diarrhea; (ii) epigastric abdominal pain; (iii) intermittent low fever; (iv) intestinal
bleeding; (v) vomiting; and (vi) the development of tumor-like masses involving the
stomach and intestinal tissues (Fig. 12B to D) (199-202) (Table 3). Magnetic resonance
imaging (Table 4) has been used to visualize tumor-like masses around the intestinal
areas before surgical intervention (200). Spread of the invading hyphae to lymph nodes,
liver, and pancreas has also been reported (170, 203, 204). Unusual cases of systemic
infection involving lungs, maxillary sinus and palate, and muscle have also been
described (41, 133, 191). Differential diagnoses comprises colon carcinoma, inflamma-
tory bowel disease, intestinal pythiosis, intestinal parasitic infections, intestinal mucor-
mycosis, and others (31, 32, 183, 199, 204). Table 3 shows prominent clinical findings in
cases involving B. ranarum.

PATHOLOGY

By histopathology, the infection seems confined to subcutaneous tissues and is
rarely observed to invade nearby anatomical sites (164). The histopathological features
of infections caused by the entomophthoralean fungi are comparable (Fig. 13A to D).
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FIG 13 (A) H&E-stained cross sections of Basidiobolus ranarum hyphae (arrows) from a case of intestinal basidi-
obolomycosis. Note the numerous eosinophils and the Splendore-Héeppli phenomenon. Bar, 20 um. (B) Longi-
tudinal B. ranarum hypha surrounded by numerous eosinophils and the Splendore-Hoéeppli phenomenon from a
case of subcutaneous infection. Bar, 50 um. (C and D) H&E-stained cross section (arrows) (bar, 10 um) (C) and
longitudinal hyphae of Conidiobolus coronatus surrounded by numerous eosinophils and the Splendore-Hoéeppli
phenomenon (D) (bar, 12 um) from a biopsy specimen of a conidiobolomycosis case involving the nostrils. (E) C.
coronatus longitudinal hypha stained with periodic acid-Schiff stain. Bar, 10 um. The content of the hypha is poorly
stained, but the Splendore-Hoeppli phenomenon is enhanced with the periodic acid-Schiff stain, indicating the
presence of glycoproteins and polysaccharides. (F) C. coronatus stained with Grocott’s methenamine silver. Bar, 8
um. The presence of poorly stained coenocytic transverse and longitudinal filaments is evident.

o
amL >

In hematoxylin and eosin (H&E)-stained sections, infected tissues show extensive
fibrosis and an inflammatory response, in cases of both conidiobolomycosis and
basidiobolomycosis, containing numerous eosinophils and the formation of a reddish
blanket (Splendore-Héeppli phenomenon) surrounding the invading hyphae (Fig. 13A
to D). Characteristically, the hyphae appear unbranched (8 to 12 um), forming small
rings (transversally sectioned hypha) or short ribbon-type filaments with the presence
of an occasional septum (Fig. 13A, C, and F). The inflammatory response could change
depending on the stage of the disease (32, 137, 205). For instance, in acute cases,
neutrophils and eosinophils can be found around the hyphae. In chronic cases, the
presence of histiocytes, lymphocytes, and occasional giant cells along with some
eosinophils are observed. It is important to mention that both entomophthoralean and
mucoralean fungi display broad hyphae in infected tissues, and the presence of
eosinophils and the Splendore-Héeppli phenomenon becomes a key element to sep-
arate these two groups of pathogens (31, 32, 139, 205, 206). However, cases in
immunocompromised hosts infected with entomophthoralean species lacked the pres-
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ence of eosinophils and the Splendore-Hoeppli phenomenon. In these cases, the
finding of coenocytic hyphae in infected tissues has to be interpreted with caution (31,
32, 35).

Periodic acid-Schiff stain poorly stains the hyphal elements of both Conidiobolus and
Basidiobolus (Fig. 13E and F). This stain reacts very well with the blanket around the
hypha (Splendore-Héeppli phenomenon), indicating the presence of polysaccharides,
such as glycoproteins and glycolipids, derived from the degranulation of eosinophils
(Fig. 13E) (see above). Silver stain can also be used. Coenocytic hyphae appeared as
dark hyphal elements with this stain (Fig. 13F).

CLINICAL AND LABORATORY DIAGNOSIS
Computed Tomography, Magnetic Resonance Imaging, X Ray, and Ultrasound
Noninvasive methodologies such as computed tomography (CT), magnetic reso-
nance imaging (MRI), traditional X ray, and ultrasound have been widely used to aid in
the clinical diagnosis of human entomophthoramycosis (Table 4). However, the pres-
ence of tissue thickening or infiltrates or the finding of tumor-like masses using the
above-mentioned methodologies always needs confirmation by histopathological
and/or laboratory procedures (49, 172). Using any of the above-mentioned methodol-
ogies, it was possible to visualize putative cases of entomophthoramycosis of the face
(35, 42, 126, 189, 192). For instance, the finding in the nasal cavity of infiltration of the
maxillary sinus, tumor-like masses, and opacities due to facial swelling was of impor-
tance not just to support the diagnosis of rhinoconidiobolomycosis but also for
management (see below) (126, 167, 207, 208). Likewise, these tools were instrumental
in determining the extent of damage in cases of disseminated conidiobolomycosis
involving the brain (172) and the lungs (32, 35, 42, 50, 209) (Table 4). These method-
ologies have also been extensively used for cases of intestinal and disseminated
basidiobolomycosis (120, 140, 192, 203, 210-212). Thickening of the intestine and the
presence of tumor-like masses in the colon, rectum and, in cases of disseminated
infection, liver, gallbladder, pancreas, and kidney were typical findings. In addition,
these tools could be of special importance for physicians to determine the precise site
for specimen collection.

Culture and Wet Mount Procedures

In addition to serum samples for serological analysis (see below), in suspected cases
of entomophthoramycosis, a valuable specimen for the laboratory is biopsied tissue
(206). The sample has to be collected in the advancing areas of the skin or from
intestinal tumor-like masses. The biopsy specimen must be transported to the labora-
tory at room temperature in closed containers to avoid contamination. The use of cool
temperatures (4°C) for transportation was found to inhibit B. ranarum growth in culture
media (52, 197, 213-215). In the laboratory, the biopsy specimen is cut into 2-mm by
2-mm blocks, and it must be pushed into 2% Sabouraud dextrose agar (SDA) or blood
agar plates before incubation. Plates are incubated at 37°C and at room temperature for
5 days (32, 52, 197). Colonies develop very rapidly at 37°C (24 to 48 h) and slightly more
slowly (2 to 4 days) at room temperature for both Conidiobolus species and B. ranarum
(Fig. 3 to 5 and 8). The colonies are identified as C. coronatus, C. incongruus, C.
lamprauges, or B. ranarum after microscopic evaluation of their conidia (Fig. 2 to 4 and
7) (see above). The remaining 2-mm blocks are placed onto glass slides with 1 to 2
drops of 10% KOH (10 g KOH, 10 ml glycerol, 80 ml distilled water). The samples are
gently warmed, and after 30 min of incubation in a wet chamber, they are microscop-
ically inspected for the presence of broad hyphae. In positive samples, the hyphae
appear hyaline and are surrounded by an opaque sheet of debris.

Serology

Although standardized serological tests for entomophthoramycosis have yet to be
developed, several assays have been used to test sera from well-documented human
and animal cases (131, 132, 138, 213). Typical cases of conidiobolomycosis of the face
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are traditionally diagnosed by histopathology and wet mounts (32, 137, 205). Although
Kaufman et al. (132) found circulating anti-Conidiobolus precipitins in patients with
conidiobolomycosis, the use of a serological approach for the diagnosis of Conidiobolus
infection of the face is rare. Serological diagnosis of intestinal Basidiobolus infection, on
the other hand, is a key element to support the finding of intestinal masses detected
by CT, MRI, and X ray, which is confirmed by the presence of hyphae with eosinophils
by histopathology (see above) (Table 4).

The first serological assays targeting entomophthoralean fungi were developed in
the mid-1980s (132). Those investigators used immunodiffusion (ID) and exoantigens
extracted from B. ranarum and C. coronatus to detect the presence of antibodies
specific for entomophthoralean fungi in the sera of patients with entomophthoramy-
cosis. Similar results were achieved by others using similar approaches (101, 202, 204,
206). ID was found to be 100% specific and 85 to 95% sensitive, although it has yet to
be tested on the sera of immunocompromised hosts (131, 132).

An in-house ELISA was successfully used by Arya et al. (138) as an aid in the
diagnosis of a case of basidiobolomycosis. In addition, a C. coronatus ELISA was also
successfully tested in horses with conidiobolomycosis (Robert Glass, personal commu-
nication). However, the lack of standardization is a barrier to evaluate its true sensitivity
and specificity features. The finding of a high-molecular-weight C. coronatus antigen
that cross-reacted with sera containing anti-P. insidiosum antibodies in a Western blot
suggested that the results of in-house ELISAs should be carefully monitored (213). Of
interest was a report that the detection of B(1-3)-p-glucan antigen in an ELISA helped
investigators suspect a fungal infection in a patient with a systemic infection, which was
later identified as being caused by C. lamprauges (50). However, Wiippenhorst et al.
(172) failed to detect this compound in the serum of a C. coronatus-infected patient.
This report suggests that the detection of B(1-3)-p-glucan antigen in putative cases of
entomophthoramycosis should be evaluated cautiously.

Molecular Tools

Few PCR primers have been tested to identify entomophthoralean fungi in infected
tissues of putative cases of conidiobolomycosis or basidiobolomycosis (198, 199, 214,
216-218). However, as is the case with serology, the introduced PCR primers targeting
C. coronatus and B. ranarum need to be standardized to validate their usefulness.
Despite this drawback, Voigt et al. (218) designed two sets of primers, Cc1-Cc2 for C.
coronatus and Ba1-Ba2 for B. haptosporus (B. ranarum), that specifically amplify 491 bp
and 651 bp, respectively, of their 28S large-subunit ribosomal DNAs (rDNAs). Likewise,
Lyon et al. (219), EI-Shabrawi et al. (199), and Rothhardt et al. (220) used the above-
described primers and specifically detected the presence of B. ranarum in the infected
tissues of their patients. Kimura et al. (50) used universal primers for the internal
transcribed spacer (ITS) region and sequencing analysis to confirm the presence of C.
lamprauges in the infected tissues of an unusual case of systemic entomophthoramy-
cosis. Preliminary steps for PCR standardization specifically targeting B. ranarum were
done by Gomez-Muioz et al. (217). They used two sets of primers from the 18S
small-subunit rDNA (BasF611 and BasR1340) and tested them against several microbial
DNAs, including those of fungi, parasites, and bacteria. Their results showed that the
designed primers were highly specific. Overall, molecular methodologies are powerful
tools that can be used to identify the presence of entomophthoralean fungi in infected
tissues following appropriate standardization of primers and methodologies (217).

MANAGEMENT

Ever since the first report of entomophthoramycosis, iodine has been used with
some success (130, 221-223). In vitro intrinsic resistance to amphotericin B was docu-
mented for Basidiobolus and Conidiobolus isolates (50, 138, 223, 224). However, this
antifungal showed some success alone or in parallel with azoles (47, 53, 130). So far,
there has been no consensus on the optimal antifungal drug to treat these infections
(32, 50, 171, 221). The lack of standardized protocols and effective antifungal drugs to
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treat entomophthoramycosis, however, forced physicians to investigate new drugs and
tools. Recent studies recognized that in the past 10 years, the most widely used
therapeutic approaches were surgery (n = 37; 84% efficacy) and itraconazole (n = 27;
73% efficacy), followed by amphotericin B (n = 8; 22%) (142). Those investigators
reported that among six patients (n = 37) treated only by surgery, four of them
relapsed and later died of disseminated intra-abdominal basidiobolomycosis. The other
two had no documented follow-up. Their results are consistent with the available data
for the use of surgery alone (53, 138, 188, 225, 226). For instance, a recent retrospective
review of 16 cases of subcutaneous basidiobolomycosis in children by Raveenthiran et
al. (227) found that 8 surgically treated cases relapsed and eventually switched to K
and/or antifungals. Eleven children (including eight cases of recurrence after surgery)
treated with Kl alone were cured without relapses, three did not continue treatment,
two had to be switched to itraconazole or amphotericin B, and one died, with perineal
involvement. This study suggests that the use of Kl is still a reliable option in low-
income countries. Interestingly, in vitro studies showed that entomophthoralean fungi
are resistant to Kl (222). The precise in vivo mechanism of the Kl killing effect on
entomophthoralean fungi is unknown (223). Sterling et al. (228), working with this
compound, suggested that the killing may be related to in vivo fungal cell wall
degeneration and the activation of key immunological mechanisms. However, the
finding that monocyte or neutrophil killing of fungi was not increased after treatment
with KI does not support the hypothesis of in vivo immunological enhancement (228).

A synergistic effect was reported when this antifungal was used in combination with
azoles (53, 162, 222). An example of a putative synergistic effect was reported by
Fischer et al. (167). They found by in vitro susceptibility testing that C. coronatus was
resistant to both amphotericin B and itraconazole. Conversely, when both antifungals
were used in a host with rhinoconidiobolomycosis, cure was achieved (167). Thus, the
synergistic effect of amphotericin B and azoles, like itraconazole, is promising, and more
synergy studies for putative cases of entomophthoramycosis need to be performed.
Because studies of the management of both conidiobolomycosis and basidiobolomy-
cosis with antifungal drugs, iodine, and surgery showed controversial results, a com-
bination of strategies was recently proposed (31, 50, 82, 130).

A good example of the multiple-therapy approach is a report by Temple et al. (82).
These investigators successfully treated C. incongruus orbital disease in a girl with a
combination of antifungals (amphotericin B plus itraconazole), hyperbaric oxygen, and
surgery. Kimura et al. (50) achieved partial improvement using a combination of
hyperbaric oxygen, miconazole, trimethoprim-sulfamethoxazole, and surgical resection,
although the patient later died of systemic infection. Recently, Shaikh et al. (31), after
reviewing the available therapeutic choices, concluded that a combination of therapies
is the best option in the majority of cases involving Basidiobolus and Conidiobolus
species.

Because of the intrinsic resistance to amphotericin B and its severe side effects, it is
not the ideal first choice of physicians; thus, other antifungals have been tested, with
variable success (222). Itraconazole and ketoconazole are good examples (see above)
(197, 223, 225, 228) (Table 5). Two other imidazoles have recently been used success-
fully in cases of intestinal basidiobolomycosis, posaconazole (165) and voriconazole
(121, 140-142, 197). Posaconazole is effective as prophylaxis and treatment in patients
with hematologic malignancies (229). This antifungal was successfully tested first in a
systemic infection caused by the mucoralean fungus Rhizopus microsporus (229) and
more recently in a case of a 67-year-old patient with gastrointestinal basidiobolomy-
cosis (165). Although posaconazole has been used in only one case, there are potential
advantages: (i) it does not require dose adjustment to avoid hepatic or renal side
effects; (ii) it is well tolerated, with few side effects (loss of hair and dry mouth and skin);
(iii) it is not susceptible to changes induced by other medications; and (iv) it can be
taken orally. However, the cost, the lack of an intravenous formulation (intensive care
patients), and its various absorption patterns have to be evaluated carefully. A case
reported by Rose et al. (165) successfully responded to 1 year of oral posaconazole (200

October 2018 Volume 31 Issue 4 e00014-18

Clinical Microbiology Reviews

cmrasm.org 33


http://cmr.asm.org

Vilela and Mendoza Clinical Microbiology Reviews

TABLE 5 Common procedures for the management of basidiobolomycosis and conidiobolomycosis®

Treatment
Surgery alone or with

Etiology Antifungal(s) Ki antifungals Other
Conidiobolus coronatus AB (35%), F (19%), FL (9%), K (32%), 63% 32% Hyperbaric O,, radiation,

ITC (19%), M (5%), T (2%)® steroids (12%)<
Conidiobolus incongruus ~ AB alone or in combination with CL, Rarely used in Surgery used for at least 1 case Hyperbaric O, or radiation

FL, ITC, K, or V¢ systemic cases of face infectionf did not predict a

favorable resultc

Conidiobolus lamprauges AB alone and in combination with ND ND ND

MF and V did not cure the only
known case; the recovered isolate
showed resistance to several
antifungals
Basidiobolus ranarum AB (22%), ITC (73%), K (8%), V (5%)?; Used successfully9 84% ND
P was used successfully in 1 case®

an = 172 (171) and n = 44 (142). ND, not done; AB, amphotericin B; CL, clotrimazole; F, fluconazole; FC, flucytosine; ITC, itraconazole; K, ketoconazole; M, miconazole;
MF, micafungin; P, posaconazole; T, terbinafine; V, voriconazole. Percentages are success rates.

bSee reference 142.

<See reference 171.

dSee reference 50.

eSee reference 165.

'See reference 82.

9See reference 123.

mg/day). Voriconazole is a triazole with a broad spectrum of antifungal activity. This
drug was recently used by Albaradi et al. (140) to treat an 11-year-old at doses of 150
mg twice a day; the boy responded to the therapy, without the need for surgical
intervention. Similar outcomes were also reported for children with intestinal basidi-
obolomycosis (121, 141). The above-described cases treated successfully with these two
new triazoles suggest that these antifungals can be recommended as monotherapies.
However, more cases need to be evaluated to validate their antifungal efficacies against
Conidiobolus and Basidiobolus species.

Overall, the findings of the last 30 years have shown that chronic, persistent, or
progressing cases of entomophthoramycosis responded poorly to the available mono-
therapies (31, 32, 130, 230-232). In comparison, good prognoses were the case for
patients treated early with antifungals, iodine, hyperbaric oxygen, surgery, or a com-
bination of the above-mentioned therapeutic choices (31, 130). Despite the above-
described therapeutic approaches, the prognosis for immunocompromised patients
with disseminated C. incongruus and C. lamprauges infections remains reserved (31, 49,
50). Table 5 shows the most common antifungal drugs used so far in the management
of Basidiobolus and Conidiobolus infections.

The lack of both an animal model and research funds to investigate this neglected
group of pathogens has an impact on the way in which we approach their manage-
ment. We believe that the search for new drugs and methodologies could directly
benefit patients in underdeveloped countries. The findings of new drugs could open
the door for novel interventions, such as immunotherapy, that could also have poten-
tial applications for other mycoses.

CONCLUSION

The human pathogenic entomophthoralean fungi B. ranarum and Conidiobolus
species have been identified as causing subcutaneous, intestinal, and systemic disease
in humans inhabiting tropical and subtropical areas. The fact that the disease is
frequently diagnosed in poor populations of the world and is often reported as single
cases rather than as causing epidemics has played a role in the lack of interest from the
scientific community, the pharmaceutical industry, and funding agencies. However, as
the accuracy and availability of diagnostic tools have improved, the number of cases
reported in areas of endemicity has increased. Research on these neglected pathogens
could reveal novel features that could lead to an understanding of the management of
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other pathogens. For instance, the histopathological features seen in pathogenic
entomophthoralean fungal infections are comparable to those engendered by other
pathogenic microbes, such as parasites. The immunogens of P. insidiosum, another
neglected pathogen with an identical inflammatory response, for example, displayed
immunoregulatory features, a finding also replicated in parasitic infections. Thus, one
can speculate that these pathogens express yet-to-be-investigated antigens that can be
used to modulate the immune response for the management of these and other
processes. We believe that new research strategies for the entomophthoralean fungi
have to be explored to investigate the molecular interaction of these organisms with
the immune systems of their hosts. The development of this type of data could
convince funding agencies to include these pathogens in their priorities.
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