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A B S T R A C T

Fungal burden throughout the world is very high and it keeps escalating due to increasing numbers of im-
munocompromised individuals. In contrast, the drugs used in management of fungal infections are so few some
with high toxicity. Furthermore, highly resistant fungal pathogens are emerging for example Candida auris,
Candida glabrata, Candida gullemondii and Aspergillus species among others. Thus now, more than ever, there is a
need for combined efforts and an all round search for possible solutions to curb these problems. Therefore, the
role of probiotics in management of fungal infections is indispensable. In fact, the antimicrobial activity of
probiotics has been screened with promising results against microbial pathogens. Although, recent reports in-
dicated that probiotics may also contribute to protect against fungal infections, the research done in checking
antifungal activity of probiotics has used varied technology. This calls for harmonization of the methods used to
screen and confirm the antimicrobial activity of probiotics and other candidate microorganisms. We therefore
sought to address issues of disparity in probiotic research and their outcomes. Thus this paper is in order as it
comprehensively reviews' publications, provides a summary of the methods and future prospects of probiotics as
antifungal agents.

1. Introduction

The introduction covers the application of probiotics against se-
lected pathogens which includes; the need for antifungal agents, me-
chanisms, benefits, side-effects of probiotics and the combinative use of
probiotic microorganisms with antifungal drugs.

1.1. The need for antifungal agents

There is a dire need for new antifungal treatment considering that
fungal infections have tremendously escalated in clinical field as well as
emergence of antifungal resistant fungal pathogens whilst there are few
antifungal drugs. It is estimated that dermatophytes affect between 10
and 20% (Pfaller et al., 2006) and 20–25% (Wu et al., 2011) of people

worldwide. Candida is the fourth leading cause of nosocomial infections
(Pfaller et al., 2006) and the most isolated microorganism (40–70%)
from clinical specimens. In fact, the leading cause of healthcare-asso-
ciated bloodstream infections in US hospitals is Candida (Magill et al.,
2014). Currently, Candida albicans is linked to increased risk of carci-
nogenesis and metastasis (Ramirez-Garcia et al., 2016). Furthermore,
CDC statistics show that 7% of Candida species isolated from blood are
resistant to fluconazole, 70% of which are Candida glabrata and Can-
dida krusei species (Lockhart et al., 2012; Vallabhaneni et al., 2015).
Echinocandins are the first-line treatment for Candida glabrata, how-
ever, it is of concern to note that 3% of Candida glabrata isolates are
resistant to echinocandins (Vallabhaneni et al., 2015). Moreover, it is
estimated that candidemia results in an additional 3 to 13 days of
hospitalization and high healthcare costs which is estimated at $6000
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to $29,000 (Morgan et al., 2005). Almost all of the samples of C. auris
sent to CDC are resistant to fluconazole, and up to one-third are re-
sistant to amphotericin B, which is reserved as a last-resort treatment
(Lockhart et al., 2016). Most C. auris isolates are susceptible to echi-
nocandins (Lockhart et al., 2016). Although, most antifungal resistance
occurs in Candida, resistance in other fungal pathogens is equally im-
portant. Aspergillus the leading cause of invasive mold infections is es-
timated to cause 300,000 infections worldwide every year (Brown
et al., 2012). Additionally, it is estimated that about 12% of Aspergillus
infections are resistant to antifungal medications (Rivero-Menendez
et al., 2016). Besides, in US up to 7% of Aspergillus species from patients
with stem cell and organ transplants are resistant to antifungal drugs
(Baddley et al., 2009; Kontoyiannis et al., 2010; Pappas et al., 2010). Of
interest, is that Aspergillus species resistance has been traced to en-
vironmental sources especially from agricultural use of azole fungicides
(Mortensen et al., 2010; Verweij et al., 2009). These factors emphasize
the need for new antifungal agents. Probiotics have been demonstrated
to have antifungal activity against C. albicans (Chew et al., 2015a,b;
Song and Lee, 2017; Zhao et al., 2016), C. glabrata (Chew et al.,
2015a,b), dermatophytes (Guo et al., 2011, 2012) and Aspergillus spp.
(Crowley et al., 2013) thus probiotics are promising antifungal agents.

1.2. Mechanism, benefits and side-effects of probiotics

Probiotics are defined as live microorganisms that, when adminis-
tered in adequate amounts, confer a health benefit on the host (Gibson
et al., 2017). Prebiotics refers to substrates that are selectively utilized
by host microorganisms conferring a health benefit (Gibson et al., 2017;
Matsubara et al., 2016c; Ohshima et al., 2016). Furthermore, biogenics
involve the use of beneficial bioactive substances produced by probiotic
bacteria, whose activities are independent from the viability of pro-
biotic bacteria (Ohshima et al., 2016). The term synbiotics is where
prebiotics and probiotics are utilized (Kojima et al., 2016; Ohshima
et al., 2016).

The mechanisms in which probiotics protect against infection in-
clude (1) they lower pH, (2) antagonism by producing antimicrobial
compounds for example bacteriocins and or other metabolic products,
(3) compete with the pathogen for binding sites and receptors sites,
nutrients and growth factors, (4) stimulate immunomodulatory cells,
(5) production of enzymes (6) improve barrier function of intestinal
mucosa, (7) modulate inflammatory responses, (8) aggregate with pa-
thogens, (9) produce hydrogen peroxide (H2O2), (10) produce organic
acids (Amara and Shibl, 2015; Deidda et al., 2016; Guo et al., 2015;
Matsubara et al., 2016a,b,c; Shehata et al., 2016).

The probiotics are regarded as generally safe (Sulik-Tyszka et al.,
2018). But theoretical side effects may exist such as conferring drug
resistance genes to pathogens, thus the need to always screen for their
antibiotic susceptibility and presence of drug resistance plasmids. They
can also cause sepsis to critically ill or preterm babies; these properties
though should be noted as species and sometimes strain specific. For
instance Saccharomyces boulardii has been documented to cause fun-
gemia, Bacillus subtilis and Lactobacillus rhamnosus (LGG) can cause
bacteremia in specific individuals with predisposing factors (Matsubara
et al., 2016b).

1.3. Combinative usage of probiotics/CFS with conventional drugs

There are many cases in which the probiotics are administered to-
gether with conventional drugs clinically. The results from these studies
are promising and include faster healing, half dose of conventional drug
needed and synergy of the drug (Lau et al., 2016; Rishi et al., 2011;
Russo et al., 2018; Shah et al., 2013) (Table 1).

2. Areas in the used technology that need harmonization

To obtain reproducible and conclusive results, standardization of Ta
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protocols is important. This section reviews the choice of Indicator
fungal pathogen, probiotic microorganism, inoculum size, Incubation
time and conditions and technique of production of probiotics cell free
supernatant (CFS): Biogenics/spent media used in previous research
and the need for harmonization are discussed.

2.1. The choice of Indicator fungal pathogen

This has mainly relied on the target disease that the probiotic is
thought to treat. Thus vulvovaginal candidiasis pathogens pre-
dominantly Candida albicans has been chosen by many researchers who
seek to use probiotics to manage diseases (Denkova et al., 2013; Kohler
et al., 2012), although Candida glabrata has also been screened (Chew
et al., 2015a,b; Tan et al., 2018). However, while screening new pro-
biotic microorganisms for general antifungal activity, major classes of
fungi of medical importance should be representatively screened
(Panda, 2012). For example studies should include at least a dermato-
phyte, non-dermatophyte and a yeast. Furthermore, include also clin-
ical, typed microorganism and drug resistant strains due to emerging
resistance (Matsubara et al., 2016a,b,c) (Table 2).

2.2. The choice of probiotic microorganism and CFS

This choice has been inspired mainly by the ability of the micro-
organism to adhere to epithelial cells, resist stomach acidity, bile salts
and enzymes, produce antimicrobial compounds, persistence within the

system, susceptibility to antibiotics, genome stability or inability to
confer resistance and ability to stabilize the normal microbiota among
others (Aarti et al., 2018; Matsubara et al., 2016a,b,c). It should be
noted that probiotic activity is strain specific (Tables 2, 3 and 4).

2.3. Inoculum size

The actual number of viable indicator fungal pathogens in the in-
oculum size directly influences the outcome of the results since too
heavy inoculum may give a false negative result while too little may
lead to false positive results (CLSI, 2008; Panda, 2012). A basis for the
choice of inoculum size can be that recommended by CLSI (Fridkin and
Jarvis, 1996) (Table 2). Different authors have used different inoculum
size, incubation temperature and time for both probiotic and indicator
fungal pathogen (Table 2). The same case applies to in vivo and clinical
studies as also attested by Matsubara (Matsubara et al., 2016a) in which
there were varied dose, duration and frequency of probiotic intake. We
propose that the specific dose and viability of probiotic microorganism
used (also in production of CFS), be established by dose dependent
experiments or at least mention the concentration of probiotic used.

2.4. Incubation time and conditions

Lactic acid bacteria and Bifidobacteria are fastidious hence the
media chosen should have specific ingredients for example; growth
factors to enhance their growth, most researchers use MRS which is an

Table 2
Synopsis of the probiotic, test fungus, preparation and the inoculums size.

Probiotic Indicator fungal pathogen Reference

Name Inoculum
size

Incubation
temp (°C)

Incubation time Name Inoculum size Incubation
temp (°C)

Incubation time

L. johnsonii PV016 OD 600 nm
of 1

37 C. albicans OD 600 nm of 0.01 30 24 h (Kohler et al.,
2012)

L. acidophilus A2 108 cfu/
cm3

37 ± 1 72 h C. albicans 108cfu/cm3 37 ± 1 72 h (Denkova et al.,
2013)L. acidophilus Ac

L. delbrueckii spp. bulgaricus
Bifidobacteria sp. Bif 4
L. brevis ATCC367 107 cfu/ml 37 24 h C. albicans 1.5× 106 cfu/ml 37 24–48 h (Kohler et al.,

2012)L. delbrueckii spp. bulgaricus
ATCC 9645

L. fermentum ATCC 23271
L. paracasei ATCC 335
L. plantarum ATCC 8014
L. rhamnosus ATCC 9595
L. reuteri R2 104 cfu/ml 37 5 days Trichophyton

tonsurans
3×103 cfu/ml 30 15 days (Guo et al.,

2011)
L. plantarum 16 – 30 24–48 h Aspergillus

fumigatus Af293
105/ml 30 7 days (Crowley et al.,

2013)
L. casei PTCC1608 102 cfu/ml 37 24 h T. rubrum λMax580 nm 0.15 &

0.17 nm- Well
5× 106 cfu/ml-MIC

22 7 days (Mehdi-
Alamdarloo
et al., 2016)

T. verocosum
M. canis
M. gypseum

L. arizonensis R13 &R14 104 37 48 h M. canis 1–3×105 cfu/ml 30 15 days (Martinez
et al., 2009)M. gypseum

E. flocossumL. brevis JJ2P & NL
104 37 5 days M. canis 1–3×105 cfu/ml 30 15 days

L. casei R4 & R21 M. gypseum
L. reuteri ee1p & M13 E. flocossum
L. rhamnosus GR1 OD 600 nm

1
37 48 h C. glabrata OD 600 nm 1 37 24 h (Tao et al.,

2014)L. leuteri RC-14
OD 600 nm
1

37 48 h C. glabrata OD 600 nm 1 37 24 h

Lactobacillus rham-nosus,
Lactobacillus delbrueckii
subsp. Bulgaricus,
Lactococcus lactic subsp.
Lactis, Lactobacillus
paracasei, Lactobacillus
gasseri

109cell/ml 37 24 h C. albicans 2×107cell/ml 37 24 h (Shehata et al.,
2016)
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Fig. 1. Detailed proposed method for conclusively screening probiotic antimicrobial activity. First part entails choice of optimal media and growth conditions, second
part is the preliminary screening on agar and last part is the confirmation of probiotic antimicrobial activity in liquid co-cultures.
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appropriate media for the growth of probiotic microorganisms. MRS is
both an enriched and a selective medium for the isolation and growth of
only lactic acid bacteria and a few other bacteria. Therefore, if the in-
dicator pathogen cannot be supported by this medium for example in
dermatophytes (Guo et al., 2011), growth factors can be incorporated in
any media of choice such as nutrient agar (NA) ，potato dextrose agar
(PDA) and sabouraud dextrose agar (SDA) to favour the growth of both
the probiotic microorganism and the indicator fungal pathogen. Proper
choice of media and its modifications is important (Guo et al., 2011;
Martinez et al., 2009). The media supplemented with growth factors
should be tested if it supports the growth of both probiotic micro-
organism and indicator fungal pathogen (Table 2 and Fig. 1). We pro-
pose that the specific incubation conditions such as time and oxygen
requirements for both probiotic microorganism and indicator fungal
pathogen be ascertained and confirmed by growth curve of individual
microorganism (Fig. 1). Furthermore, fresh media should always be
used for reproductive results as this can influence disc diffusion results.

2.5. Technique of production of probiotics cell free supernatant (CFS):
Biogenics/spent media

The preparation of CFS entails the following; the probiotic micro-
organism is inoculated in broth media and incubated in incushaker (Tao
et al., 2014). Cells are then separated by centrifuging to obtain the CFS
(Crowley et al., 2013; Guo et al., 2011; Mehdi-Alamdarloo et al., 2016;
Tao et al., 2014). The supernatant obtained can then be stored in a
refrigerator and screened for antimicrobial activity (Tao et al., 2014) or
the supernatant is further filter sterilized using a micrometer pore size
syringe filter to obtain CFS (Crowley et al., 2013; Tao et al., 2014). The
CFS is then used to screen for microbial activity or the resulting CFS is
freeze dried (Crowley et al., 2013). The freeze dried CFS can be used or
can be further concentrated to obtain concentrated CFS (Lara-Hidalgo
et al., 2018) (cCFS) example 20 times its original volume (Crowley
et al., 2013). Table 3 shows how different researchers have prepared
the CFS and calls for harmonization of these methods.

The advantage of using biogenics/CFS is that the properties of the
active component can be inferred. For example, to ascertain if it is
proteinaceous in nature, heat treatment and enzymes are used. The
results for both treatments are compared with non-treated CFS. If the
activity is reduced or is lost it implies that the antifungal agent is
proteinaceous in nature (Guo et al., 2011; Lara-Hidalgo et al., 2018). It
can also be buffered and ascertained if activity is pH related (Aarti
et al., 2018).

3. Technology for investigation and confirmation of the
antifungal activity of probiotics

3.1. Experiments for investigation of antifungal potential of probiotics in
vitro

Subsequent section is a review of each In vitro method for checking
probiotic antifungal activity with their advantages and disadvantages.
Included are antagonism on agar plates and liquid co-culture. In an-
tagonism on agar plate's methods, probiotic and indicator micro-
organism are introduced in the same plate. The only difference is the
sequence and manner of inoculation of either probiotic or the indicator
fungal pathogen. Incubation is then done and diameter zone of in-
hibition which is the clear zones around the inoculated area is then read
in millimeters.

3.1.1. Simple spot on lawn assay
Used to screen probiotic microorganism or CFS. The indicator

fungal pathogen is inoculated first then probiotic microorganism is
spotted at specific points on solid media simultaneously (Mehdi-
Alamdarloo et al., 2016). Modification to this method entails spotting
probiotic microorganisms as two parallel lines (Guo et al., 2011). The

advantages include (a) media can be modified (Guo et al., 2011;
Martinez et al., 2009), (b) different incubation conditions can be used
that is, probiotic microorganism incubation conditions are optimized
first then followed by optimizations for dermatophytes which need
longer incubation time.

3.1.2. Agar spot assay
First described by Schilinger and Ducke (Pfaller et al., 2006). Pro-

biotic microorganisms are spotted on agar media and incubated. Soft
agar is then prepared and at around 45 °C and 50 °C indicator fungal
pathogen is added and poured to the previously prepared plate spotted
with probiotic microorganism (Kohler et al., 2012; Tao et al., 2014).
The advantage of agar spot test is that it can allow the use of two dif-
ferent media that is for spotting and overlaid soft agar. Each micro-
organism is also grown at separate times, meaning incubation condi-
tions can be adjusted. The disadvantage is that indicator microorganism
is introduced when the soft agar is between 45 °C and 50 °C, which
might kill heat labile indicator microorganisms. The strict aerobes may
not grow well in this method due to pour plate method.

3.1.3. Spot on lawn assay with wells also referred to as agar well diffusion
assay or as conventional whole plate method

The wells are dug and indicator fungal pathogen is inoculated then
CFS/Probiotic is dispensed in it (Fijan, 2016; Mehdi-Alamdarloo et al.,
2016). Unlike the former simple spot on lawn assay method, the pro-
biotic microorganism can be allowed to grow first before the in-
troduction of the indicator microorganisms (Figs. 1 & 2).

3.1.4. Paper disc assay
The supernatant/probiotic is dispensed in the paper discs and

placed strategically on the inoculated media. It is suitable for simulta-
neous inoculation of both indicator fungal pathogen and probiotic mi-
croorganism.

3.1.5. Cross streak assay
Entails streaking the probiotic microorganism as 3 parallel lines on

MRS media. A perpendicular line of indicator fungal pathogen is then
streaked. Growth inhibition is examined at the interception point
(Fijan, 2016).

3.1.6. Radial method
The probiotic microorganism is inoculated as a circle in the middle

of the plate. Indicator fungal pathogen is then streaked as radial lines
from the edge of the petri dish to the centre and growth inhibition is
measured (Coman et al., 2014). Another method is done by cutting the
media with the probiotic microorganisms and placed on top of the in-
dicator fungal pathogen inoculated on the plate.

3.1.7. Liquid co-culture method
The probiotic and indicator fungal pathogen are both introduced to

broth culture media (MRS broth), then incubated. Samples are collected
intermittently and viability (cfu/ml) of fungal pathogen is determined.
It shows if probiotic effect is static or cidal (Deidda et al., 2016;
Denkova et al., 2013), it may also be used to elucidate the mechanism
in which the probiotic bacteria exert its antifungal activity (Tao et al.,
2014). Microtitre assay is used to determine minimum inhibitory con-
centration (MIC) of CFS using macroserial dilution, microdillution
method or conventional kill time assay (Kheradmand et al., 2014; Tao
et al., 2014). It is recommended as a confirmatory test (Figs. 1 & 2).

3.1.8. Antagonism assay
Antagonism assay on agar plates has the main advantage of being a

simple and fast way of screening probiotic microorganisms. The main
disadvantage is that it does not facilitate direct interaction of the pro-
biotic microorganism and indicator fungal pathogen. Thus, the pro-
biotic microorganism should produce sufficient antimicrobial agent
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that should have the potential of diffusing through media in terms of
size and spatial centrifugation (Santos et al., 2016). Therefore, for this
reason these methods should not be used as the only method of ascer-
taining antimicrobial activity of probiotic microorganisms. Hence, we
recommend the use of antagonism on agar plates and liquid co-culture
to ascertain the antifungal activity of probiotic microorganism and CFS
(Figs. 1 & 2).

3.2. Experiments for the discovery of antifungal mechanisms of probiotics

The methods used to ascertain probiotic microorganism antifungal
activity mechanisms include; the ability to inhibit virulent factors, al-
teration of cell morphology and apoptosis.

3.2.1. Ability to inhibit virulence factors
For example the virulent factors in Candida include secretion of

hydrolases, yeast to hypha transition, contact sensing, thigmotropism,
biofilm formation, phenotypic switching and range of fitness attributes
(Mehdi-Alamdarloo et al., 2016; Tan et al., 2018). Thus the probiotic
microorganism can act against one or more of these factors, therefore
the levels of expression of specific genes controlling these factors can be
ascertained when checking for probiotic activity (Crowley et al., 2013;
de Barros et al., 2018; Gabrielli et al., 2018; Guo et al., 2015; Kohler
et al., 2012; Oliveira et al., 2016; Tao et al., 2014). Other factors used to
ascertain the antifungal activity include aggregation assay using spec-
trophotometric autoaggregation and coaggregation (Chew et al., 2015a,
2015b; Lara-Hidalgo et al., 2018) (Figs. 1 & 2). The morphological
transition of C. albicans, represented by germ tube formation con-
tributes to enhance the adherence and invasion to the host tissue and
increased virulence (Henriques et al., 2006; Lu et al., 2014). Lactoba-
cilli have been demonstrated to build co-aggregates with Candida cells,
and this process neutralizes germ tube growth (Mason et al., 2012). The
co-aggregation can also prevent access of pathogens to cell receptors,
thus inhibiting pathogen adhesion which is a prerequisite for coloni-
zation and the subsequent development of disease (Chew et al.,
2015a,b; Martín et al., 2012; Santos et al., 2016).

3.2.2. Germ tube and hyphal growth inhibition method
Pelleted spores of dermatophytes and dimorphic pathogenic fungus

are allowed to develop germ tubes and hyphae. CFS is then added and
incubated. Growth is determined by examination of germ tube and
hyphae at ×400 or ×1000 magnification (Crowley et al., 2013; Guo
et al., 2012).

3.2.3. Spore germination inhibition assay of CFS
Pelleted mycelia and CFS are added to media and incubated.

Samples are withdrawn and examined under ×400 or ×1000.
Percentage spore germination is calculated by the following formula
(Crowley et al., 2013; Guo et al., 2011, 2012):

=

×

%spore germination [Numbers of germinated spores

/Numbers of total spores] 100

3.2.4. Scanning electron microscopy
Scanning electron microscopy is used to check cell integrity which

include morphological distortion, adherence, biofilm or apoptosis (Shu
Yih Chew et al., 2015; Tan et al., 2018; Zhao et al., 2016).

3.2.5. Confocal laser scanning microscopy
Live or dead cells are counted and their metabolic activity ascer-

tained (Chew et al., 2015a,b; Tan et al., 2018). Live/dead can also be
confirmed by subcultures and counting cfu/ml in time kill assays.

3.2.6. Mechanism of cell death
Apoptosis is outlined by a sequence of unique morphological

changes which include; visible cell shrinkage and chromatin con-
densation, extensive plasma membrane blebbing which is followed by
nuclear fragmentation, formation of apoptotic bodies and terminates
with decomposition of apoptotic bodies within the phagosome and
complete recycling of the components (Eisenberg-Lerner et al., 2009;
Elmore, 2007). ROS accumulation and decreased membrane potential
are well known biochemical and cytological responses of programmed
cell death (PCD) such as apoptosis (Susan, 2007), or at very high con-
centrations induce necrosis, (Avery, 2011). These changes can be used
to ascertain the integrity of the cell. Among cytological and biochemical
methods used to check fungal pathogen cell integrity after treatment
with probiotics include but are not limited to; nuclear fragmentation
using Tunnel/ DAPI (Hao et al., 2013; Hwang et al., 2014; Khan et al.,
2014; Ribeiro et al., 2006; Seong and Lee, 2018; Yun et al., 2017); DNA
laddering using pulsed field gel electrophoresis (Ribeiro et al., 2006;
Seong and Lee, 2018); in situ ligation assay (Ribeiro et al., 2006); cell
membrane externalization of Annexin V/PI (Hao et al., 2013; Hwang
et al., 2012; Khan et al., 2014; Lee et al., 2016; Ma et al., 2016; Yun
et al., 2017); mitochondrial depolarization using mitochondria mem-
brane potential detection kits for example JC fluorescent probes (Hao
et al., 2013; Hwang et al., 2012; Hwang et al., 2014; Lee et al., 2016;
Lee and Lee, 2015; Ma et al., 2016; Seong and Lee, 2018; Yun et al.,

In vitro experiments In vivo experiments
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Fig. 2. Abridgement of methods involved in determining probiotic microorganisms and the properties of antimicrobial agents both in vitro and in vivo.
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2017); cytosolic & mitochondrial calcium (Lee et al., 2016; Lee and Lee,
2015; Seong and Lee, 2018; Yun et al., 2017); accumulation of reactive
oxygen species (ROS) (Lee et al., 2016) (Lee and Lee, 2015; Ma et al.,
2016; Seong and Lee, 2018; Yun et al., 2017); detecting cytochrome c in
cytoplasm using color metric kits or western blotting (Hwang et al.,
2012; Hwang et al., 2014; Lee et al., 2016; Lee and Lee, 2015; Seong
and Lee, 2018; Yun and Lee, 2016; Yun et al., 2017); detecting meta-
caspace activation using detecting kits for example CaspACE FITC-VAD-
FMK in situ Marker (Hwang et al., 2012; Hwang et al., 2014; Lee et al.,
2016; Yun et al., 2017); lipid peroxidation (Lee et al., 2016; Yun et al.,
2017); potassium release (Yun et al., 2017) and mitochondria/cytosol
intracellular glutathione (Lee et al., 2016; Yun et al., 2017). A combi-
nation of a number of these methods can attest to the integrity of the
indicator fungal pathogen and can be used to assess the antifungal ac-
tivity of a probiotic microorganism. In these methods careful choice of
positive (example antifungal drug) and negative (untreated) controls
are important for interpretation of the results.

3.3. Experiments that confirm the antifungal activity of probiotics in vivo

In vitro studies can provide information about susceptibility re-
sponses (Zak, 1991), optimal concentrations and exposure times re-
quired (Craig, 2014) of antimicrobial agents. However, it has they have
their limitations for instance, the majority of antimicrobial agents that
are active in vitro, lack significant activity in vivo and the opposite oc-
curs at times (Zak, 1991). Animal models have an additional advantage
in that antimicrobial efficacy can be determined at specific body sites
for example thigh, peritoneum, lung, endocarditis, and meningitis can
be evaluated (Craig, 2014). Furthermore, in animal model anti-
microbial agents are altered by host factors such as metabolism and
immune system (Craig, 2014). Therefore, animal model bridge the gap
between in vitro and clinical trials (Zak, 1991) and are indispensable for
validation of probiotic antifungal activity. In brief, in vivo animal
models and clinical studies are an absolute requirement to provide
proof of beneficial activities of probiotic antifungal activity. Dermato-
phytoses and candidiasis in vivo models will be discussed in this review.

3.3.1. Animal models
The infection route of dermatophytes is strictly dependent on the

goal of the study which reflects the animal, fungus and disease model
applied. Examples of geophilic and anthrophilic dermatophytes are
Microsporum gypseum and Trichophyton rubrum which are difficult to
establish infections in laboratory animals' thus zoophilic dermatophytes
especially Trichophyton metangrophytes var. mentagrophtes, var. quinck-
eanum and var. granulae, Trichophyton verrucosum andMicrosporum canis
are used. The most recommended animal model for dermatophytoses is
hairless guinea pigs because the infection resembles infections in hu-
mans and topical treatment is suitable. Mouse, rat, hamster and dog
have the disadvantage of defecating, licking additionally, and they also
bite itching or irritating lesions intensively (Hau and Schapiro, 2010).

C. albicans and Candida tropicalis have high virulence in systemically
induced mice (Hebecker et al., 2016; Jacobsen, 2014; Jacobsen et al.,
2014; Pierce et al., 2015). Zebra fish (Bergeron et al., 2017), pregnant
mice (Hau and Schapiro, 2010) and Caenorhabditis elegans (de Barros
et al., 2018) have also been utilized in disseminated systemic models.
Candida metapsilosis is virulent in vaginal mouse model (Németh et al.,
2013). Additionally, oophectomised rats can be used for chronic vagi-
nitis (Gabrielli et al., 2018; Hau and Schapiro, 2010). However, C.
glabrata, C. parapsilosis and C. krusei do not induce mortality in mice
(Jacobsen, 2014). Furthermore, C. albicans (Hamamoto et al., 2004), C.
tropicalis, C. parapsilosis complex (C. parapsilosis, C. orthopsilosis and C.
metapsilosis) are virulent in the invertebrate model Galleria monella
(Jacobsen, 2014). Murine oral candidiasis model of choice is induced
immunosuppressed mice. The immunosuppressed condition is induced
with prednisolone 100mg per kg (Ishijima et al., 2012) or ketami-
ne:xylazine 90–100mg/kg and 10mg/kg respectively (Leao et al.,

2018) of body weight injected subcutaneously 24 h before inoculation
with Candida orally. Additionally, rats and avian species have been
used as oral candidiasis models (Hau and Schapiro, 2010; Leao et al.,
2018), a summary of these in vivo models is given in Table 4.

3.3.2. Clinical trials
Clinical trials have been conducted after in vitro and/or in vivo an-

imal model experiments with promising results. Few clinical trials on
confirmation of antifungal effect of probiotics have been reported so
far, but they been considered as the final confirmative experiment.
Furthermore, due to the safety of the probiotics (Deidda et al., 2016;
Sulik-Tyszka et al., 2018) many researchers skip this important step.
This is seen in the case where many commercially marketed probiotics
have pending clinical experiments or clinical studies (Degnan, 2012).
Randomized placebo controlled clinical trials is the most recommended
(Matsubara et al., 2016a,b,c). Probiotics have been tested clinically for
the management of fungal pathogens of oral (Keller and Kragelund,
2018; Matsubara et al., 2016a,b,c; Mishra et al., 2016; Santos et al.,
2009; Shah et al., 2013), uro-genital infections (Davar et al., 2016; Fu
et al., 2017; Mezzasalma et al., 2017; Reid, 2016; Russo et al., 2018)
and gastrointestinal systems (Zuo and Ng, 2018) with promising results
thus, supporting some probiotics as potential antifungal agents. For
example out of the 17 randomized controlled studies summarized by
Matubara (Matsubara et al., 2016a,b,c) 13 showed a significant de-
crease in candida infection. The inactivity in the studies that showed no
significant difference on candida were attributed to short administra-
tion times of probiotics (Pirotta et al., 2004), low sample size and
species specificity of probiotics (Manzoni et al., 2006; Sutula et al.,
2012, 2013). Areas that need urgent attention in clinical studies include
actual probiotic viability, dosage, duration and frequency of adminis-
tration of probiotics and route of administration.

4. Summary and future prospects of probiotics as antifungal
agents

With the increase in the number of immunocompromised persons,
an increase in the number of cases with fungal infections has occurred
with probiotics offering an alternative means of treatment. However,
there is a need for detailed conclusive research on in vitro, in vivo and
clinical trials of both formulated drugs from probiotic and biogenic
(CFS) administration which clearly demonstrates the benefits and side
effects of each. More emphasis needs to be placed on the choice of
probiotic used, methods and experimental designs. Research findings
have demonstrated the fact that probiotics, sometimes of a particular
strain, may have antifungal activity against one pathogen and not an-
other (Guo et al., 2015; Matsubara et al., 2016a,b,c). This has been
attributed to the ability of the particular pathogens to form biofilms,
encode resistance genes in their genome and induce inflammatory re-
sponses (Benjamin et al., 2006; Mehdi-Alamdarloo et al., 2016; Shetty
et al., 2005). Martinez et al. demonstrated that Lactobacillus reuteri
RC14 alone or in combination with Lactobacillus rhamnosus GR1 can
decrease the yeast population recovered from infected vaginal cells In
vitro (Martinez et al., 2009). These are among the few studies done on
synergism of probiotic microorganisms with repeat experiments re-
quired (Amara and Shibl, 2015). In addition, the synergism between
probiotic microorganisms and conventional drugs also needs to be
outlined. It has also been reported that some probiotics do not show any
antibacterial activity in vitro but show better results in vivo and there-
fore there is need for thorough screening of probiotics before anti-
microbial activity is or is not confirmed.
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