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●
Fungi are eukaryotes, and are more closely
related to humans than bacteria. Some protein
components of fungal and human cells 

are even functionally interchangeable. For example, 
human proteins with fundamental roles in the cell
division cycle, stress responses, gene regulation, protein
localization, metabolism and in energy generation, can
functionally replace the corresponding proteins in the
budding yeast, Saccharomyces cerevisiae. An important
consequence of this is that it is harder to identify the
significant differences between fungal and human cells
that might make useful targets for antifungal therapies.
Relatively few antibiotics are available to fight fungal
infections. These include azoles, polyenes, flucytosine
and echinocandins, which block ergosterol biosynthesis,
interfere with fungal membrane permeability, block
nucleic acid biosynthesis and inhibit cell wall β-glucans,
respectively. The cell wall is different in fungal and
human cells, and hence fungal cell wall biogenesis is a
major target for the development of new antifungal
drugs.

● Fungal opportunists
Microbial pathogens can be divided into those that cause
disease in healthy individuals (primary pathogens), 
and those that only tend to do so in enfeebled hosts
(opportunistic pathogens). Many of the major bacterial
pathogens are primary pathogens. For example, Bacillus
anthracis, Escherichia coli, Listeria monocytogenes, Salmonella
typhimurium, Shigella flexneri and Yersinia pestis invade 
and colonize healthy individuals. In contrast, relatively 
few fungal species are primary pathogens. They include
Histoplasma capsulatum, Coccidioides immitis, Para-
coccidioides brasiliensis, Blastomyces dermatitidis and the
dermatophytes (i.e. those fungi that infect the skin).
Other major fungal pathogens such as Candida species
(e.g. C. albicans, C. glabrata, C. tropicalis, C. dubliniensis),
Aspergillus fumigatus, Penicillium marnefei, Pneumocystis
carinii, Rhizopus oryzae and Fusarium solani are
opportunistic pathogens. These fungi only tend to 
cause life-threatening systemic infections in patients
with severely compromised immune systems. Crypto-
coccus neoformans can cause community-acquired
infections, but mostly infects immunocompromised
patients. Hence, this fungus appears to lie somewhere
between the extremes of opportunism and primary
pathogenicity.

Histoplasma capsulatum infections are widespread 
in tropical and temperate regions around the world,
whereas Paracoccidioides brasiliensis infections are limited
to Latin America. In the Americas, Coccidioides immitis
infections are mostly restricted to hot, dusty climes.
These geographical distributions appear to be related to
the environmental niches that these fungal pathogens
occupy outwith their human hosts. Histoplasma
capsulatum grows in bat or bird droppings, whereas

Coccidioides immitis grows in dry alkaline soils. The
environmental source of Paracoccidioides brasiliensis is not
clear, but it is known that most people in endemic
regions are exposed to the fungus before they reach 20
years old. Histoplasma capsulatum, Coccidioides immitis and
probably Paracoccidioides brasiliensis infects people by the
inhalation of dust containing high concentrations of this
fungus. They colonize the lung, initially causing
pulmonary infections, but then they can spread to other
internal organs. Aspergillus fumigatus is also widespread
in the environment (Fig. 1). Again, its primary route of
infection is via inhalation into the lung where it can 
grow rapidly to form large boluses of fungal cells in the
immunocompromised patient. Pneumocystis carinii also
infects via inhalation of spores, germination and invasion
of lung tissue. This unusual fungus was originally
classified as a protozoan parasite, until recently when
DNA sequencing revealed an evolutionary relationship
to ascomycetous yeasts. All of these fungal infections 
can prove fatal.
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Candida albicans is the most common cause of systemic
fungal disease. This fungus is found in warm-blooded
mammals, but a clear niche for Candida albicans has not
been identified in the environment outside of its
mammalian host. This fungus exists as a commensal in
most (healthy) individuals (Fig. 2), but when the 
delicate balance between the fungus and its host is
disturbed, Candida albicans can cause ‘superficial’
infections of the mouth and vagina (thrush). Most
women suffer at least one episode of vaginal thrush 
in their lifetimes, but these infections can become
recurrent in some unfortunate individuals. Oral
infections are common in new-born infants and in AIDS
patients. In patients with a severely compromised
immune system, Candida albicans can enter the blood-
stream, become disseminated throughout the body 
and invade internal organs. Transplant patients on
immunosuppressive drugs and cancer patients under-
going chemotherapy are most at risk. Many of these
systemic Candida albicans infections are fatal. These
fungal infections are becoming more prevalent world-
wide because the size of the immunocompromised
patient population is rising.

● Virulence factors
Bacterial pathogens appear to rely upon a small number
of key factors for their virulence. Purified cholera and
tetanus toxins can themselves confer most of the effects 
of Vibrio cholerae and Clostridium tetani, respectively. 
Also, the inactivation of toxin genes can attenuate
bacterial virulence. In contrast, knocking out gliotoxin
production does not render Aspergillus fumigatus
avirulent. Hence, fungal pathogens appear to display
more complex virulence traits. Many factors appear 
to promote fungal virulence, and the expression of 
any single factor does not confer pathogenicity upon a
benign fungus.

Several factors contribute to Cryptococcus neoformans
virulence. A thick polysaccharide capsule protects 
this fungus from host immune defences (Fig. 3). The 
coat inhibits phagocytosis and modulates immune
responses. Melanin production protects Cryptococcus
neoformans from attack by reactive oxygen species,
thereby reducing the potency of leukocyte killing.
Virulence might also be promoted by the secretion of
mannitol into the cerebral spinal fluid. Also, mating
type is clearly linked to Cryptococcus neoformans virulence,
because clinical isolates mostly have the MATa genotype.
The explanation for this seems to be that mating and
virulence factors are both regulated by the same signal
transduction pathway.

Candida albicans also displays a battery of different
virulence factors. This fungus expresses a large number of
adhesins that help the fungus stick to host cells and gain a
foothold in the early stages of infection. These adhesins
include a family of agglutinin-like sequences (ALSs), an

integrin-like protein and an Hwp1 protein that acts as a
target for host transglutaminases that actually cross-link
fungal cells to host cells. Candida albicans also secretes
hydrolytic enzymes that presumably damage host tissue
and possibly provide nutrients for the fungus and
promote fungal invasion. Large gene families of secreted
aspartyl proteinases (SAPs) and lipases (LIPs) are
regulated differentially during disease progression in
different host niches. This fungus has also learnt to adapt
to the neutral pH of the bloodstream and more acidic pH
of the vagina. Candida albicans virulence is attenuated 
if these pH responses are disrupted. Like Cryptococcus
neoformans, Candida albicans exploits various strategies 
to evade host defences. For example, Candida albicans
releases carbohydrates from its cell wall that modulate
host immune responses, and it also undergoes rapid
switching between different phenotypic forms.
Virulence is affected if either of these events are blocked.

Cellular morphogenesis also plays an important role 
in fungal virulence. Aspergillus fumigatus is a filamentous
mould, which generates infective spores. Coccidioides
immitis also grows in a filamentous form in the
environment, but it switches to a specialized growth
form upon contact with the host. This fungus forms 
large spherules in the lung, each of which releases
hundreds of endospores into the host. Similarly, the
environmental and parasitic forms of Histoplasma
capsulatum, Coccidioides immitis and Paracoccidioides
brasiliensis grow with different morphologies. These
fungi form mycelia in the environment, but grow in a
yeast-like form inside their host. Paracoccidioides
brasiliensis is particularly interesting, because the
transition to the yeast form is inhibited by oestradiol.
This probably explains why women are about 50 times
less likely to suffer paracoccidioidomycosis than men.

Clearly, morphological transitions are important 
for the pathogenicity of these fungi. However, the
situation is less straightforward in Candida albicans. 
This fungus exists in yeast-like, pseudohyphal and
hyphal forms in vivo. It 
is often assumed that 
the hyphal growth form
enhances tissue invasion,
whereas the yeast form
promotes dissemination of
fungal cells in the blood-
stream or between indi-
viduals. Although this
assumption might prove to
be correct, it remains to be
confirmed experimentally.
The problem is that yeast–
hypha morphogenesis is
intimately linked with 
the expression of other
virulence factors, including
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adhesins and proteases. These virulence factors must be
dissected individually before we can assess their true
contributions to the pathogenicity of Candida albicans.
What is clear is that the pathogenicity of this fungus 
is complex: it is not dependent upon any single 
virulence trait.

● Evolution of virulence 
Bacterial pathogens produce adhesins and proteases 
as well as toxins. The genetic analysis of these traits has
led to the major revelation that many are organized
within ‘pathogenicity islands’. These genes are located
together in the bacterial chromosome, alongside genes
encoding the specialized secretory apparatuses that
target these virulence factors to the host. These patho-
genicity islands may provide a means for the horizontal
transfer of virulence genes amongst bacterial strains.

This is not the case in fungal pathogens. In general,
fungal virulence genes are unlinked, and the regulatory
mechanisms that control fungal pathogenicity must
account for the distribution of virulence genes around
the genome. There are some exceptions to this. For
example, tandem copies of SAP and ALS genes exist in
Candida albicans. Also, tandem copies of putative
adhesin genes have arisen near the ends of Candida
glabrata chromosomes. The location of some virulence
genes close to telomeres might be no coincidence.
Telomeric regions appear to evolve rapidly, allowing 
the rapid amplification (or loss) of niche-specific
functions. These types of genetic event might have 
been particularly important in the evolution of fungal
pathogens. 

● Invasion strategies
Routes of infection and sites of colonization vary for
different microbial pathogens. Hence, there is enormous

variety in the specific mechanisms by which microbes
interact with their human host. However, despite the
apparent complexity of fungal virulence attributes,
many fungi and bacteria appear to adopt similar
infection strategies (Table 1). Both fungal and bacterial
pathogens must be capable of adhesion, invasion and
colonization. They must both be able to grow well at
37 °C and they must evade the immunological defences
of the host. However, the devil is in the detail.
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Table 1.Examples of common virulence strategies in fungal and bacterial pathogens

Virulence factors Bacterial pathogens Fungal pathogens

■ Toxins Cholera, diphtheria, pertussis, tetanus, haemolysin Aspergillus fumigatus gliotoxin, ribotoxins
■ Adhesion Fimbrial adhesins of Haemophilus,Helicobacter, Escherichia Candida agglutinin-like sequences

species
Afimbrial adhesins of Bordetella,Salmonella, Staphylococcus Candida albicans transglutaminase targets (Hwp1)
species

■ Invasion Mycoplasma, Yersinia, Salmonella, Shigella species Histoplasma invasion
Candida albicans secreted aspartyl proteinases (SAPs) and
lipases (LIPs)
Morphogenesis in Candida albicans, Paracoccidioides, 
Coccidioides, Histoplasma

■ Evasion Streptococcal, Neisseria capsules Cryptococcal capsules
Immunomodulation by Mycoplasma, Escherichia species Immunomodulation by Candida albicans
Pseudomonas, Streptococcus complement inactivation Candida albicans phenotypic switching
Salmonella, Neisseria antigenic variation


